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Preface

In this thesis sets of labelled partial orders are employed as fundamental mathematical en-
tities for modelling nondeterministic and concurrent processes thereby obtaining so-called
noninterleaving semantics. Based on different closures of sets of labelled partial orders,
simple algebraic languages are given denotational models fully abstract w.r.t. correspond-
ing behaviourally motivated equivalences. Some of the equivalences are accompanied by
adequate logics and sound axiomatisations of which one is complete.

The majority of the work was done with a scholarship at the computer science department,
University of Aarhus, Denmark. The rest was carried out with grant-in-aid from the
Danish Research Academy during a visit at the technical University of Munich, Germany,
where I enjoyed the hospitality of Wilfrid Brauer and his concurrency group.

The thesis has grown out of inspiring and encouraging talks with my supervisor Mogens
Nielsen to whom I give my special thanks. I am also grateful to Kim S. Larsen for the
discussions we had when preparing a joint paper with him and Mogens Nielsen. I should
like to thank Anders Gammelgard for our discussions and Karen Mgller for her part of
the typing. Last, not least, thanks go to my parents and my wife Ricarda.

Uffe Henrik Engberg



Resumé

Den foreliggende licentiatafthandling placerer sig inden for omradet: semantiske modeller
for parallelle systemer. En gren heraf er semantisk beskrivelse af konkrete programmer-
ingssprog, hvori parallelisme og nondetermisme kan udtrykkes. Gennem den semantiske
beskrivelse fastlaegges hvilke processudtryk, der er sekvivalente, saledes, at det f.eks. giver
mening at tale om, hvorvidt et processudtryk er en korrekt implementation af et andet,
eller at en proces kan erstatte en anden i en given kontekst. Mange af studierne inden for
omradet har taget udgangspunkt i mere abstrakte processprog som CCS, og de er blevet
udstyret med forskellige former for semantik, eksempelvis: operationel, denotationel, ak-
siomatisk og logisk semantik.

Det er den operationelle semantik, som abner mulighed for en intuitiv forstaelse af, hvad
en proces kan ggre, og hvilke egenskaber der er afggerende for, at to processer opfarer sig
ens — er a&kvivalente. Ofte er intuitionen den, at procesackvivalensen fremkommer i en
eksperimental opsaetning, hvor en observatgr udfgrer tests pa nogle maskiner i henhold til
en bestemt ”protokol”, og hvor, det en maskine kan ggre, er bestemt ud fra det tilhgrende
procesudtryk.

For at sikre, at en semantik er i overensstemmelse med den operationelle intuition, er det
derfor vigtigt med en preaecis forbindelse til den operationelle semantik. Ved denotationelle
semantikker er det formaliseret ved, at de denotationelle modeller er fuldt abstrakte m.h.t.
de tilhgrende operationelle ackvivalenser. D.v.s. de operationelle aekvivalenser er kongru-
enser (bevares i vilkarlige kontekster) og to processer giver anledning til de samme deno-
tationer i modellerne, netop nar processerne er operationelt sekvivalente (modellerne er
"fully abstract”). For aktiomatiske semantikkers vedkommende er de tilsvarende begreber
sundhed og fuldstaendighed, hvor et bevissystem er sundt og fuldsteendigt, nar processer
kan bevises sekvivalente, hvis og kun hvis de er operationelt skvivalente. Ved logisk se-
mantik forlanges typisk, at to processer tilfredstiller de samme logiske formler, praecist
nar de er sekvivalente.

Den overvejende del, af de saedvanlige operationelle sekvivalenser, adskiller sig primeaert
ved hvilken grad af nondeterminisme de er i stand til at skelne, og har som feellestrack at
(endelige) parallelle processer er sekvivalenete med tilsvarende rent nondeterministiske,
men sekventielle processer — d.v.s. parallelisme reduceres til nondeterminisme. Flere af
disse operationelle aekvivalenser er blevet karakteriseret logisk eller udstyret med sunde og
fuldsteendige bevissystemer, og nogle af sekvivalenserne er givet denotationelle modeller,
som baserer sig pa abstraktioner over beregningstreeer, og som er fuldt abstrakte m.h.t.
ekvivalenserne. Derimod er sadanne resultater mere sjaldne, nar det drejer sig om de
eekvivalenser, hvor parallelisme ikke reduceres til nondeterminisme.

Ved i stedet at fokusere pa parallelisme og negligere de nondeterministiske aspekter, nar
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tests og protokoller for eksperimenterne fastlaegges, gives der i afhandlingen flere forskellige
operationelt definerede sekvivalenser for simple processprog, og sekvivalenserne udstyres
med fuldt abstrakte modeller, hvor maengder af merkede partielle ordninger, forkortet
m.p.o.’er, fungerer som den naturlige modpart til beregningstraeer.

Afhandlingen bestar af en indledende praesentation samt to hoveddele, der hovedsageligst
adskiller sig ved om det er testene eller protokollerne, der ggres til genstand for variation,
nar de operationelle sekvivalenser defineres. De to dele er skrevet uafhengigt af hinanden
og kan derfor ogsa laeses adskilt. Overordnet fglger begge dele den samme linie. Fgrst
foretages en isoleret undersggelse af de objekter, der senere skal danne baggrund for
de denotationelle modeller. Derefter gives operationel og denotationel semantik til det
pageeldende sprog for endelige processer, og det bevises, at de stemmer overens. Hver del
afsluttes med tilfgjelse af rekursion, og de tidligere denotationelle resultater lgftes til den
ny opsatning.

I den forste del af afhandlingen betragtes et meget simpelt processprog med kombina-
torer for (sekventiel) preefiksning af atomare aktioner, nondeterministisk valg, og paral-
lelsammensaetning uden auto-parallelitet, d.v.s. at en atomar aktion kun kan optraede i
én af to parallelle processer. Gennem et lidt ussedvanligt transitionssystem og en fastlagt
type tests, designet til at afdeekke parallelitet, opnas tre forskellige operationelle aekvi-
valenser ved at betragte, hvordan processer fra sproget kan reagere pa eksperimenter med
testene. Til sekvivalenserne knyttes denotationelle modeller, der baserer sig pa en klasse
af m.p.o.’er, kaldet semiord, der reflekterer fraveer af auto-parallelitet, og det bevises,
at modellerne er fuldt abstrakte m.h.t. sekvivalenserne. Generelle m.p.o.’er, og dermed
ogsa semiord, kan bl.a. sammenlignes via to forskellige (partielle) ordninger, som ud-
taler sig om, hvorvidt én m.p.o. er et preefiks, henholdsvis glattere/ mindre sekventiel
end en anden m.p.o.. Det viser sig, at de denotationelle afbildninger kan udtrykkes som
bestemte lukninger af en kanonisk associering af semiord til procesudtryk. Disse lukninger
er praefikslukninger, som igen, alt atheengig af den aktuelle sekvivalens, er opad-/ nedad-/
konvekslukkede m.h.t. ”glatheds” relationen. Desuden gives et sundt bevissystem som
ved en mindre udvidelse vises at veere fuldsteendigt for en af sekvivalenserne.

I den anden del betragtes et mere generelt processprog, der rummer mulighed for auto-
parallelitet og sekventiel sammensatning af vilkarlige processer. Eksperimenter fastlaegges
her til at veere maksimale sekvenser af direkte tests, og i stedet ggres de direkte tests til
genstand for variation. Med en enkelt direkte test undersgges, om visse typer af aktioner
kan udfgres parallelt pa én gang. Hver "naturlig” meengde af direkte tests og tilhgrende
transitionssystem, giver anledning til en operationel sekvivalens, hvortil der knyttes en
fuldt abstrakt model, der p.g.a. af det udvidede processprog, bygger pa generelle m.p.o.’er.
De denotationelle afbildninger folger samme mgnster som i den fgrste del, men de bestemte
lukninger er her nedadlukninger, restringeret til lagdelte m.p.o.’er, hvor hvert lag svarer
til en af de direkte tests, som er mulige ved den aktuelle skvivalens. Af disse resul-
tater afledes, at sckvivalenserne danner et gitter med den almindelige (automatteoretiske)
strengackvivalens i bunden, som den mindst nuancerede m.h.t. hvilke processer, der kan
skelnes. Hver af disse &ekvivalenser karakteriseres ved en Hennessy-Milner-lignende linezer
modallogik.

Til processproget fajes en forfinelseskombinator, der til hver atomar aktion angiver et
procesudtryk (uden forfinelseskombinatorer) som aktionen skal implementeres ved. Pa
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en simpel made indkopereres den ny kombinator i transitionssystemerne, og det bevises,
at den operationelle virkning er, som hvis de enkelte forfinelser pa forhand var tekstuelt
substitueret ind for de pagseldende atomare aktioner. Derved bliver der mulighed for, at
forfinelser af parallelle aktioner kan ”overlappe”, hvorfor sckvivalenserne ikke bevares un-
der den ny kombinator. Derfor studeres i stedet deres (stgrste konsistente) kongruenser.
Herved opnas én enkelt mere nuanceret kongruens. Kongruensen gives en fuldt abstrakt
denotationel model, hvor den afggrende forskel er, at nedadlukningerne i stedet bliver
restringeret til m.p.o.’er, som ikke kan skelnes ved ”overlapning”. For et delprocessprog
uden auto-parallelitet karakteriseres kongruensen yderligere ved en modallogik, der, til
forskel for de ovenneevnte, har en ekstra modaloperator, hvormed en slags delvis baglas
kan specificeres.

Sammenfattende kan det siges, at afhandlingen fremviser forskellige mader, hvorpa grader
af parallelisme ved processer kan skelnes, enten gennem forskellige operationelt motiverede
sekvivalenser, eller gennem de praeordninger som aekvivalenserne er fremkommet af, og
at maerkede partielle ordninger pa naturlig made tjener som hjgrnesten i de tilhgrende
modeller.
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Introduction

Overall Background

During the last two decades attention to the area of concurrency has increased as program-
ming concepts for handling nondeterministic and concurrent systems have been introduced
while advances in hardware technology have made it realistic to use new programming
languages incorporating these concepts. A great deal of the research has been made in
order to achieve a good understanding of the meaning of concurrent systems and how to
reason about them, an understanding comparable to that of sequential systems where e.g.
the well-known axiomatic method of Hoare [Hoa69] is applicable for sequential programs.
The ongoing research has resulted in a multitude of models for concurrency, for exam-
ple Kahn-MacQueen networks [KM77], Mazurkiewicz traces [Maz77], Petri nets [Rei85],
event structures [NPW81, Win87] and different semantics for process algebras. The main
intention of this thesis is to contribute to this line of research.

Principal Confinement

Whereas it is standard to take the meaning of a sequential program as a function from
input to output there is no prevailing agreement on what the meaning of concurrent
programs should be. As De Nicola and Hennessy reason in [DNH84] it is necessary to
search for counterpart to functions when building semantic theories for concurrency. In
order not to obscure this task it is common practise to pay less attention to data aspects
of concurrent programs and in stead investigate the fundamentals of control since this
were the essential nature of concurrency lies. That is, in place of concrete programming
languages for concurrency, like Concurrent Pascal, Modula-2 and Ada, abstract languages
or process algebras containing combinators for the most fundamental notions of control
— sequential, nondeterministic and parallel composition — are taken as starting point for
the development of semantic theories for concurrency. This is also the case for the present
thesis and deliberately only process languages with these fundamental, more algebraic
combinators are studied. Prominent examples of larger process algebras which have been
equipped with a broad spectrum of theories are CCS [Mil80, Mil84] and TCSP [HoaT8,
BHR84].



General Requirement

Various forms of semantics for process algebras exist including: operational, denotational,
axiomatic and logical — each of which contributes to knowledge and insight. Typically
through labelled transition systems [Plo81] the operational semantics provide the means
for an intuitive understanding of how concurrent processes behave and which processes
are behaviourally equivalent. This is one of the main arguments when Milner (in e.g.
[Mil83]) and many others argue that a semantic approach should be firmly based on an
operational semantics. Consequently it will be a general requirement here too. Due to
the importance of the requirement it has got an explicit formulation within the different
types of semantics.

In case of denotational semantics it is formalized by the concept of a denotational map
being fully abstract w.r.t. an associated behavioural equivalence. I.e. the interpretations of
two processes in the denotational domain should be identified exactly when the processes
are behaviourally equivalent.

As far as axiomatic semantics are concerned the analogous concepts are soundness and
completeness — a proof system being sound when processes are provably equal only if they
are behavioural equivalent, and complete if all such processes can be be proved equal.
Regarding semantics by logics one formulation of the requirement is adequacy. That
means a logic is adequate when two processes satisfy the same set of formulas exactly
when the processes are behaviourally undistinguishable.

Main Objective

The diversity of approaches to concurrency is also reflected in their attitude to the ques-
tions as to whether a linear or branching view of nondeterministic and concurrent systems
should be taken, and whether concurrent processes should be reducible to purely nonde-
terministic, but sequential processes. When using a CCS/ TCSP like notation the first
question can be illustrated by whether or not

(%) a.(b+c¢) and a.b+ a.c
should be identified, and similarly for the second whether or not
(%) al b and a.b+ b.a

should be distinguished. Changing from a look of controversy, the discussions around
these questions seem now to have resulted in the understanding that there are no straight
answers and that the attitude taken should depend on the situation at hand.

When concurrency is reduced to nondeterminism, concurrent processes are considered
equivalent to ones with nondeterministic choice between different sequential shuffles of
the individual processes as in (x*) above, and the semantics are often described as being
interleaving. For CCS, TCSP and other process algebras the question of a linear or
branching view has here led to a whole spectrum of behavioural equivalences ranging
from trace equivalence (in the classical language theoretic sense — not to be mistaken
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for Mazurkiewicz traces) [Hoa85, OH86|, which identify say (x), over failure and testing
[BHR84, DNH84, OHS86| to bisimulation equivalence [Mil80, Par81, Mil84], equivalences
which do not identify (x). Operationally these equivalences differ mainly in their view
of the branching structure of the labelled transition system associated with processes.
Through the study of degrees of branching some of the equivalences have been given
fully abstract denotational models where the counterparts to input-output functions (for
sequential programs) can be viewed as abstractions of computation trees (also called
synchronization trees) which in turn are slightly modified unfoldings of the corresponding
labelled transitions systems.

In other approaches concurrency is independent of nondeterminism and the processes of
(xx) are distinguished. Among these approaches are the so-called partial order semantics
where causality, respectively concurrency, is represented by means of partial orderings of
actions. L.e. alternatively to computation trees, constructions containing labelled partial
orders (lpos for short) are proposed as counterparts to functions. These constructions
are often sets of some kind of Ipos and so nondeterminism cannot be discriminated in
the semantics using them. However, it is possible in the denotational semantics based
on a generalization of Ipos, labelled event structures, where nondeterminism is dealt with
by means of a conflict relation. See [BC87| for a good survey on the role of partial
orders in semantics for concurrency. Apart from step semantics, different proposals for
generalizations of existing behavioural equivalences (for nondeterminism) have been made
with time-based equivalence [Hen88b] and distributed bisimulation [CH88| among the
most discriminating. See also the final remarks of these papers. In the style of [Jon88,
Rei88] the situation can roughly be sketched as:

() (*)

= 7 - Z
t of tati
= | Trace Bisimulation = Set o Computation
() () words tree
£ | Ste Distributed 2 Set of Event
P Bisimulation Ipos structure
Behavioural process equivalence Entity modelling processes

Whereas the work on interleaving semantics has led to a number of e.g axiomatisation and
full abstractness results, such results are more unusual when it comes to noninterleaving
semantics. Motivated by this and the suggestion of Pnueli [Pnu85] to study degrees of
concurrency in place of branching the main objective of the thesis is to explore the possi-
bilities of defining “natural” operational semantics for algebraic process languages which
open up opportunities for alternative semantics, especially for fully abstract denotational
models with Ipos as main ingredient of the entities modelling processes. That is to say
we are seeking different behavioural equivalences where lpos come “naturally” in to the
corresponding models, thereby capturing various degrees of nonsequentiality.

Possible Courses

Looking for ideas of how to modify behavioural equivalences such that the semantics is
not interleaving, it immediately appears to try to catch a property which intuitively seems
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to be a distinctive characteristics of concurrency. To take an example one might argue
that if a defect occurs in a subprocess then other concurrent subprocesses are able to run
undisturbed (except of course if there is some dependence due to communication). If e.g.
U denotes the faulty process which cannot do any action and if besides the usual a.p % p
also the rule a.p % U is used in the definition of the action relation, then many of the
known behavioural equivalences would distinguish say (xx). In the introduction and final
remarks of [Hen88b|, Hennessy discusses other ideas and in the same paper and in [CHS88,
Cas88| the ideas are successfully examined obtaining axiomatisations for generalizations
of bisimulation equivalence. However, bearing in mind the difficulties in finding fully
abstract models for bisimulation equivalence, we deliberately choose to study degrees of
concurrency as “orthogonal” to the existing study of degrees of branching. Taking the lead
of [HM80, Mil80, DNH84, Abr87| the intuition will be that of a behavioural equivalence
arising in an experimental setting with observers performing tests according to some
“protocol” on machines, with operational abilities defined in terms of labelled transition
systems. Though omitting branching aspects, the various manners in which to capture
degrees of branching can serve as a clue for capturing degrees of nonsequentiality. For
example, instead of having tests with different strengths in discovering nondeterminism,
tests may in different ways be geared towards parallelism (possibly by departuring from
the traditional labelled transition systems). Once tests capable of detecting some kind of
concurrency are fixed, variations may be obtained by changing the “protocol” in the style
of [DNH84|. Another direction to take is suggested in [Pnu85, BIM88| where increasing
discriminating equivalences are obtained from a simple equivalence (trace) by considering
the congruence when different combinators are added. So, finding combinators uncovering
an aspect of concurrency, the congruence will be forced to take the aspect into account.
These directions can be combined in several ways of which we have chosen two and
elaborated each in a separate part of the thesis.



Overview and Basic Organization

The thesis is divided in two parts, which mainly differ in whether the tests or “protocols”
of the experiments are subject to variations when the behavioural equivalences are defined.

In part I a particular kind of tests suitable to probe concurrency of processes is introduced
for a simple process language, PL, and different equivalences are obtained by considering
possible outcomes of the experiments. PL contains combinators for prefixing of atomic
actions, nondeterministic choice and parallel composition (without communication). The
experiments and the labelled transition system is somewhat unconventional. Here an
atomic action can be thought of intuitively as connected to a certain resource thereby
excluding auto-parallelism [vGV87] (an atomic action can only occur in 6ne of two parallel
processes). When a signal, a, is submitted to initiate the action (ambiguously designated)
a, this is noted such that other actions, possible the same, can be signaled to initiate. Each
time the action a is completed this is signaled by a as response. At first an attempt is made
to signal a (multi) set of actions and if this turns out well a test is made on the signaled
actions, where the language for specifying tests contains constructs for what Abramsky
[Abr87| calls traces and copying. The process may accept the experiment if the actions
can be signaled and the following test is successful, and may reject the experiment if the
actions can be signaled and the test is not successful. The three equivalences, O, J, and

)~y ~a

d., are generated from the preorders T, T and T, respectively, where T is the intersection

~r) ~)y ~g,

of C, and C_, and one process is related via C, (C,) to another if the experiments the first

~r?

may accept (reject) also may be accepted (rejected) by the other.

Unlike in part one, the tests of the experiments in part II are varied when the different be-
havioural equivalence are introduced and the basic process language, B L, is slightly more
general as auto-parallelism and full sequential composition is possible. Experiments are
maximal sequences of direct tests and the variations arrise from the power admitted for
the direct tests — with a single action tested as the weakest and a multiset the most pow-
erful. For any “natural” fixed set of direct tests, G, processes are considered behaviourally
equivalent, £¢ (actually generated from a preorder <g), if they react identically to the
same experiments. The equivalences are generalizations of the ordinary (maximal) trace
equivalence which appears from the weakest direct tests.

Holding on to the behavioural equivalences BL is extended to RBL by adding a refinement
combinator which makes it possible to prescribe through a map, called a B L-refinement,
how atomic actions within the scope of the combinator should be refined or implemented
in terms of basic processes of BL (change of atomicity). Because the refinement combi-
nator enables “overlapping” of refined actions, the equivalences are not preserved under
the new combinator and their finer associated congruences, £¢, are considered. This part
of the thesis is largely a continuation/ extension of [Lar88] and [NEL89] to cope with



auto-parallelism and recursion.

Both parts follow the same general line. At first lpos, or rather equivalence classes of Ipos,
are studied in their own right. Operations and the relations, prefixing and “smoother
than” (where one lpo is smoother than another if the ordering relation of the first is a
superset of that of the other lpo), are introduced and properties are derived — of course se-
lecting certain topics in preparation for the models to come. In part I the study is actually
confined to particular equivalence classes of Ipos, called semiwords, where equally labelled
elements are demanded to be ordered, thereby reflecting absence of auto-parallelism. One
important property of semiwords is that they have canonic representatives wherefore defi-
nitions and reasoning can be made directly in terms of these. Aiming at similar conditions
for the general equivalence classes of Ipos, pomsets, elements of representatives are in part
IT taken from a certain ground set and in fact pomsets can to some extent be handled as
smoothly as semiwords. Together pomsets and semiwords will in the rest of the presen-
tation be referred to simply as lpos.

After the initial study of Ipos, operational and denotational semantics are given of the
process language in question and a connection between them is established. More specifi-
cally, the denotational models, which build on different closures of sets of Ipos, are proved
to be fully abstract w.r.t. the corresponding operational equivalences. Besides this, alter-
native methods to reason about the processes are given, and links to the equivalences are
shown.

Finally each part is ended by adding recursion to the process language, and both the
operational semantics and the denotational characterizations are extended accordingly. In
part II new behavioural equivalences, J¢, come in by relaxing the maximality requirement
of sequences (of direct tests). The new equivalences are not preserved in BL or RBL
contexts, and their congruences, 4, are studied. For this purpose a new criterion — a
language being expressive w.r.t. a preorder — which ensures algebraicity of precongruences
is introduced. More technical prerequisites are necessary in part II and for the same reason
they are treated more thoroughly there. For instance two ways of extending (denotational)
relations to open expressions are compared and proofs (of results mentioned in [Hen83])
are made in full detail. Acquaintance with standard denotational techniques for dealing
with recursion as presented in [Hen88a| is assumed.

The two parts of the thesis are written and may be read independently and hence there is a
few differences in notation and some redundancy around the treatment of lpos. As a help
for the reader each part is equipped with an index of the most used notions, definitions
and symbols. To avoid repeating references a common bibliography is included at the end
of this presentation of the thesis.



Summary of results

We shall here briefly state the results of the thesis and start out by looking at the syntactic
finite process languages (without recursion constructs) PL, BL and RBL, where PL as
previously mentioned has combinators for prefixing, nondeterministic choice and parallel
composition (without auto-parallelism and communication), BL in addition has auto-
parallelism and full sequential composition and RBL a refinement combinator.

Operationally a new idea is introduced for PL. In the labelled transition system control
is divided in two: at first nondeterministic choices are made during the act of signaling
actions to initiate. These are in turn later be completed and vanish from the configura-
tions.

For BL the operational capabilities are given via a more standard extended labelled
transition system in the style of [Nic87, Hen88a| where an internal step is used to resolve
(internal) nondeterministic choice. When it comes to RBL it turns out that a simple
operational “lazy substitution” of refinements can be given by means of the internal
step relation and this operational “substitution” is shown to coincide with the textual
substitutions of refinements.

Looking at the models, we draw the attention to the fact that they consist of finite sets
of Ipos and that the denotational maps of the different models all can be regarded as
some kind of closure of the same canonical association of lpos to process expressions. In
addition the denotational maps admit simple compositional definitions, basicly built in
terms of the operators used in the canonical maps and the relevant closure at the places
where the closure is not preserved.

For PL and T (3, or T, respectively) the closure used in the corresponding model, M, (Ms
or M,), is the prefix- and convex (downwards or upwards) closure w.r.t. the “smoother
than” partial ordering of semiwords. The models are shown to provide suitable interpre-
tations of the behavioural equivalences through the full abstractness results. From the
models and examples it is seen that both I, and T, are strictly more abstract than Q.
Furthermore, a sound proof system, DED,, is given which makes it possible to show
statements concerning “prefix-closure” as well as more ordinary algebraic properties of
the combinators such as commutativity and associativity of + and ||. Extending DED,
to DED;s by adding the axiom a.(x || y) < a.x || y a sound and complete proof system is
obtained for @, (or rather C,). In the style of [Hen88a| the results can be schematized:



SYNTAX:

PL

OPERATIONAL DENOTATIONAL PROOF

BEHAVIOUR: SEMANTIC: SYSTEM:
g — M, — DED,
o, — M, — DED,
o, — M — DED;

Turning to BL and fixing a set of direct tests, G, the closure of the the corresponding fully
abstract model is the ordinary “smoother than” downwards closure of pomsets restricted
to those pomsets which are “layered” and where each layer resembles a possible direct
test from G. Varying G it is seen that the equivalences form a lattice (in the sense of
their ability to distinguish processes) with the usual trace/ word equivalence, %, at the
bottom and the unrestricted multiset equivalence, £\, at the top. Each £g-equivalence is
given an alternative characterization in terms of an adequate Hennessy-Milner like linear
modal logic, Lg, containing a straight forward generalization of the “labelled” necessity
modality (box) and atomic propositions expressing termination and non-termination. The
results are sketched below:

SYNTAX:
BL
OPERATIONAL DENOTATIONAL LOGIC
BEHAVIOUR: SEMANTIC: SYSTEM:
M My = L
2G ' = ' MG' e Lg '
" — My — L

The main observation for RBL is that when considering the largest congruences, £,
contained in the equivalences, £¢, the addition of the refinement combinator collapse the
lattice of equivalences into a strictly finer equivalence. Thereby also the result, £y, = £\,
which looks like a similar result Hennessy notices in the final remarks of [Hen88b| for
time-based bisimulation. The closure used in the fully abstract model for £¢ is again
the downwards closure of pomsets, but instead restricted to those pomsets where of any
two concurrent elements the successors of one also are successors of the other or vice
versa. By removing auto-parallelism from RBL a sublanguage, RBL', is obtained which,
beside resembling semiword based models, is equipped with an adequate logic, L. An
extra modality for specifying a kind of semi-deadlock is here at disposal. The schematized

results are:



SYNTAX:

RBL O RBL'
OPERATIONAL DENOTATIONAL LOGIC
BEHAVIOUR: SEMANTIC: SYSTEM:
£G — M,, — L

Now for the full process languages of PL, BL and RBL with recursion.

The transition systems for the different process languages are extended in the usual way
to cope with recursion and in particular it is noticed for RBL that no extra (internal
step) inference rule is needed for the interplay between the refinement combinator and
the recursion constructor.

The models remain in principle the same but sets of lpos may now be infinite and the
models, M¢ and M., for O w.r.t. BL and RBL respectively, separately carry information
concerning approximating sequences. The domains of the finitary models are in a uniform
way shown to be algebraic complete partial orders and the achieved models are proved to
be fully abstract w.r.t. the corresponding behavioural equivalences. In this course a new

criterion for algebraicity of precongruences turn out to be very useful.

PL can, modulo NIL and minor syntactic differences, be considered as a sublanguage of
BL which in turn is a sublanguage of RBL. Then from the pleasant fact that both the
M? and M;s model are expressed as abstractions over the downwards and prefix closure
of a canonical association of Ipos with expressions it follows that the relationship between
the equivalences roughly can be illustrated as:

RBL
BL
_ ] PL
R S o
57

where — indicates that the equivalence on the left-hand side is strictly more abstract
than the one on the right-hand side (the congruence of an equivalence is w.r.t. the language
labelling the highest box the equivalence is contained in). Since the equivalence of the two
parts only are compared here, we give two expressions, which illustrates that JG w.r.t.
RBL is strictly more abstract (on PL) than G, (identified by 3¢ but not by 5,):

(ablcd)+ (bllad|c)+ (al|lcb|d) and (b]lad]|c)+ (alcb] d)

To sum up the achievements of the thesis one could say that means are brought about for
discriminating degrees of concurrency in processes, either through different behavioural
equivalences or through the preorders they are generated from, and that labelled partial
orders in a natural way serve as cornerstones in the associated models.

10



Conclusion

The full abstractness results are obtained at the expense of simplified process languages
and an undetailed view on branching. We shall here discuss a few ideas to redress some
of the shortcomings and their impact on the results.

For PL the requirement of absence of auto-parallelism is crucial. This is best seen in the
proofs of full abstractness which rely heavely on the fact that semiwords are characterized
by their linearizations and no characterization of the pomsets that are identified by their
linearizations is known. But by omitting auto-parallelism, it looks manageable to extend
PL to BL and keep the results. Now consider what happens if a refinement combinator
which does not introduce auto-parallelism is added, either to PL or the extension. Then
it is unlikely that it will have any influence, at least not on the J -equivalence, since
two refined processes (without +), which can be distinguished by sequences, already are
distinguished by the may-experiments on the unrefined processes.

Whereas the combinators of BL are quite simple this is by no means the case for the
refinement combinator of RBL, but it suffers from an effective way to be specified. As
it is now, a refinement is given by a function from the (infinite) set of atomic actions
to the process expressions of BL. One way to go would be to introduce the notation
[a1 ~ p1,...,a, ~ py] for the refinement where all actions remain unrefined except that
ay is refined to py, as to po, etc. and only allow such refinements. Then it would not be
possible to specify fission refinements as they are formulated now, but a closer look at
the proofs, where these refinements are used, shows that refinements which “fission” on
a finite set will do and so all the results go through. With the refinement combinator it
is possible to imitate relabelling by considering the relabelling functions as a special class
of BL-refinements (maps to individual atomic processes). Looking at the way relabelling
usually is introduced in transition systems, the relabelling combinator is stactic in nature
in contrast to the more dynamic nature of the refinement combinator, but this difference
cannot be uncovered by the equivalences. Inaction (NIL, SKIP) seems also easy to
include in RBL. The few proofs, where the refinements are assumed not to make actions
disappear (e-freeness), get more complicated. A (maybe unexpected) consequence of
adding NIL would be that expressions like @ and a + NIL would be distinguished by £
and also by the congruence of J¢ (think of a context where the expressions are sequential
composed by another action b). Once inaction is added to RBL it is no problem to
simulate hiding of an action a; simply use the refinement combinator [a ~ NIL]. However
the use of such an abstraction feature is limited as long as parallel processes cannot
communicate — a matter we shall address next.

The extensions discussed until now stay so to say within the simplified view on branching.

11



But if we extend the parallel combinator of RBL such that e.g. synchronization shall hap-
pen on all common actions as in TCSP [BHR84] and we still look at maximal sequences,
we would at once get a finer view, because the possibility of deadlock forces the model
to reflect branching structure — see [Pnu85]. We have on purpose carried out this work
on nonsequentiality “orthogonally” to existing work on branching, but it is an intriguing
question, whether such an extension could be modeled by a smooth combination of e.g.
the M,, model and the broom model of Pnueli — capturing aspects of nonsequentiality as
well as branching.

We conclude by a simple example which indicates that such a combination in no way is
straightforward to obtain. Suppose

p=allb and g=ab+ba+alb

Then p and ¢ are identified in both the M, model and the broom model, but p’ = pla ~
c.d] and ¢’ = qla ~ c.d] would be distinguishable in a parallel context with ¢.b.d — ¢ is a
possible maximal sequence of ¢’ || ¢.b.d whereas this is not the case for p' || c¢.b.d. Hence a
“conjunction” of the two models would be to abstract for the congruence of £; w.r.t the
two combinators.

12
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Chapter 1

Semiwords: SW

1.0 Preliminaries

Partial orders are often used to reflect causal relationships between events. In this chapter
we shall present a special subclass of labelled partial orders called semiwords and find a
number properties semiwords enjoys. Roughly speaking a semiword is a labelled partial
order where the equal labelled elements are ordered. Before giving the exact definitions
of labelled partial orders and semiwords we start out by a few mathematical and other
conventions.

Propositions and definitions are numbered within chapters, e.g., definition 1.0.1 (the def-
inition below) where the first number indicates the chapter it appears in and the second
is the number of the definition.

If < is a partial order over A the downwards closure of an element a € A w.r.t. < will be
denoted DC<(a), i.e., DC<(a) = {b € A| b < a}. Similar UC<(a) denote the upwards
closure of a w.r.t. <. We shall often use functions defined on sets, so in order not to write
to many parenthesis we shall write fS for the function application f(S) where S is a set
and at the same time an element in the domain of f. The standard set, {1,...,n}, will
be denoted n and a tuple of the form (¢, ...,%;) is abbreviated t.

Definition 1.0.1 Given a nonempty set A, a labelled partial ordering (Ipo for short) over
A is a triple (A, <, ), where §: A — A is a mapping from A into A and < partially
orders the set A or equally (A, <) is a poset, i.e., < is a binary relation on A which is
reflexive, transitive and antisymmetric. O

A can be regarded as events, i.e., particular occurrences of actions and A, the alphabet,
as actions, or types of events.

Definition 1.0.2 Two Ipos p = (A, <, ) and p/ = (A, <, 3’) are said to be isomorphic
(written p = p') iff there exists a bijection ¢ : A — A’ such that for all a,b € A : f(a) =

B(¢(a)), and a < b iff ¢(a) <" G(b).
The equivalence class under = of any Ipo p is denoted [p] i.e., [p] := {p' | p' = p} and p is
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called a representative. If p = (A, <, 5) we also write the corresponding equivalence class

as [A, <, 3].

The subset of the quotient set of the Ipos over A by = where the posets of the repre-
sentatives are finite are called the set of partial words over A (written PW(A)), i.e.,
PW(A) :={[A <, 0] | (A, <) is a finite poset, f : A — A}.

The subset of the partial words over A where the equal labelled elements of the represen-
tatives are linearly ordered are called the set of semiwords over A (written SW(A) or SW
for short), i.e., SW(A) := {[A, <, 0] € PW(A) | Va,be A: [(a) = [(b) = a < bVb < a}.
(So the partial order restricted to equal labelled elements satisfies the trichotomy law.) O

The semiwords were first introduced by Starke [Sta81] and reflects the idea that two
occurrences (events) of the same action cannot be concurrent.

Though many of the following notions and results could be formulated and hold for
PW (A) we prefer to introduce them for semiwords only. First of all because we are
only concerned with semiwords in this work and second, because they have a particularly
simple representation which we shall refer to as the canonic representatives.

Canonic representatives

According to Starke [Sta81] the canonic representatives can be characterized as follows:

Let A be a finite subset of A x IN" and < be a partial order on A. Then (A, <) is the
canonic representative of a semiword over A iff for all @ € A,4,5 € INT it holds:
SW1: (a,i) e AN1<j<i=(a,j)€EA

SW2: (a,i), (a,j) € A= ((a,i) < (a,5) & i <py j)

Intuitively (a,) denotes the i occurrence of the action a, i.e., (a,1) is a label a with rank
i (SW1). Since all equal labelled elements are linearly ordered (SW2) this gives sense
and from Starke it follows that the mapping which for a canonic representative (A, <)
gives the semiword [A, <, 3], where (3((a,i)) = a, is an isomorphism.

In the sequel we will identify a semiword s = [p], p = (A, <, 3) with its canonic represen-
tative which we denote (As, <j) or just (A, <) when it is clear from the context. We shall
therefore refer to S as the subclass of the Ipos which satisfies SW1 and SW?2.

1.1 Basic Definitions

Notationally, it will be convenient to let a denote (a,i). If the rank of the element is
unimportant for an argument or statement, we will simply omit the rank i of a’ and just
write a.

If not only equal labelled elements of a semiword but all elements are linearly ordered,
we call it a word. Formally:
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Definition 1.1.1 Let s € SW. s is a word over A iff <, satisfies the trichotomy law:
Va,be As.a <, bVb<,a
The set of all words over A is denoted W (A) or W for short. Notice s € W implies <j is

total. O

The one to one correspondence between A* and W should be clear (if not, see [Sta81])
and in the sequel we will often identify their members.

In order to introduce operators on SW it will be useful to define a function ¢, which given
a semiword s and an action a yields the maximal rank of an element of s labelled by a.
Because of SW1 this number equals the number of elements labelled with the action, so
we can use this for the formal definition:

Definition 1.1.2 ¢: SW x A — IN is defined by:

(s,a) — [{b' € A, | b=a}|

This allows us to introduce some further notions.

Definition 1.1.3 For a poset (A, <) and a set B the restriction of (A, <) to B (written
(A, <)|p) is defined to be the poset (A|g, <|p2).

s is a direct subsemiword of t iff s is a semiword and s =t

As-

If s is a direct subsemiword of u the complement semiword t of s (w.r.t. u/in u) is defined
to be t|4,\4, shifted left according to s. Le.,

At = {aifw(sva) ‘ ai c Au \ As}
Vai, b € At <, U iff a0 <[4 TEED)

For convenience direct subsemiwords will be referred to simply as subsemiwords. O

One could have defined a more general notion of subsemiword, but with this definition
the subsemiword is directly represented by itself. Furthermore this definition suffice for
our purpose.

a
Example: Let v be the semiword a—b—c—1b

e

s; below are subsemiwords of v and t; complement semiword of s; in w.
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8) a—d bl b
b) b b o<l
c) a(Z b—c—1b
/,C
d) a/_’b\d a—»b
"«
. —b
e) a—b 2/
a
£) b PN
N

The following semiwords are not subsemiwords of wu:

b, b—a

bl b, bIl O

From ty in the example we see that although a semiword is not a subsemiword of a
semiword u, it can be a complement semiword. b) and c¢) shows that a complement
semiword and a subsemiword may change role, whereas d) and e) shows it is not always
the case. Also notice that although e.g., b—a is a direct part of the picture of u (i.e.,
b— a is a subsemiword in a more general sense) it is neither a subsemiword of u nor a
complement semiword in u.

Proposition 1.1.4

a) If A C A, fulfills SW1 then s|4 is a subsemiword.

b) The complement semiword in definition 1.1.3 is in fact a semiword.

Proof

a) We shall show that <;|42 is a po and fulfills SW2.

Since <, is a po on A, it must be so on AN A, too. Similar the STW2-property must hold
on AN A, also.

b) First we prove that A, fulfills SW1.
Let a' € A; and a j such that 1 < j <i. We shall prove a’ € A,.
By definition of ¢ it follows that a’ € A, implies a"¥(=%) € A, \ A, C A,. Now 1 < j <
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implies 1 < j + ¥(s,a) < i+ 1¥(s,a), so because u is a semiword and therefore fulfills
SW1 we have a/t¥(% € A,. a?t¥(>9) & A, because otherwise j 4 (s, a) < (s, a) which
obviously is impossible since 1 < j. Hence a/*¥% ¢ A, \ A,. Then by definition of ¢:
a/(j+w(87a))_w(87a) e a/j E At'

<, is a po fulfilling SW2 so this holds for §u|(Au\As)2 too. By definition of <; this must
then also be the case for <. O

Definition 1.1.5 Two semiwords s and ¢ are said to be disjoint iff A, N Az = 0. O
Because s, disjoint implies Va' € A;. (s, a) = 0 we get:
Corollary 1.1.6

a) If s is a subsemiword of u then: <, C <,,.

b) and if ¢ is the complement semiword of s in v and disjoint to s then A, U A, = A,
and <, C <.

Definition 1.1.7 Given a poset (A, <).
a,b € A are connected iff a and b are connected when considering the undirected graph
of <, i.e., when (a,b) € (SU<Z<HT.

A poset (C, <') is a mazimal connected component of a poset (A4, <) iff (C,<") = (A, <)|e
and all elements of C' are connected and there is no a € C' and b € A\ C which are
connected. For the sake of convenience we will in the sequel just say connected component
instead of maximal connected component.

The set of all connected components of a poset (A4, <) is denoted y((A4, <)).

Since SW is a subclass of the posets, we can talk of the connect components of a semiword
as well.

If s is a semiword such that v(s) = {e, s} we say that s is a connected semiword.

It is not difficult to see:

Corollary 1.1.8

a) A connected component of a semiword is also a subsemiword of it.

b) For a semiword s, v(s) consists of mutual disjoint semiwords.

d) {e, s} S(s).

)
)
¢) s+ 7y(s) can be considered as a function v : SW — P(SW).
)
) v(s) = {e, s} iff s is a connected component.

e

where P(A) denote the power set of A.
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1.2 Operations on SW

In this section we shall introduce some of the operators on SW presented by Starke in
[Sta81] where he also displays the most fundamental properties of the operators.

Nullary

The semiword with canonic representative ((),()) is denoted e and is called the empty
(semi-) word. For every action a € A we select a corresponding semiword which has the
canonic representative ({a'}, {(a',a')}) and denote it a.

Corollary 1.2.1

a) Y(s)={e} & s=c¢ b) v(a) = {e,a}.

Unary

With the previous nullary operators and the concatenation of semiwords defined below,
we easily derive an unary operator a. for every a € A. Namely:

Definition 1.2.2 Let a € A. Then a. : SW — SW is defined by s +— as, where as
means the the concatenation of @ and s. O

From the properties of concatenation we derive:

Corollary 1.2.3

a) a.s=a< s=c¢ b) as=btsa=bs=t

c)aseWeoseW

Binary

The definition of concatenation displayed as juxtaposition of the operands or placing a .
(dot) between the operands is:

Definition 1.2.4 Concatenation of semiwords, . : SW x SW — SW, is defined by
(s,t) — s.t = st = (A, <), where

A=A, U{atED) | @t e A}
< C A x A is defined by:

Vo',V € A.a* <V iff i < (s, a),

or i <Y(s,a

or Y(s,a)<i



Notice that A, C Ay and Va € A, Vb € Ay \ Ag.a <4 b.

Example:
a<Z.b<';: a(Z)b(b

Corollary 1.2.5 For all s,t,u € SW:

a) st e SW (well-defined)

b) s(tu) = (st)u (associative)

c) es =5 =s¢c (¢ unit)

d) st=su=t=u (left cancellation)

e) ts=us=t=u (right cancellation)

Recalling the definition of subsemiword and complement semiword and inspecting the
definition of concatenation, we immediately get:

Corollary 1.2.6 s is a subsemiword of st and ¢ the complement semiword of s in st.

The close connection between sub- and complement semiwords of a semiword and con-
catenation can be further illuminated by the following:

Proposition 1.2.7 Let s be a subsemiword of u. Define ¢ to be the complement semiword
of s (w.r.t. u). Then:

a) Ay = Ay

b) Va,b € As. a<,bsa<yb

c) Vae AgVbe A\ As. a<,b=>a<4b

d) Va,be A, \ As. a<,bsa<yb

Notice that we cannot conclude v = st from a) — d). Later when dealing with partial
orders on SW, we will see some conditions which ensure that there exist such s and .
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Proof

a) Ay = A, U{a™69 | ot € A} = A, U {aV69 | ot € {a/ 7V | af € A, \ A} =
Ay U {ai=va)+vlsa) | gi e A\ A} = AU (A, \ Ay) = Ay, where the last equation
follows from the fact that s being a subsemiword of u implies Ay C A,,.

b) s is a subsemiword of u wherefore <; agrees with <, restricted to As. s is also
subsemiword of st and the result follows.

c¢) Because of a) we see A, \ A; = Ay \ As, so the rest is trivial since we have already
noticed by definition of concatenation that Va € A, Vb € Ay \ As. a <g b (no matter
whether a <, b or not).

d) Assume a and b actually are a’ and &’ respectively. Since a',0’ € A, \ A, we have
a’ <,V iff a' <u|(a\a,)2 b which by definition of ¢ is equivalent to a'~¥() <, p=¥(sb)
(notice that a’, b € A,\ As, A, C Ay = ¥(s,a) < i,%(s,b) < j). This again, by definition

of concatenation, is equivalent to a’ < b/. O

Proposition 1.2.8 Let u be a connected nonempty semiword. Then:

a) y(ut) = {e,ut} b) ~(su) = {e, su}

c) s,t#¢e=(st) ={e,st}

Proof

a) Assume y(u) = {e,u}. By corollary 1.1.8.d) {&,ut} C ~(ut). So what remains to be
proved is r € y(ut) = r € {e,ut}. One consequence of r € y(ut) is r = ut|a,. If either
A, =0 or A, = Ay, the result is clear, so assume () # A, # Ay;.

Then there exist a € A,.,b € A, \ A, and since 7 is a connected component of ut, a and b
cannot be connected. We look at the different possible memberships of a,b w.r.t. A, and

Ayt
a,be A, C A, Since u is connected a and b must be connected—a contradiction.

a€ A, be Ay \ Ay Then as noticed by concatenation a <,; b and thereby connected—
again a contradiction.

be Ay,a€ Ay \ Ay: Similar.

a,be Ay \ Ay: Since {e,u} # {e} = u # ¢ there exists a ¢ € A,. Again as noticed
by concatenation ¢ <,; a and ¢ <,; b. Hence a and b are connected and we get a
contradiction again.

We have exhausted all possible memberships of a, b and each time got a contradiction, so
the assumption () # A, # A,; was wrong. Hence ¢, ut are the only connected components
of ut.

b) Similar.

c) Let a,b € Ag. If we can show that they are connected corollary 1.1.8.e) gives 7y(st) =
{e,st}. Three cases to consider.

a,b € Ag: Since t # ¢ we have a ¢ € Ay \ As. By proposition 1.2.7.d) a <4 ¢,b <4 ¢, so
connected.
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a € Ag,be Ay \ As: proposition 1.2.7 gives directly that they are connected.

a,b e Ay \ Ag: Since s # € we have some ¢ € A,. Again by proposition 1.2.7 we have
c <4 a,c <4 b and thereby connected.

O
For words we have the following connection:
Corollary 1.2.9 ste W & s, t e W.
The parallel composition of semiwords is defined:

Definition 1.2.10 Let s,t be two disjoint semiwords. Then the parallel composition of
s and t is:
sllt=(AsU A, <, U<y

So parallel composition is only partially defined.

Example:
a—b

/C

a—bll el =
™d

Corollary 1.2.11 For all s,t,u € SW, mutual disjoint:

a) s|teSW (well-defined)

b) s|lt=t]|s (commutative)

c) (s||t)lu=s]|(t| w) (associative)

d) ells=s=c¢]s (¢ unit)

e) sflt=sllu=t=u (left cancellation)
fyt]|s=uls=t=u (right cancellation)

Since || is associative we can omit brackets. Furthermore because || additionally is com-
mutative and has € as neutral element, we can even for a set D of semiwords write
II{s | s € D} or just ||D for short to denote s || sy...| s, where D = {sy,...,s,}. If
D = () then || D denotes ¢.

To avoid the proviso of disjointness of semiwords whenever writing expressions involving
|| we will in the sequel tacitly assume this.
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Corollary 1.2.12 If s is a subsemiword of u and ¢ the complement semiword of s in u,
similar for ¢, ', u’ then:
a) s | s is a subsemiword of u || v’ and

b) t ||t is the complement semiword of s || s’ in u || w'.

Proposition 1.2.13

a) y(s 1) \{e} =v(s) \ {etwr(®) \{e} b) s=1~(s)

where W means disjoint union of sets.

Proof
a) Trivial.

b) By induction on the size of 7(s)

|7(s)| = 1: Since € € (s) for all s € SW we have s = ¢ and 7(s) = {¢} from which the
result follows.

|7(s)| > 1: Then there is a t € v(s) with t # ¢. Clearly 7 = s|4,\4, is a subsemiword of s
(corollary 1.1.8) and s =t || r. Since t # ¢ and hence A; # () we must have |y(r)| < |y(s)]
and the result then follows by applying the inductive hypothesis on r and using a). O

From this proposition and the other concerning v we obtain the following corollary.

Corollary 1.2.14

t, = a.s,tg =£
a) a.s =ty || ta = S or
tl :g,tg = a.s

b) S1 || So :tl || tg

v
(€ () Un(ta) i,j €2 s =1 |ty ti = 1] || £}, € 2

c)e=s|t=s=c=t.

1.3 Partial Orders on SW

There are more natural partial orders on SW of which we shall see two in this section.
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1.3.1 Smoother Than

The idea of one semiword, s, being smoother than another, ¢, i.e., <, is a refinement of
<4, can be captured formally as follows:

Definition 1.3.1 Let s,t € SW. Then s is smoother than t (written s < t) iff A, = A,
and <; D <. O

Example:

b a—b ¢
a—b—c <X a < < b
- T*c - c — .

Both = and C are partial orders so evidently:
Corollary 1.3.2 < partial orders SW.

Corollary 1.3.3 If s is a subsemiword of u, t the complement semiword in u and s,t
disjoint then u < s || ¢.

The truth of this is evident since s,t disjoint implies A, U A; = A,, s subsemiword of u
implies <, C <, and t disjoint complement (sub)semiword of s in u implies <; C <,,.

Looking at this corollary one might think that s being a subsemiword of w and ¢ the
complement implies st < u, but this is not in general true as can be seen from the
following example.

b

Example: Let u = &<C>d . Then s = a—b—d 1is a subsemiword of u and

t = ¢ the complement semiword. But st A u because ¢ <, d and ¢ £ d.

Later in proposition 1.3.28 we will se a sufficient condition for st < wu.

Having defined =< we are able to define the set of linearizations or the smoothing of a
semiword s, written A(s).

Linearizations: \

Definition 1.3.4 Define A : SW — P(W) by

s—{teW|t=<s}

Proposition 1.3.5 For all s,t € SW we have
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a) s 3t A(s) C A1) b) A(s) # 0

Before we proceed with the proof we need some small lemmas.
Lemma 1.3.6 Vs € SW Va,b € A;. (a £sb,b £sa= 3t € SW.t <s,a <;b)

Proof The idea is to get a smoothing of <; by adding (a,b) to < and take the transitive
closure. Given s € SW and a,b € A, such that a £, b,b £, a. Define t by A; := A,
<y := Rt where R = <,UQ, @ = {(a,b)}. Clearly <, C <; and thereby ¢ < s, so the
only problem is to see t € SW.

SW1 holds for t since A; = A. Because <, C <; and <, is reflexive, SW?2 holds for <;.
By construction <; is transitive.

Before considering the antisymmetry we prove:
(1.1) Ve,de A.c RV d,c £yd = ¢ <, a,b<,d.

by induction on n.

n = 1: Because ¢ £, d we must have ¢ () d. Then a = ¢, d = b and the result follows by
the reflexivity of <j.

n > 1: Then ¢ R" ' e,e R d for some e € A;(= Ay). Two cases:

¢ <ge: From ¢ £, d and the transitivity of <, we conclude e £, d. By hypothesis of
induction e <, a,b <, d and the result follows.

¢ £, e: By hypothesis of induction ¢ <, a,b <, e. If e <, d then transitivity gives b <, d
and if e £, d the hypothesis yields b <, d directly.

Now to see:

(1.2) cR"d,dR" c=c=d

assume on the contrary that there exists ¢,d € A; such that ¢ R" d,d R™ ¢,c # d. Since

<, is antisymmetric we have either ¢ £, d or d £, c. We investigate the different cases:

c&Lsd,d£sc: Since ¢ R" d,d R™ ¢ (1.1) gives ¢ <; a,b <, d,d <; a,b <, ¢. From
b<;c c<;aweget b<,a which is a contradiction to b £, a.

c<sd,d £, c: Since d R" ¢ we have d <, a,b <, ¢. Collecting these facts: b <, ¢ <, d <,
a and thereby b <, a—again a contradiction.

c L5 d,d <, c: Similar.

We have exhausted the cases and each time got a contradiction, so the assumption was
wrong. From (1.2) the antisymmetry of <; then follows.

O
Since s ¢ W implies Ja,b € A,. a L b,b £, a it follows that:
Corollary 1.3.7 Vs € SW :s¢ W = Jt € SW. t < s.
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Lemma 1.3.8 For all s € SW we have: A(s) ={t € SW |t <s, At'. t' < t}.

Proof

C: Let t € A(s) be given. Le., t <s,t € W.

We shall prove At'.t' < t. So assume on the contrary that there exists a ' < t i.e.,
t' <t,t #t". Now t' <t implies <y D <;. But <y D <; means Ja,b € Ay.a <y b,a £; b.
We cannot have b <; a since this, by <y D <;, implies b <y a, a contradicting the
antisymmetry of <,. So we have a £; b,b £; a—a contradiction to t € W.

D: Let t € SW be given such that ¢t < s, At'. ¢ < t. We only need to show t € W.
Now assume on the contrary t ¢ W. From corollary 1.3.7 we then have there exists a
t' e SW.t' < t—a contradiction. a

We are now ready to prove a part of the last proposition.

Proof (of proposition 1.3.5)

a) =: le, s 2t = A(s) C A(2).

Let r € A(s) be given. We shall prove r € A(t). By definition of A we have r < s and from
the premise s < t, so by the transitivity of < we have r < t. By the previous lemma we
have r € A(s) = Ar'.r" < r. Since r < t it then follows by the same lemma that r € A(t).

b) A(s) # 0:

We prove Vs € SW 3t € W.t < s by induction on the number |0(s)| from which the result
follows. The basis must be with |§(s)| = 1 since Vs € SW. s € §(s). Furthermore notice
that by the previous lemma we have s € W < [4(s)| = 1.

|0(s)] = 1: Take t to be s. By reflexivity of < it follows that t < s.

|0(s)| > 1: Then s ¢ W and by corollary 1.3.7 3" € SW. ¢’ < s. Clearly §(¢') C (s) and
s & 0(t") wherefore |6(t")| < |0(s)| and we can use the inductive hypothesis to obtain a
t € W such that ¢t < t'. By the transitivity of < we get ¢t < s. O

Before proving the rest of the proposition we need one more little lemma.

Lemma 1.3.9 For all s € SW and a,b € A, we have:
a) a <;b=>Vte A(s).a<;b b) a €&sb= Tt e Ns).b<;a

Proof
a) Immediate since t € A\(s) =t < s = <, C <,.

b) We look at two cases of s.
s € W: Then <, satisfies the trichotomy law. Choose t = s.

s ¢ W: There are two possibilities. Either b <; a or b £, a. If b < a the result follows
from a) and A(s) # 0. If b £, a we conclude by lemma 1.3.6 that there exists a ¢’
such that ¢ < s and b <y a. From a) then V¢ € A(t'). b <; a. We have already
proved ¢’ < s = A(t') C A(s) so we are done.
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Proof (of proposition 1.3.5.a) continued)
We shall prove A(s) C A(t) = s <t which is equivalent to s At = A(s) € A(t). Assume
s A t. Two possibilities.

A # Ay Then clearly A(s) € A(t) since in general Vr € A(s). A, = As.

Ay = Ay Then we must have <, 2 <;. That means there exists a,b € A; such that a <; b
but a £ b. By b) of the previous lemma a £, b implies 35" € A(s). b <y a. We
cannot have s’ € A(t). Suppose on the contrary we have s’ € A(t). From a) of the
same lemma we have a <; b implies Vt' € A(t). a <y b, hence also a <y b. By the
antisymmetry of <,: a <y b,b <, a implies a = b. Then a £, b means a £, a—a
contradiction to the reflexivity of <;.

O

From this proposition it follows that s = t iff A(s) = A(t) and since A(s) is a finite
set of words a natural question is “Why not just consider finite sets of words instead
of semiwords?”. The main reason we are using semiwords, as opposed to finite sets
of words over A, is the semiwords agreement with our intuition of concurrency—the
partial order reflecting the dependencies between occurrences of actions and the lack
of such a dependency the concurrency. Furthermore they have a very simple graphical
representation which supports the intuition. Also the formal mathematical representation
(canonic representation) is simple. A consequence is simplified definitions and proofs.
Another technical reason is that not every set of words 7' (with same multiset) have an
s € SW such that A(s) = T. For a more detailed discussion of—and look at pos see
[Pra86].

The next proposition is concerned with the <-monotonicity of . and ||.

Proposition 1.3.10

a) sXtesrItrers <t b) st s|r=t]r.

Proof
a) We look at the different implications one by one.

s Xt = sr X tr: Given s < t. Shall prove sr =< tr or equally A,, = A;, <; C <,,.
Since s <t = A; = A, we see by the definition of concatenation that, in order to prove
A, = Ay, it is enough to prove {a"¥t9) | af € A,} = {a™¥(9) | o' € A, }, but this follows
directly from Ay = A; < Va € A Y(s,a) = ¢¥(t,a). To see <4 C <, we must prove
Va', b € Ay (= Ay ab <p W = a <, V. We look at the cases: i < ¥(t,a),j < (¢, b):
This implies by the definition of concatenation a® <; » which by s < t implies a' <, .
Since ¥(s,a) = ¥(t,a),¥(t,b) = ¥(s,b) the result follows for this case. The remaining
cases (i < (t,a),¥(t,b) < j) and (Y¥(t,a) < i,9(t,b) < j) follows similarly.

s <t = rs < rt: Similar.
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sr <tr = s =<t: A, C A;: Assume on the contrary A, € A,. Then Ja’ € A,. a' € A,.
This implies ¢(t,a) < i < 1)(s,a). Clearly a?"®+¥(0) = gk ¢ A . Now a* & A, because
U(t,a) < Y(s,a) < k. Also a* ¢ {a/¥) | a7 € A,}.

If not, then a*~¥®%) ¢ A,.. This gives us k — 1 (t,a) < 9(r,a) or equivalently ¥ (r,a) +
(s, a)—(t,a) < (r,a) and thereby 1(s, a) < 1(t, a) which contradicts ¥ (¢, a) < (s, a).
So a* ¢ A,.. But this contradicts A,, = A, so the assumption was wrong and we have
A, C A,

Similarly, we see A; C A, wherefore A; = A;. This also implies ¥ (s,a) = 1 (t, a) for all
a' € Ay(= Ay), hence by the definition of concatenation and the fact that <, C <,,, it
follows <, C <,.

rs < rt = s =< t: In general we have A, and {a""¥" | ¢’ € A,} are disjoint, so A, = A
implies {a'*¥™) | o' € A} = {9 | ¢’ € A}, hence A, = A;. Similar as above we
see <; C <,.

b) Obvious, since in general the disjointness of s and ¢ gives Ay, = A, WA, <p = < W<
O

From this proposition and the transitivity of < we immediately get:

Corollary 1.3.11 If s; < t; for ¢ € 2 then:
a) 5152 j tltz b) S1 H So j tl ” tz.

The commutativity of || is used in seeing b).

Proposition 1.3.12 For semiwords s,t and u: v < st = 3’ < s,/ < t.u = st

Proof Given u =< st. Define s’ := u4,.

s is a subsemiword of st wherefore A, fulfills SW1. Since u < st = A, = Ay and
A, C A, it follows that A, C A,. Hence s’ is a subsemiword of w. Then we can define ¢/
to be the complement semiword of s w.r.t. w.

u = §'t’: Since s’ is a subsemiword of u and ¢ the complement proposition 1.2.7.a) gives
A, = Agp and b) —d) most of <, = <yy. Only three cases remains to be proved and this
in a situation with a € Ay, b € A, \ Ay. u =< st implies A, = Ay and by the definition of
s we have Ay = Ay, so the situation can beread asa € Ay = Ag,b € Agp \ Ay = Ag\ As.
As noticed by the definition of concatenation we then have

(13) a Ss’t’ band a Sst b

a <gpy b= a <, b: From u =< st we also have <y C <,,, wherefore (1.3) gives a <, b.

b <gpy a = b <, a: Trivially true because b Ly a. To see this assume otherwise b <y a
and (1.3) together with the antisymmetry of <y, would give a = b which contradicts
a and b belonging to disjoint sets.

b<,a=b<ygpa We cannot have b <, a since (1.3) and the first case implies a <, b
which then if b <, a would lead to a contradiction as in the last case.
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Proposition 1.3.13

a) u € \(st) < 35’ € A(s) It' € A(t). u= st

b) ue s | t) < 3" € X(s) I e Nt). u <" ||V, Au'. v < u.

Proof

a) =: By lemma 1.3.8 u € A(st) implies u < st, Au'. v/ < u. From u < st we see from
the last proposition that ds’ < s, 3" < t. u = §'t’, so if we can prove As”.s” < s and
A" t" < t' we are done since, then again by lemma 1.3.8 we have s’ € A(s) and ¢’ € A(s).
To see As”. s" < s assume on the contrary 3s”. s” < s'. Then by proposition 1.3.10
s"t" < §'t" = u—a contradiction to Au’. u' < u. Similarly, we prove At”.t" <t

<: s € A(s),t" € A(s) implies s’ < s and t' <t and by corollary 1.3.11 v = s't' < st. So
in order to have u € A(st) we just need to prove Au’.w < w. Assume this is not the case,
ie., dJu'. v < u = s't'. By the last proposition we clearly see this must mean 3s” < s’ or
" < t'—a contradiction to s € \(s) or t' € A(s).

b) =: u € A(s || t) implies Au'. v < u. Since u € A(s || t) means u < s || t, we have
A, =AW A, <, W<, C <. So s :=ula, and t’' := ula, are indeed subsemiwords of u.
At first we prove s’ < s and t' < t. To see s’ < s notice Ay = A,|a, = A and <, € <,
implies <g4,2 = <o. Since <, = <gpe|4,2 we have <, C <y and thereby s’ <s. t' <t
is shown similarly.

Now to see s’ € A(s) we just need to prove s’ € W ie., Va,t € Ay.a <y bV b <y a.
Let a,b € Ay C Ay W Ay be given. Since u € A(s || t) and thereby u € W we have
a<,bVb<,a W.lo.g assume a <, b. From a,b € A, we see a <, b implies a §u|A52 b
or what is the same a <, b. The proof of ¢ € W is done in the same way.

To complete this implication we finally have to show u < §' || ¢ or what comes to the
same: since A, = Ay W Ay = A, U A; that <, U <p C <,,. But this follows evidently
since <y = <yl 2 and <y = <y 42

<: Because Au'. v’ < wu is assumed we see from lemma 1.3.8 that all we have to show
is that u = §' ||t/ < s t. Since s € A(s) and ¢’ € A(s) imply s’ < s and t' < ¢ we
immediately get the result from corollary 1.3.11. O

Corollary 1.3.14

a) A(s)A(t) = A(st) b) a.A(t) = A(a.t)

<-downwards closure: ¢

In the following we are concerned with the full <-downward closure. We will abbreviate
DC<(s) by d(s). Notice that d(s) is a finite set since A, is finite and so only finitely many
refinements of <; are possible. Also A(s) = W NJ(s). Both § and A are extended to sets
of semiwords in the natural way. E.g., if S is a set of semiwords then 65 = U,cg0(s).
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Proposition 1.3.15

a) s € d(s) b) d(e) ={e} and Va € A.6(a) = {a}

c) d(st) = d(s)d(t) d) o(s) [ 6(t) S d(s [ 2)

Before giving the the proof we observe the following immediate consequence:

Corollary 1.3.16
a) 8(a.s) = a.0(s) b) 6(s || 1) = 8(5(s) || 6(¢))

b) of corollary 1.3.16 is seen as follows: C from d) implies §(5(s)[|d(t)) C dd(s][t) C o(s]||¢)
and D by s ||t €d(s) || d(t) = (s || t) Cd((s) || d(t)).

Proof (of proposition 1.3.15)

a) By the reflexivity of <.

b) Follows directly from a) and the fact that A. = (4, = {a'}) allows no refinement of
Sz—: = @ (Sg = {(a17a1>}>‘

¢) Clear from proposition 1.3.12 and corollary 1.3.11
d)ued(s)||[dt)= 3, t'.s s,/ [tbu=5|t')=u=5|t' Js||[t=uecdi(s]|t). O

<-upwards closure: v

Similar to the abbreviation of DC<(s) by d(s) we abbreviate UC<(s) upwards closure of
s w.r.t. = by v(s) and extend v to sets in the natural way.. We have already seen that
d(s) is a finite set. The same turns out to be true for v(s) because Ay is finite and so only
finitely many coarsenings of <, is possible. Whereas every po consistent refinement (i.e.,
it is reflexive, antisymmetric, transitive) of < to <y yields a semiword ¢', this is not the
case for every po consistent coarsening. For example, if

s = <{a17 az}v {(alv a2)’ (alv a1>7 (GQ’ GQ)})

then the only possible po consistent coarsening of <j is

{(a',a"), (a” a®)}
which isn’t a semiword (violates STW2).

Before we continue with properties of v we prove:

Proposition 1.3.17 If s and ¢ are disjoint we have

slft=xu=3t". st It andu=s"| 1
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Proof Given s ||t < u. Define s’ := u|4, and ¢’ := ul4,.

At first we show u = s"|| t'.

By definition s || ¢ = u means Ay, = A, and < 2 <. From Ay, = A, W Ay we
see Au = As ) At, SO Au = Au‘AS ) Au‘At = As/ (V) At/. Hence AS/, At/ fulfills SW1
and by proposition 1.1.4 s’ and t' are subsemiwords of u. Clearly they are disjoint, so
s" || t' well-defined. Since Ayjy = Ay W Ay we have Ayjp = A,. s |t = u implies
<u € Sy = oW = <fa2 W <42 which on second thoughts is seen to imply
<u = Saula2 W <ula,2 But <yl 2 W <yl g2 = <o W<y = <ypp, wherefore <, = <gpp.

Secondly we prove s < ¢ and t < t'.

To see s <X & at first notice A, = Ay by construction, so the proof of s < s reduces
to <¢ C <,. st =2 uimplies <, C <, which again implies <,[42 € <, 2. Since
<o = <Zula,2 and < |42 = < we are done.

t < t'is seen in the same way. O

We are now ready to state and prove the following properties of v.

Proposition 1.3.18

a) s € v(s) b) v(e) ={e} and Va € A. v(a) = {a}

c) v(s)u(t) € v(st) d) v(s [|t) = v(s) [l v(t)
Corollary 1.3.19

a) v(st) =v(v(s)v(t)) b) v(a.s) = v(a.v(s))

C of a) is seen from st € v(s)v(t) and D from c) of the proposition using v(v(st)) = v(st).

Proof (of proposition 1.3.18)
a) Follows from the reflexivity of <.

b) A. = () allows no coarsening. No coarsening of {(a!,a')} is po consistent—fails the
reflexivity.

c)u€v(s)v(t) =3 t". s 2t <t',s't" = (corollary 1.3.11) st < 't =u=u= st €
v(st).

d) C follows from the last proposition and O from corollary 1.3.11 O

Notice that in general (s ||t) # d(s) || 0(t) and v(st) # v(s)v(t) when s,t # €. This can be
seen by st € §(s || t) but st € 0(s) || 6(t) if s,t # € and if s and ¢ are disjoint and different
from the empty (semi)word. Under the same conditions s || t € v(st) but s ||t € v(s)v(t).
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<-convex closure: y

The preceding up- and downwards closures w.r.t. <, ¢ and v ,were defined for single
semiwords and extended to sets in the natural way. This cannot be done in the same way
for the convex closure, x, we are going to define now.

Definition 1.3.20 Let T be a (finite) set of semiwords. Then the convex closure of T’
written 7T is defined by:

XT :={seSW |3t eT t=<s=<t}

From the definition of y it appears:
Corollary 1.3.21 7T =0T NvT.
As for  and v we derive some fundamental properties of .

Proposition 1.3.22 For S, T C SW we have

a) T CxT b) x{s} = {s} for s € SW
c) xSxT < x(ST) d) XS [IXT S x(SIT)

e) xSUXT Cx(SUT)

Since xxS = xS we can use a) to derive the opposite inclusions of ¢) — e) and so obtain:

Corollary 1.3.23

a) xX(ST) = x(xSxT) b) x(S | T) = x(xS | xT)

¢) x(SUT) =x(xSUxT)

Proof (of proposition 1.3.22)
Now first notice that in general if O—an operator between sets—can be considered as the
natural extension of a operator, O, between members of these sets, then:

(1.4) (ANB)O(CND)C(AOC)N(BOD,).
a) —b) Immediate.

c) xSxT = (corollary 1.3.21) (6S NvS)(6T NvT) C (by (1.4)) (0S6T) N (vSVT) =
(proposition 1.3.15.¢)) 6(ST) N (vSvT) C (proposition 1.3.18.c)) 6(ST)Nv(ST) = x(ST).

d) xS | xT = (0SNuS) || (vT'NuT) C (85| 6T) N (vS || vT) C (proposition 1.3.15.d))
(S| T)N (vS || vT) = ( proposition 1.3.18.d)) (S || T)Nv(S||T) = x(S || T).
) ( )

e) xSUxXT = (6SNuS)U(dTNuT) C (6SUST)N(vSULT) = §(SUT)Nu(SUT) = x(SUT).
O
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That the opposite inclusion in ¢) — e) of proposition 1.3.22 does not hold as can be seen

by the following counter examples. Let S = {¢,a—b—c} and T' = {5,Z_> b}. Then

SUT CST,S | T and s = a(ie X(ST),x(S||T),x(SUT). But xS =S and xT =T,
s0 s & XSXT, xS || xT', xS UXT.

Now for a special version of corollary 1.3.23.

Proposition 1.3.24
a) x(SU{e}) =xSux{el =xSu{e}  b) x({s}T) = {s}xT

Proof
a) Evident since t = ¢ is the only semiword for which t < e or ¢ <.

b) O: {s}xT = x{s}xT C (by proposition 1.3.22.c) x({s}T).

C: Let u € x({s}T) be given. We shall prove u € {s}xT.
u € x({s}T) implies I, t' € T. st < u < st’. From proposition 1.3.12 and u < st/
we see that there exists v,v’ such that v = vv’,v < 5,0 < t/. Hence st < u means
st < vv'. Again by proposition 1.3.12 there must exists s, and s, such that st = 5,8,
and s, 2 v,s, 2 0. Now s, <v = s implies A;, = A,. Clearly A;, = As and st = 5,5y
implies s = s,,t = s,». This again means s <v < s,t < v <t'. s v < s gives v = s, 80
u=sv' forawv: t v 2t or equivalently us = v’ for a v’ € x{t,t'} C xT', so u € {s}xT.
O

Corollary 1.3.25 ya.T = a.xT

1.3.2 Prefix of

We are now going to introduce another partial order on SW which shall be the general-
ization to SW of the well-known prefix partial order on A* (=2 W). It will turn out that
in general s is a prefix of st. As for A* we have that s being a prefix of ¢ € W implies that
there exists a ¢’ such that st’ = t, but this is not in general true for arbitrary t € SW!

Definition 1.3.26 s is a prefiz of the semiword ¢ (written s C t) iff s is a subsemiword
of t and DC<,(A,) C Ay ie., Va' € A (C A) Vb € A W <, a' = IV € A, O

Notice that for a subsemiword s of t DC<,(As) C A iff UC<,(Ar \ As) € A\ Ag. This
makes the connection with the definition of the prefix-po in [Pra86] for pomsets clear. We
adopt his abbreviation 7(s) for DCr(s) — the C-downwards closure of s.

Example: If s =a-_ d) e then:
b—°
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a a
scCs, butt=, Sc—ells

b— b

because e € A;, d <; e and d & A;.
Proposition 1.3.27 C is a po on SW.

Proof Antisymmetry: s C t,¢t C s implies A, C A;, Ay C A,. Hence A, = A;. Then
of course <;[4 2 = <yfu,2 = <o Since s T ¢ implies <, = <y 4,2 we have <, = <; and
therefore s = ¢.

Reflexivity: s is a subsemiword of s, and the rest is immediate.

Transitivity: Given s C ¢ C u. s C ¢ implies s is a subsemiword of ¢, so A; = A a2 © A,
and <, = <4|4.2. Similar we see A, C A, and <; = <] 4,2 from ¢ C u.

Because A; C A, C A, we have A, |4, = A¢la, = As. We also have <, = <l 42 = (<
|4,2)|a.2 = (since Ay € A;) <,lu.2. Hence s = ula,. s is a semiword wherefore A, fulfills
SW1, so by proposition 1.1.4 s is a subsemiword of w.

In order to have s C w it now remains to prove DC<, (As) C As. Let b € Ag,a € A, be
given such that a <, b. As Ay C A; we have b € A;. Since DC< (A;) C A; it follows
that a € Ay, so (a,b) € <[,,2 = <;. Hence a <; b. Because DC<,(A;) C A, it then also
follows that a € A,. O

We now present the proposition promised at example on page 28 which gives a sufficient
condition for st < wu.

Proposition 1.3.28 If s C u and t is the complement semiword of s in w then st < u

Proof By proposition 1.2.7 it is only necessary to prove
Va e Ag,be Ay\ A b<,a=b<ga

This follows directly from the fact that b €, a for all a € A, b € A, \ A;. Assume on the
contrary da € A, b€ A, \ As. b <, a. Then b € DC<, (As) and b ¢ A, which contradicts
the definition of s C w. O

From the proof it is seen that {s | s C u} exactly is the set, S, of subsemiwords of u for
which s € S iff st = u, where t is the complement semiword of s in . So in this way
we have found another characterization of C (this alternative characterization would not
hold with a more general notion of subsemiwords). That s C u or rather DC< (As) C A
is a necessary condition was illustrated in the example on page 28.

Proposition 1.3.29

a) a.(s]t) Ras|t b) s(t||u) < st]u

c) (sl NNt = st s
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provided the expressions are defined.

. . —=1 —1
¢) can be visualized as follows: SS,>< y = SS, g
Proof
a) is a special case of b) which in turn is a special case of c).

b) corollary 1.2.6 and corollary 1.2.12 are easely seen to hold for prefixes too. l.e., s C st,
t complement semiword of s in st. etc. So s || s C st || s't" and ¢ || ¢’ is the complement
semiword of s || §' in st || s't’. The result then follows from proposition 1.3.28 above. O

Proposition 1.3.30 Let s,t,u € SW. Then:

s’ a.s' < s,u=s|t,a & A
au =X sl tiff <or
. at <tu=<s|t a & A,

Proof

if: We only look at the case 3s’. a.s’ < s,u < s' || t,a* € A; since the other is handled
totally symmetric. By corollary 1.3.11 a.s’ < s implies a.s' ||t < s || ¢ since a' & A,
and s',t are disjoint. By the same corollary we obtain a.u < a.(s' || t) from u < &' || t.
Using proposition 1.3.29 we see a.(s' || t) < a.s’ || ¢, so collecting the facts we establish
au=<a.(s||t) 2 a.s' |t <s|tfrom which the result follows by the transitivity of <.

only if: Consider A,NA; and A,NA;. One of the intersections must be empty - otherwise

s and t would not be disjoint which is assumed for s || ¢ to make sense. W.l.o.g. assume

the latter is the case i.e., a' € A,.

Since a.u < s||t implies A, = Agp = A;UA; we get o' € A, from a' € A, and a' € A,,.

So a is a subsemiword of s and furthermore ¢ C s. Let s’ be the complement semiword

of @ in s. By proposition 1.3.28 a.s' = as’ < s.

To see u < s' || t we prove A, = Ay U A; and <y, C <.

Ay, = Ay U Ay By corollary 1.2.6 u is the complement semiword of @ in au = a.u, so by

definition of complement semiword A, = {bi~¥@? | § € A,, \ A,} = (since a.u < s | t)

{bi=veb) | b e Ay, \ Ay = (Ay U 4y) \ A} = (because a' ¢ A;) {b¥@h | pi ¢

(A,\ Ay)UA} = (because a ¢ Ay, bt € Ap = p(a,b) = 0) {b¥@D | b e A\ A, JUA, =

(by definition of s’ being the complement of @ in s) Ay U A;.

<g¢pe € <u: Let bl e Agye with b <yt ¢. Clearly only the following two cases can

come into consideration.

b, ¢’ € Ay: Then b <ot ¢ implies ' <y /. Now b <, ¢ = (again by definition
of s’ being the complement of a in s) b ¥(@?b) <slanag)? (a0 = pitvieb) <
Y@ = (by definition of ||) bV @b <\, Y@ = (from a.u < s||t) bFYEd) <
J+¥(@e) = (by definition of concatenation and a.) b' <, ¢’.

V', ¢l € Ay: Then b' <y ¢/ implies b" <; ¢/ from which we get b* <y, ¢/. Using a.u < s|t
we then see b’ <., ¢/. Asearlier a' € Ay, V', ¢/ € Ay = ¥(a,b) = 0 = 9(a, c), so from
b' <,. ¢ and the definition of concatenation we get b' = b~ ¥(@b) < I=¥(@c) = ¢J,
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This proposition can be specialized to W.

Proposition 1.3.31 Let s,t,u € W. Then

ds' e W.a.s' =s,u 25 |t,a & A,
au =X sl tiff {or
I eW.at =t,u=s|t,a & A,

Proof

if - Immediate from the previous proposition since a.s’ = s implies a.s’ < s, so by the
previous proposition a.u < s || .

only if: By the same proposition a.u < s ||t gives 3s’. a.s’ <X s,u <X s || t,a! & A; or
It .at <t,u =< st a' € A,. The result then follows since s,t € W and a.s’ < s,a.t’ <t
implies §',t' € W. O

Proposition 1.3.32

a) sCte usCut b) sCt=sCtu

c) sCtes||ult|u

Proof
a) Each implication is proven separately.

s Et= us C ut: Given s C t. We shall prove that us is a subsemiword of ut and that
the <,-downwards closure of A, is contained in A,;.

Since s C ¢ implies s = t|4, it follows that us is a subsemiword of ut if we can prove that
in general:

(1.5) ()., = ult]a,) (= us)

At first observe that since

Ay = Ay W {a™9) | ¢ € A} and
Ays = A, W {a™V ) | of € A}

we have:

Aut|Aus =A, 4 {azi—f—w(u’a) | aZ: S At}‘{a”w(“’a”aieAs}
= A, W {a"V) | at € Aya,}
— A {0 | o € Ay, )

It is now evident that <(u,, = <uq.,) by looking at the definition of concatenation
thereby establishing (1.5).

It remains to prove DC< ,(Ays) C Ays. So let a' € A, and ¥ € A, with ¥ <; a* be
given. If o € A, then clearly ¥/ € A,,. So assume & ¢ A,, that is ¥ (u,b) < j. Then
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b <, a implies &~ ¥ <, =¥ From this and s C ¢ it follows that & ¢® ¢ A_.
By definition of concatenation then &’ = bU —wwO)+ewd) e 4

us C ut = s C t: us C ut implies us = ut|4, and from (1.5) (ut)|a,. = u(t|a,) so we can
conclude s = t| 4, a subsemiword of ¢.

Now let a' € Ay, b € A; be given such that ¥ <; a’. Define k := i + ¥ (u,a) and
[ :=j+¥(u,b). Since a* € A,V € Ay = 0,5 > 1 we have ¥(u,b) < [ and (u,a) < k.
Clearly b’ <, a' is the same as b'~¥(wb) <, gF=¥(2) o by the definition of concatenation
we have b <, a*. Since o' € A, = da* € A,, we have from us C ut and b <, a* that
b € Ay, Since 9(u,b) < [ it follows that b'=¥®%) € A, which by the definition of I means
Ve A,

b) s Ct = s C tu: Given s T t. We shall prove that s is subsemiword of tu and
DCStu(AS) C A8~

Now s C ¢ implies s = t|4, which again implies A, C A;. Hence Ay C A, U Ay, \ Ay = Ay,
and since s is a semiword, A fulfills SW1, wherefore s is a subsemiword of tu (by
proposition 1.1.4).

To prove DC<,, (As) C Ag let a € A and b € Ay, be given such that b <y, a.

b cannot be in Ay, \ A;. If it was a € Ay C A; would imply a <, b as noticed by the
definition of concatenation. By the antisymmetry of <;, and we would then get a = b—a
contradiction to a, b belonging to disjoint sets.

So b € A;. By definition b <;, a and s € A, C A; then implies b <; a. b € A, then follows
from s C ¢.

c¢) At first notice s C ¢ implies A; C A;, wherefore ¢ disjoint from u implies s disjoint from
u—so well-defined under the proviso. The rest follows directly from Ay, = A, W A, O

Corollary 1.3.33 If s; C ¢; for i € 2 then s || s3 C ¢ || t2 provided ¢; and ¢, are disjoint.

Proposition 1.3.34

ul s

a) uC st = qor b)uCs|[t=3Cs,t'Ct.u=5|1t
' Ct.u=st

Proof

a)ul st =ul sor ' Ct.u=st"

Given u C st. Then u = st|4, and DC<_,(A,) C A,. Since u = st|4, implies A, C Ay =
As W (Ag \ As) we have two principal cases:

A, C A;: Claim: then u C s. Clearly st|4, = s|a, wherefore u is a subsemiword of s.
To see DC< (A,) C A, let a a® € A, and W/ € A, be given such that & <, a’. Since
at € A, C A,V € A, implies i < (s, a),j < (s,b) we have from b’ <, a’ that v <, a'.
Then a' € A, and from DC<_(A,) C A, it follows that ¥/ € A, and we are done for this
case.

A, € As but A, C Ay \ Ag: At first we prove: A C A, (C Ag). Let a € Ag be given.
A, N (Ag \ As) cannot be empty since this would imply A, C Ay which we assume is not
the case, so there exists a b € A, N(Ag\ As). As noticed at the definition of concatenation
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a € As,b € Ay \ As implies a < b. Since also b € A, we have from DC<_,(A,) C A,
that a € A,.

Because A, C A, and s, u are semiwords, it follows that s is a subsemiword of u, and so
s = u|4,. Then we can define ¢’ to be the complement semiword of s w.r.t. u. Recall that
this means:

At/ = {aifw(&a) ‘ az c AU \ As}
Yai, bt € Ay.ab <p b iff aitvse) §u|(Au\AS)2 pit(s.b)

Notice a* € Ay iff a*+¥(9) € A, \ As. By the definition of concatenation it follows that
Ay = A, U {ad"v69) | b € Ay} = A, U {dFHPea) | gftesa ¢ A\ A = AU {d |
a € A, \ A} = A, U (A, \ As) = A,—the last equation is a consequence of s being a
subsemiword of wu.

We now want to prove <, = <, i.e., Va', b’ € A, (= Ag). a' <, b & a® <4 b,

=: Given a’, 1V € A, such that a’ <, V.
Since s is a subsemiword of u we can compare i and j with ¢ (s, a) and (s, b).

i <(s,a),j <(s,b): Then a', b/ € A,. Hence a’ <,| 2 b and by definition of s we
have a® <, ¥. From the definition of concatenation we see that this implies a’ <, .

i <(s,a),¥(s,b) < j: Follows directly by the definition of concatenation.

Y¥(s,a) <i,9(s,b) < j: Then a', 1V ¢ A, and so a', i’ € A, \ A,. From a' <, ¥ we then
conclude a <ul( Au\As)? v which by the definition of <, implies a'~¥(®) <, pi—¥(b),
By the definition of concatenation we now get a® <, b’.

Y¥(s,a) <i,7 <(s,b): Then a' € A, \ A, and IV € A,.
Now u C st implies A, C A,U(A4\A,) and since A, C A, it follows that a* € A, \ A,
implies a' € Ay \ As. From u C st we also see a’ <, ¥ only if a’ < /. On the
other hand we noticed at the definition of concatenation that & € A, a’ € Ay \ A,
implies & <,, a’. Since <, is antisymmetric we must have a’ = t/—a contradiction
toa' € A, \ As and IV € A, so we can rule out this case.

«: Given a', b/ € Ay(= A,) such that a' <., V.

By the definition of concatenation one of the following cases must hold.

i <(s,a),j <P(s,b),a’ <, V: Since s is a subsemiword of w this implies a' <, .

i <(s,a),9(s,b) < j: Then o' € A, C A,V € A, \ A,. Similar as above we see
V€ A, \ A, implies VV € Ay \ As, wherefore a® <y o’. Since o', € A, C Ay
we then also have a' <] A,2 V. Because u C st implies <, = <] 4,2 this means
at <, V.

(s, a) < i,9(s,b) < j,a ¥ <, B¥(b): By definition of ¢ this implies:

a(l—¢(5=@))+¢(5aa) §u|(Au\A5)2 b(J—lﬂ(Sab))‘Fw(Syb)

or what is the same:
a' <ul(ana,2 U

Obviously <u|(a,\4,)2 C <, only if a* <, ¥/, so we have now proved: u = st’ for the
defined ¢'. Then u C st reads st’ C st which by the last proposition implies ¢’ C ¢.
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b)uCs|t=3dCs,t'Ct.u=5|t:

u C s/t implies u = (s]|t)| 4, which—because s and ¢ are disjoint—equals s| 4, || t|4,. Let
s = s|a,,t' = t|a,. We then have u = s’ || ¢’ and ¢' ||t C s || t. Since Ay C A, Ay C A,
and s, t are disjoint, it is trivial to see that s’ C s and ¢’ C t. O

Proposition 1.3.35
a) €,s € m(s) b) n(e) ={e},Va € A.7(a) = {e,a}
c) m(st) = m(s) U {s}m(t) d) m(s [|t) = m(s) [| 7(t)

Proof
a) Clearly, €,s are subsemiwords of s and DC< (A.) = DC<, (D) = 0 = A. so as
DC< (A) C A,

b) m(e) = {e} is evident, and from a) we have {e,a} C 7(a). Since ,a are the only
possible subsemiwords of a it follows that 7(a) C {e,a}.

c) C follows from a) of the last proposition. {s}n(t) C 7(st) follows from proposition
1.3.32.a) and 7(s) C m(st) from b) of the same.

d) C follows from b) of the last proposition and 2O from the last corollary. O
From c) and 7(e) = {¢} we immediately get the corollary:
Corollary 1.3.36 7(a.s) = a.n(s)U{e}

The next lemma concerned with pos will be used intensively in the proof of proposition
1.3.38 below.

Lemma 1.3.37 Let B be a subset of A and < a po on A such that DC<(B) C B.
Furthermore let () be a relation such that either

a) @ is antisymmetric, transitive and <|g2 C @ C B?
or
b) Q CAx (A\ B)
Define R to be <U Q. Then R" is a po on A and DCgr+(B) C B.

Proof Notice that no matter whether a) or b) holds @ is not defined on (A \ B) x A.
Then we can prove:

(1.6) be A\B,ae B= —(bR" a)
by induction on n.

n = 1: Assume on the contrary b € A\ B,a € B and b R a. Since @) is not defined on
(A\ B) x A we see that b R a implies b < a—a contradiction to DC<(B) C B.

n > 1: Again suppose on the contrary b € A\ B,a € B and b R" a. Then b R"! ¢ and
¢ R a for some ¢ € A. Two cases:
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¢ € B: By hypothesis of induction —(b R"~! ¢)—a contradiction to b R"~1 c.
c & B: Then ¢ € A\ B and by hypothesis =(¢ R a)—a contradiction.
DCgr+(B) C B now directly follows from (1.6).

Since < is reflexive on A? and < C R* this must be the case for Rt too. By definition
R™ is transitive. We look at a) and b) separately when proving the antisymmetry of R*.

a) Assume <|g2 C Q C B? and @ transitive, antisymmetric. At first we prove:

(1.7) a,be B,aR"b=aQb

n = 1: Follows directly from <|gz C Q.

n>1: Then a R" ! ¢,c R b for some ¢ € A. We must have ¢ € B. Otherwise we would
have ¢ € A\ B and from (1.6): —=(c R b)—a contradiction. So ¢ € B. Then by hypothesis
a @ c,c Qb and from the transitivity of Q): a Q b.

Next we prove:

(1.8) a,be A\B,aR"b=a<b

n = 1: We must have a < b since @ is not defined on (A \ B)2.

n > 1: Then a R"! ¢,c R b for some ¢ € A. By (1.6) we cannot have ¢ € B, so c € A\ B.
By hypothesis of induction and the transitivity of < we get a < b.

From (1.6) — (1.8) and the antisymmetry of @ and < we get:
(1.9) Va,be A.a R"b,bR" a=a=>0
and thereby also the antisymmetry of R™.

b) Assume @ C A x (A\ B). At first we prove:

(1.10) a,be BaR"b=a<b

n = 1: Follows directly since Q is not defined on B?.

n>1: Then a R" ! ¢,c R b. By (1.6) we must have ¢ € B. (1.10) then follows by
hypothesis and transitivity of <.

Similar we prove:

(1.11) a,be A\B,aR"b=a<b

From (1.6), (1.10), (1.11) and the antisymmetry of < we get (1.9). O

Notice that this lemma (with the b) proviso) also could have been used to prove RT in
lemma 1.3.6 to be a po on A, by letting B = DC<_({a}).

The next proposition says that 7« distributes over § and A and “partly” over v.

Proposition 1.3.38
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a) mo(s) = om(s) b) mA(s) = An(s)

c) mu(s) 2 vm(s)

Proof

a) mo(s) C om(s): Let t € mi(s) be given. Then there exists a t' € §(s) such that ¢ C ¢
t" € d(s) implies t' < s. Consider u defined by u := s|4,. We shall prove that u is a
semiword and ¢t < u C s.

Since t C ¢/ < s implies A; C Ay = A,, u must be a subsemiword of s with A, = A;.

In order to prove u C s we then just need to prove DC< (A,) C A, or what is the same
DC< (A;) C A;. Let a € A; and b € A, be given such that b <, a. We shall prove b € A;.
Since ¢ < s implies <, C <y we have b <y a. Because t C ¢’ implies DC<,,(A4;) C A, we
get b e A;.

Next we prove t < u. Since A; = A, we just need to prove <, C <;. Because t' < s
implies <, C <y we get from A, C Ay = A, that <, = <;[4,2 C <y |4,2. Since t T ¢/
gives <; = <y|,,2 we are finished.

om(s) € mo(s): Let t € om(s) be given. lLe., there exists a ¢’ such that ¢t < ¢ C 5. We
shall find a semiword u such that ¢t C v < s.

Define u by A, := A, and <, := RT, where R = (<, U <;).

We first want to examine if u is a semiword. Since A, = A, it fulfills SW1, and because
<, fulfills SW2, it follows that <, does so too provided <, is a po.. Now ¢’ C s implies
<y = §S|At’2 and ¢ < ¢’ implies A, = Ay, <y C <4, 50 <4|4,2 € <4 and we see that a) of
lemma 1.3.37 is satisfied. Also DC< (A:) C A; because DC< (Ay) C Ay and A; = Ayp.
From the lemma we can then conclude u is a semiword and DC<, (A;) C A,.

Now clearly A, = A and <, C <,, so u < s.

To see t C w notice that Ay = Ay = A,|a, = Aula, = Aula, and <; € <[ 4,2 by definition
of <,,.

<ula,2 € < follows from (1.7) of lemma 1.3.37. So ¢ is a subsemiword of v and we already
know DC< (A:) C A;.

b) mA(s) C Am(s): Follows exactly as C of a), just notice that for the given ¢ no t’ exists
such that ¢’ < t.

A(s) € wA(s): Here we cannot take over the corresponding proof of a) directly, since the
semiword u constructed there not necessarily belongs to A(s). For the u of a) we know
that ¢t C u =< s. The idea is now to choose a u’ € A(u) C A(s) and prove t C v’ < s.
But we have to be careful in choosing u'—not every u' of A(u) will do. On the way to
find u' we define a v < w which will ensure that every v’ € A(v) will have ¢ as prefix. Let
Q={(a,b) |a€ A,be A, \ A}, R=<,UQ, and define v by A4, := A,,<,:=R". In

this way every smoothing of v will have t as prefix.

Of course we shall at first prove that v is indeed a semiword.

Notice that <, and ) are contained in R C <,. Clearly SW1 and SW2 holds for v
because u € SW and A, = A,, <, C <,. Since t C u we have DC<, (A;) C A; and by
construction @ satisfies b) of lemma 1.3.37 (with A = A4, < =<, and B = A;). Hence
we conclude that v is a semiword.
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Clearly v < u =< s. By proposition 1.3.5 A\(v) # (), so chose a v’ € A\(v). Then v’ < s.

To see t C u' notice that A, = A,, hence Ay = A,|4,. Clearly <,|4,2 = <u|4,2 since no
more refinements of <,| 4,2 were possible, because <; = <ul 4,2 and t € W. That means
<t = <w|4,2 wherefore ¢ is a subsemiword of «’, so we just need to prove DC< , (A;) C A,
Suppose this is not the case. Then there is some € A, \ A;, b € A, such that a <, b.
Now R* C <, implies by lemma 1.3.9 that every v" of A(v) has Rt C <,,. Especially we
have R C <,/. Hence also @ C <,,. Now a € A;,b € A, \ A; implies a Q b wherefore
a <, b. By antisymmetry of <,.: a = b—which contradicts that a,b belongs to disjoint
sets.

c) vr(s) C mu(s): Let t € vrm(s) be given. Le., there exists ¢’ such that ¢’ C s and ¢’ <.

The problem is now to find a u such that s < u and ¢t C u. The idea is to define u such
that it is the least extension of ¢ to the elements of As(D A;) such that u is a semiword.
Define u by A, := A, and <, := R*, where R = <U<; and < = {(a,b) € A,* | (a,b) =
(¢!, c?) for some ¢ € A and i < j}.

At first we want to show that u is a semiword.

Since A, = A, and s € SW we have A, fulfills SW1. Notice that < is the least po on
A, which satisfies SW2. Because < C R™ we see that R fulfills SW2 if R is a po.
Since <, satisfies SW2 and < is the least po that does so we have < C <,. Then we see
DC<(A;) C A, because DC< (Ay) C Ay, Ay = Ay. Also <|,,2 is the least po on A; which
satisfies SW2, so <|,,2 € <; and a) of lemma 1.3.37 is satisfied (with A = A, Q = <,
and B = A;). Hence we conclude that u is a semiword and DC<,(A;) C A;.

Since < C <, and <, C <y =<, |At’2 C <, it follows that <, C <, wherefore s < wu.

To see t T u, at first notice Ay = Ay = Ayla, = Aula, = Aula,. <¢ € <ula,2 by definition
of <,. And from (1.7) of lemma 1.3.37 <, | 4,2 C <, follows. So t is a subsemiword of u
and we already know DC< (A;) C A,. O

It is easy to see that mv(s) € vm(s). Take for instance the semiword s = a—b. Then for
t = Z we have t' € v(s) and t = b € w(t'). Hence t € wu(s). If ¢t should belong to v (s)
there should be an s’ such that s’ <t and s’ C s. Now s’ <t implies Ay = {b'}. But
there is no prefix s’ of s with Ay = {b'} because a* € DC<_(b') and therefore also should
be included in A, .

By x it even gets worse. In general we have neither 7xS C x7S nor ynS C wxS. The
a—b—ca—D>

d . }, a(i € xS and the former

latter can be seen by the example S = {

by S = {a—»b—»c, Zﬁb},a%CEﬂ'XS.

In the next propositions the interrelation between the connected components of semiwords
which are in <.

Proposition 1.3.39 s <t = VYu € y(s)3ID Cv(t).u < || D.
Proof Induction on the number of connected components of s.
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|7(s)| = 1: Then s = ¢ and therefore also ¢t = e. Chose D = {e} = ~(t).
|7(s)| > 1: Then there is an s’ € 7(s). s’ # &, and we can write s = s || s”, where
s" = ||v(s) \ {s'}. By proposition 1.3.17 we have s = §' || s < ¢ implies 3¢’ < #/, 5" <

t".t =1t"| t". From proposition 1.2.13.a) we see v(t) = v(t') U~(t"). Hence for s’ we can
chose D = ~(t') C~(t) and get s < t' = ||y(t') = || D. This settles the case if u = s’

So it remains to prove Yu € v(s)\{s'}3D C ~(t).u 2 || D. s € y(s) implies y(s") = {e, s},
so from s’ # € and proposition 1.2.13.a) we get v(s)\{s'} = y(s'[| s")\{s'} = (v(s)\{e}W
V(") eDU{e)\{s} = (({s" Yo (s")\{eD\{s'HU{e} = (v(s")\{e})U{e} = 7(s”). Since
t =¢||t" only if y(¢") C ~(t) it follows that it is enough to prove Yu € v(s”)3D C v(t").u <
|| D. We have s” <", so we get the wanted directly by hypothesis of induction if we can
prove |(s")| < |y(s)|. Now proposition 1.2.13 gives |v(s)\{e}| = [7(s') \{}|+|y(s") \{e}|
so [7(s") \ {e} = [v(s) \{e} = [7(s") \ {e}| = (since 7(s') = {e,s'}, 8" # &) |y(s) \{e}] = 1.

Because in general € € v(v) for arbitrary v we have |y(s”)| = |v(s)] — 1 < |y(s)|. O

In general y(s) # () wherefore we also have s <t = Ju € v(s)3ID C ~(t). u <X || D.

If D is a set of semiwords we let Ap denote Usep A, in the following proposition and it’s
proof.

Proposition 1.3.40 Given s,t such that A; = A; and for each s’ € v(s) a Dy C ()
with Ay = Ap_,. Then:
V(t) = U Dy

s'ey(s)

Proof Let D denote Uycy (s Dy. Because each Dy C () we clearly have D C ~(t).

To see D D () assume on the contrary that there exists a t' € y(t) such that t' € D.
At first notice ¢’ € y(t) implies Ay C A,.

Next we prove t' # . Because € € v(s) we have a D. C ~(t) with A. =0 = Ap_. Since
u = ¢ is the only semiword with A, = () we must have D. = {¢}. Hence ¢ € D and from
t' ¢ D we then see t' # ¢.

Because D C ~v(t) and 7(f) consists of disjoint semiwords ¢ € ~(t) \ D must imply
Ay N Ay # 0 for every t” € D. From ¢t # ¢ and thereby Ay # 0 we then conclude
Ay € Ap But this implies Ay € Ap = Users) Ap, = Usrey(s) Ay = A, = A; which
contradicts Ay C A,. O

Because s <t only if A, = A; we have the following.

Corollary 1.3.41 Given s,t such that s < ¢t and for each s’ € y(s) a Dy C v(t) with

s' <|| Dg. Then:
"Y(t) = U Dy

s'€v(s)

Proposition 1.3.42 a.s <t,|y(t)| > 3 implies Ju. a.s < u <t
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Proof Since ¢ is finite and thereby |y(¢)| too we will by repeated use of proposition
1.3.30 find a t; € v(t) such that a.t] =< t;,s 2t} | (||v(t) \ {t1}) for some ¢]. Because
t1 € y(t) and |y(t)| > 3 we can write ||y(t) \ {t1} as o || t3 for some tq,t3 # €. So we have
a.s <ty || o ||t aty < t1,s =t | t2 || ts.

Now chose u = a.(t] || t2) || t5.

From proposition 1.3.29.a) we have a.((t}[|t2)]|t3) = a.(t}]|t2)||ts = u. Since t3 # ¢ we have
y(a.ty || ta || ts) # y(u), so a.(t) || t2]|ts) < u. From s <t} || t2||t3 we see a.s < a.(t] || t2||t3).
Hence a.s < u. Again from proposition 1.3.29 we get a.(t] || t2) = a.t} || t2 and thereby
u=a.(ty || t2) || t3 2 (a.t] || t2) || t3. As to,t3 # € we conclude u < a.t] || t2 || t3. Now
a.ty <ty implies a.t] || ta || t3 Sty || t2 || t3 = ¢, so also u < t. O

The definition of the relation < for a po (A, <) is:
Va,be A.a < biff a<band Ace A.a<c<b

That is a < b means a is an immediate predecessor of b in the relation <. The < might be
empty some pos though < is not, but for < on SW we in fact have <t = < and <* = <.
This is seen as follows. Let s < ¢t. This means A, = A; and s € §(¢),t € v(s). So every
semiword u of a <-path from s < ¢ must be in §(¢) N v(s). As noticed earlier § and v
are in general finite, so all such path’s are finite as well wherefore there exists 0 < n, and

some u;, i € n such that s < u; < uy... < u, < t. Clearly then <1 = < and <* = <

The lately proved properties allows us to show a implication of s < .

Proposition 1.3.43 s < ¢ implies 35’ € v(s)\ {e}3D C y(t). v(s)\{s'} =~v(t)\ D, s <
| D.

Proof Clearly the proof must find an s’ € y(s) \ {€} such that
(1.12) 3Dy CA(t). ' < || Dy

Notice that there is no t with ¢ < ¢. For the same reason (1.12) cannot hold for s’ = ¢
neither.

At first we prove that there is at most one s’ € v(s) \ {€} such that (1.12) holds.
Assume on the contrary that there are (at least) two different nonempty connected com-
ponents of s for which (1.12) holds. Le., assume 3s', 5" € v(s) \ {€}3Dy, Dev C y(t). 8" #
s", s < || D, s" < || Dgn.

By proposition 1.3.39 we find a D,, C v(t).u < || D,, for every u € y(s). Let v = ||[{u | u €
T\ 571 = [7(9)\ (', 5"} and o/ = [[{D, | w € 4(s)\ {s',5"}}. Clearly s = &' | " | v
and v < v’ so by corollary 1.3.41 we have Dy U Dg» U{D, | u € v(s) \ {s',s"}} = ~(t)
and thereby (|| Dy) || (|| Ds#) || v = t. From s < ||Dy,s” < || Ds» and v < v' we now
get s = s || " lv < ([[ Do) | 8" | v < (I[ Do) [| (| Do) [ v = (| Do) || ([| D) || 0" = t—a
contradiction to s < t.

Next we prove that there is at least one s’ € (s) \ {} such that (1.12) holds.

Assume on the contrary there is no such s’. As noticed (1.12) does not hold for s’ = ¢, so
we can in fact assume (1.12) not to hold for s’ € v(s).

From proposition 1.3.39 we see Vs € v(s)3Dy. s =< || Dy. Since there by assumption
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is no s’ € y(s) such that (1.12) holds this implies Vs' € (s). s = || Dy. This has as
consequence (s') = Dy and Ay = Ap, for all s’ € y(s). Then by proposition 1.3.40 we
have (t) = Uyey(s) Ds from which we get: v(t) = Uyeq(s) Ds = Useq(s) 7(8) = 7(5), s0
s =t which contradicts s < t.

Now let s" € v(s) \ {¢} be the only one for which (1.12) holds and Dy the corresponding
subset of (t).

We know s' # ¢, so we might define D = Dy \ {¢} and still have D # (), s’ < || D. Using
proposition 1.3.39 again we have Yu € ~(s)3D, C (t). u < || D,. Since s’ is the only
semiword of y(s) with s’ < || D we have u = || D,, for u € v(s) \ {s'}. From proposition
1.3.40 we now get y(t) = D U Uyeqy(s)\ (s} Du- D is disjoint to Uyeqy(s)\{s'} Du- If not then
we have a v € DN D, for some v € v(s) \ {s'}. Because € € D we have v # . This
together with v € DN D,, implies Ap N Ap, # (). Since Ap = Ay and A, = Ap, this also
means Ay N A, # 0 which contradicts u,s’ € v(s) \ {e} and v(s) consisting of disjoint
semiwords. Hence () = D W Uyey(s)\(e} Du- S0 ¥(t) \ D = Uyeys)\isy Du = (because
U = H Du) UuE’y(s)\{s’}’Y(u) = (because s' # 8) 7(8) \ {S/}'

The conclusion of the first three steps of the proof is now:
s <t implies s’ € y(s) \ {e}ID C (). v(s) \ {s'} =~(t) \ D, s' < || D, so the final step
is to prove s’ < || D.

Assume on the contrary that there exists a v with s’ < u < |[|[D. Then s = s || (|| ¥(s)
{'}) < ull (v \AsH) < (D) [ (1) \ {sH) = (I DY [ (&) \ D) = [[7(t) = t—

contradiction to s < ¢!

o

O
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Chapter 2

Tree Semiwords: TSW

2.0 Preliminaries

We are now going to define a particular subclass of semiwords called tree semiwords which
can be seen as reflecting non-synchronized behaviour.

Definition 2.0.1 A poset t of A x IN" is a tree-semiword iff ¢ fulfills SW1, SW2 and:
T:Va,b,ce Ar.a<;c,b<;c=a<;,bVb<;a
The class of tree-semiwords over A is denoted T'SW(A) (T'SW for short). O
Corollary 2.0.2 W CTSW C SW
Technically it is convenient to introduce the notion of a rooted tree-semiword.
Definition 2.0.3 7 is a rooted tree-semiword iff r is a tree-semiword and:
RT: dJae A, Vbe A,.a <, b
The class of rooted tree-semiwords over A is denoted RTSW (A) (RT'SW for short). O

Corollary 2.0.4 W\ {e} C RTSW CTSW.

It would be nice if we could carry over all the definitions and results of semiwords to the
subclass of tree-semiwords. Unfortunately, this cannot be done entirely, the main reason
being that though a construction from some tree-semiwords yields a semiword, it is not
ensured to be a tree-semiword. The most conspicuous example is that the concatenation
of two tree-semiwords does not necessarily give a tree-semiword.

Therefore, we will briefly repeat the definitions and results of the previous chapter, mak-
ing a few changes and necessary additions. Whenever a result or definition of this chapter
is referred (as e.g., corollary 1.2.14) later on and it is not stated here explicit it is be-
cause it carry over directly from chapter 1 (of course with SW changed to T'SW). To
emphasize that it is a tree-semiword version the reference will be subscribed with a T'
like: propositiony.
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2.1 Basic Definitions

The definition of restriction, subsemiword and complement semiword of semiwords can
directly be carried over to tree-semiwords.

Proposition 1.1.4 now says that s| 42 and the complement semiword are tree-semiwords (if

A C A, and A fulfill SW1).

Proof From the corresponding semiword proof we know they are semiwords, so we only
have to show that they have the T-property:

At first notice that in general for a poset (A, <) having the T-property, any poset (B, <|g2)
where B C A, has the T-property too. From the corresponding semiword proof we already
know that s|4 is a semiword, and since it is a restriction of a tree-semiword s we know
that <|2 fulfills 7" and we are done with a).

For b) we also know that ¢ is a semiword. But <; is just <,|(a,\4,)2 shifted left according
to s so <; must fulfill T" too. O

Also the definition of connected components of a semiword and the belonging results can
be carried over. Since we already know that a connected component is a subsemiword, we
only have to observe that it is a restriction, hence having the T-property too, wherefore
it is a tree-semiword.

Having the notion of rooted tree-semiwords we can get a finer view of tree-semiwords. We
extend corollary 1.1.8 with:

f) A nonempty connected component (of a tree-semiword) is a rooted tree-semiword.

This is perhaps not totally obvious, so we prove it:

Proof Let s be a connected component of a tree-semiword. We already know that it is a
tree-semiword so we shall prove that <; have the RT-property. Define R := (<, U g;l).
That s is connected means Vb,c € A,. b R c.

To continue we need an intermediate result:

(2.1) bRY c=Ja(e A,).a <, b,a<,c

We prove this by proving b R" ¢ = Ja. a <, b,a <, ¢ by induction on n.

n=1: Le., b R ¢. This means either b <, c or ¢ <, b. Let a equal b in the former case
and ¢ in the latter.

n > 1: Then there exists a d such that b R d R"! ¢. Using the hypothesis of induction
on d R"! ¢ we find d’(€ A,) such that a’ <, d,d’ <, c. We now look at the possibilities
of b R d.

b <,d: Since s € T'SW we have o/ <, d,b <,d = a <, bV b<,d. In the latter case
choose a = b and in the former a = o’. By reflexivity and transitivity of <, we are
then done.
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d <, b: Then let a = a/. We then have a <, ¢ and by transitivity of < also a <, b.
The next is:

Jae A, Vbe B.a<,bif ) # B C A,
We prove it by induction on the size of B. Since B # () the induction basis must be:

|B| =1: Then B = {b} for some b € A,. By reflexivity of <, we have b <, b. Choose
a =b. Because B C A, we are done.

|B| > 1: Pick out some b € B. Use the inductive hypothesis on B\ {b} to find a ¢ € Aj
such that Vd € B\ {b}. ¢ <, d. Because s is connected b Rt ¢. Then by (2.1) there
exists an a € A,. a <, b,a <, c. By transitivity of <,: Vd € B\ {b}. a <, d. Hence also
Vbe B.a <;b.

With the last result b) now follows directly by noticing that s nonempty implies A, # ()
and that A, is a subset of itself. O

2.2 Operations on T'SW

Nullary

We have already noticed that W C T'SW, so especially ,a € TSW.

Binary

We have already noticed that concatenation does not carry over as it is.

In fact we have:

Vs e SW\WVte SW.t#e=stgTSW

Proof s € SW \ W implies that there exist a,b € A, such that a £, b,b €, a. Since
t # ¢ there exists a ¢ € A,. Then d = c¥9% ¢ A, \ A,. As noticed by definition
1.2.4 we have a <y d,b <4 d. Since <, and < agree on Ay, a £, b,b £, a implies
a L4 b,b L5 a. Hence st is not a tree-semiword. O

As a consequence of this we must restrict the domain of concatenation from T'SW x T'SW

to W x TSW.

The properties carry over. The only one we will dwell on is that st in fact is a tree-
semiword when s € W. In order not to write s € W whenever we consider st for
s,t € TSW we take it as a convention from now on.

st is a tree-semiword:
Proof We already know that st is a semiword, so we shall convince ourselves that
Va,bc € Ag.a <4 ¢,b <y ¢ = a <4 bV b <4 a (T-property). Let us consider the

membership of c.
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c € A,: Then of course a,b € A, and the result follows because s and st agree on A,.

cg Ag: Le., c € Ag \ As. If both a,b € A then a <; b or b <; a because s € W,
hence a <4 b or b <y a. If both a,b € Ay \ As we get the result from ¢ being a
tree-semiword and the correspondence between < and <;. If a € A;,b € Ag \ As
we already know a < b. Similarly if a € Ay \ As, b € As.

So st is indeed a tree-semiword. O

Whereas we had to restrict the definition of concatenation in order to get the tree-
semiwords as results this is not the case for parallel composition. The definition and
the results can be carried over.

We conclude this section by a proposition which bring light to the connection between
TSW(/RTSW) and its operators.

Proposition 2.2.15

a) Vs € SW.s € RTSW iffJae A, It e TSW. s =a.t

b) Every t € TSW can be generated from ¢, || and a. (a € A)

Proof

a) if: We already have that a.t € TSTW and in general Va € A, Vb € Ag \ As. a <4 b, so
especially for a' € A, C A, we have Vb € A, \ A, a' <., b. Hence <, fulfills RT and
at € RTSW.

only if : Given s € RT'SW . By definition there exists an a € A, such that Vb € A,.a <, b.
Clearly a must have rank 1, so {a'} fulfills SW1. Then a = s|{41} is a subtree-semiword
of s. Let t be the complement tree-semiword of a w.r.t. s. So we have t € TSW. What
remains to prove is that s = a.t. Clearly A, = A,;. <s = <, is seen by noticing
V #£a s Ve A\ {a'} & ¥(a,b) < j and looking at the definition of concatenation
and complement tree-semiword.

b) Follows by induction, directly from ¢t = ¢ || (|| y(¢) \ {€}), proposition 1.2.13, corollary
1.1.8 and a) above. O

2.3 Partial Orders on T'SW

2.3.1 Smoother Than

The definition of smoother than and linearization carries over. However it is worth re-
marking that the <-downwards closure of a tree-semiword ¢ within SW is not contained
in TSW. E.g., with

c—b

(2.2) t=" GTSWands:Z>bESW

we have s <t in SW but s ¢ TSW.
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So it is clear that some care must be taken when using < on T'SW | especially when
constructing a new (tree-)semiword which is claimed to be smoother than another tree-
semiword.

We will now pick out the cases where the difference is significant. One of the most
conspicuous cases is in fact the first lemma:

Lemma 2.3.6 Vs € TSW Va,b € As. (a £sb,b Lsa=H € TSW.t <s,a <, b)

Proof Whereas we before just added (a, b) to <, taking the transitive closure we cannot
do this any longer, as can be seen from the example above. In general there there can
be more least refinements of <, containing (a,b). E.g., in (2.2) above a— c—b and
c— a— b are two such least refinements of <;. So we can just as well choose in what way
to refine <;. By the new idea (a,b) still is added to <, but not necessarily directly. We
consider two cases.

a,bin A, are not connected:

By corollary 1.1.8.f) the connected component which b belongs to is a rooted tree-
semiword. So let d denote the root and we have d <, b. Now define A, = A,, <, = Q,
where @ = (<;U{(a,d)}). Clearly a <; b and <; C <;. As in the proof for semiwords
we see that A; fulfills SW1, <, fulfills SW2 and is transitive so as reflexive. Now for the
antisymmetry:

We shall show f Q" g,g Q" f= f=g.

Since a, d belongs to two different connected components of s we cannot have a <; d or
d <; a. Hence f Q" g implies [ <, g or f <;(a,d)<; g. Similar for ¢ Q™ f. So there
are four cases to consider. If f <, ¢g,9 <, f we get f = ¢g from the antisymmetry of <.
The remaining cases can be excluded since they all implies d <, a which as noticed is
impossible.

It remains to show the T-property of <;. Suppose f Q" h,g QT h. We shall show f Q" ¢
or g Q1 f. Again there are four cases:

f <s h,g < h: Follows form <, having the property.

f<sh,g<s(a,d)<s; h: Then f <;d or d <, f. In the former case we must have f = d
by the way d is chosen. But then g < (a,d) f ie., g Q" f. In the latter case
g <s(a,d)<, f.

f <s(a,d)<; h,g <s h: Symmetric.

f <sla,d)<; h,g <s(a,d)<; h: Then f <, a,g <, a and the result follows.

Now suppose a, b are connected.

Le., a R" b, where R = (<,U<,7!). By corollary 1.1.8.f) this component a and b belongs
to is a rooted tree-semiword so there exists a ¢ € A, such that ¢ <, a,¢ <, b. Let ¢
be the element of A, such that ¢ <, ¢,¢ < a,c <, b and there is no ¢’ with ¢ <, ¢’
such that ¢’ <;a,d” < b, i.e., cis the greatest lower bound of a,b w.r.t. <, (exists since
DC< (s) and DC<,(b) are finite). Since we are dealing with trees, the paths leading from
¢ to a and b must be unique. Let d denote the first element after ¢ on the path to b. The
situation is as illustrated:

mc<d---b
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We are now ready to define ¢:

Ay = Ag and <; = QF, where Q = <, U {(a,d)}. By construction we immediately have
a <; band <, C <;. As above we immediate see all the propertys of ¢ in order to be a
semiword except for antisymmetry. To see this we first need some intermediate results.

f Q" a= f <, a: Suppose f £, a. Then it must be possible to write the path of Q
establishing f Q" a as: f Q"(a,d)<, a. This means d <, a. By the way d is chosen we
also have d <, b. But this contradicts the way c is chosen.

d Q" g = d <, g: Similarly we see that d <,(a,d)Q™ g, and the contradiction is obtained
in the same way.

Now if f £, g and f QT ¢ then f Q" a and d Q™ ¢g. From the above we see that
this implies f <, a and d <, g. The antisymmetry can now be seen as in the proof for
semiwords.

What remains to prove is that <; fulfills 7. Assume f Q" h and g Q* h. We shall prove
either f QT gor g Q" f.

f <s h,g <s; h: Then we get it from <, having the property.

f Ls h,g £s h: Here we by definition know that f <, a and g <, a, so the T-property

follows again.

f <sh,g £s h: Then we have g < a,d <, h. From the former case we conclude d <, f
or [ <,d. Ifd <, f we have g <,(a,d)<, f ie., g Q" f. For f <, d notice that
any path of <, from f to d must go through c since ¢ is the immediate predecessor
of d, so f <, ¢ (may be f = ¢). By the way c is chosen ¢ < a, so f <, a. From this
and g <, a we conclude f <, gor g <, f. If f =d clearly g <;(a,d) f or equally
gQ" [

f £s h,g <s h: Is handled symmetrically.

O

The next lemmas and corollaries carry over directly, so proposition 1.3.5 also holds for
tree-semiwords.

The propositions concerning concatenation have to be modified a little. If we take over
the formulation s <t < sr < tr < rs < rt in proposition 1.3.10, it is trivial because it
only is defined when s,t € W. Instead we have the proposition.

Proposition 2.3.10 a) s<t<rs=<rt

The a) part of the next corollary can be left out since it is just a) of the proposition,
because s; =X t; and s1,t; € w implies s; = t;. From this we also get that the next
proposition is formulated:

Proposition 2.3.12 u < st = 3’ <t. u := st’

The proof can be carried over with the addition s’ < s € W implies s’ = s.
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Proposition 2.3.13

a) u € A(st) < It € A(t). u= st

b) ue (s |t) e 3" e X(s) I e ANt).u=<s"||t, Au. v <u
Proof

a) The proof of semiwords can be used directly because it only uses previous results
which we know hold for tree-semiwords.

b) Also this proof can be carried over.

O

Since s € W implies §(s) = {s}, ¢) of proposition 1.3.15 can be read d(st) = so(t). The
proofs are identical.

We now turn to the <-upwards closure v. proposition 1.3.17 is the same. c) in the next
proposition does not carry over because v(s)v(t) is not defined for all s € W. Instead it
should be

Proposition 2.3.18  ¢) {s}u(t) C v(st).
Proof The same. O

The corollary reads v(st) = v({s}uv(t)), but for s = a we do have v(a.t) = v(v(a)v(t))!

The definition of y and the associated results carry over smoothly.

2.3.2 Prefix of

The definition of prefix can be used directly, so as e.g., the proof that C is a po an T'SW.

The propositions concerning = /7 alone and the proofs of these all carry over because when
constructing new semiwords these are either subsemiwords or complement semiwords and
we know that if these constructions derive from tree-semiwords, we will also have subtree-
semiwords or complement tree-semiwords respectively. Remember that when we write
ul st = uC sor dt' Ct.u=st'in proposition 1.3.34 we still presume s to be a word.

The matter is rather different when it comes to the relations between A, d,v and 7, i.e.,
proposition 1.3.38. In the proofs, semiwords are constructed where it is not obvious that
the constructions yield tree-semiwords when they are constructed from such.

Proof The only proof which we can take over directly is 7A(s) = A (s) because A(s) € W
and s € W.t C s implies t € W, such that the constructions yield tree-semiwords when
s € TSW. We now look at the other proofs one by one.
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m0(s) C om(s): The constructed wu is to be a subsemiword of s. Since s € TSW we know
that v € T'SW and the proof can be reused directly.

It is not easy to see that the constructed u in the proof of the other inclusion is a subtree-
semiword, but it will turn out that it in fact is a tree-semiword which we will now prove.

on(s) C wi(s): Witht <t C s, A, = Ay and <, = R", where R = <, U <; and under
the assumption ¢, s € T'SW. It is already proved to be a semiword so what remains is to
prove a R ¢,b R" ¢ = a RT bor b R a (T-property). We will prove this by proving:

aR"c,bR"c=1<n+mand (a R borbR a)

by induction on n + m.

n+m = 2: Then a R ¢,b R c. Look at the different possibilities.

a<gc¢,b<c: Since s € T'SW we have a <, b or b <, a, hence alsoa Rbor b R a.

a <; ¢,b <; ¢: Similar.

a <g;c¢,b<;c: Since <; only is defined on A; C Ag we conclude ¢ € A, for b <, c.
From t <t we get A; = Ay, hence ¢ € Ay t' C s gives us that DC< (c¢) C Ay,
soa € Ay = Ay and a <y ¢ by definition of C. Again from ¢t < ¢’ we see
<y C <, and therefore a <; ¢. The result now follows from the case above.

a <; ¢,b <, ¢: Symmetric.

n +m > 2: Then either n > 2 or m > 2. W.l.o.g. assume n > 2. This implies that there
exists d such that a R d,d R" ! ¢. Using the hypothesis on d R"~! ¢,b R™ ¢ we get
(dR"borbR'd)and I’ <n+m— 1. We look at the two cases:

d R" b: Then from a Rd we get @ R' b, where [ =0'+1<n4+m—1+1=n+m.

b R" d: We have a R d, and since ' + 1 < m + n we can use the hypothesis of
induction on this to obtain a R or b R a, where [ <’ +1 < m + n.

vr(s) C wo(s): The situation is that for a given ¢t € v (s) where s,t € T'SW a semiword u
with s < u and t C u is defined by u = (A, (SU<,)T), where < = {(a,b) € A | (a,b) =
(c*,¢?) for some ¢ € A and i < j}. So it just remains to prove u has the T-property in
order to get u € T'SW. Let a,b, c be given such that a <, c and b <, ¢. We shall prove
a <, borb<,a We consider two main cases:

c € A Clearly a <, ¢ and b <, ¢ then implies a <; ¢ and b <; ¢. Since t € TSW it
follows that ¢ <;borb<,aandsoa <,bor b <, a.

c & Ay There are actually four subcases:

a,b & Ay: Then a, b, c must be equal labelled and so are ordered by definition of <,,.

a€ A, b A By a <, ¢ and construction of <, from < it then follows that there
is an element ¢’ labelled like ¢ with a <; ¢ < ¢. From b &€ A; and b <, ¢ follows
d<b<csoa<,b.

a ¢ Ay, be A Symmetricly as in the last case we here see b <, a.

a,b e A;: As above we see there are elements ¢ and ¢” of A; labelled like ¢ such
that a <; cand b <; ¢’. Since ¢ and ¢’ are equally labelled either ¢ <; ¢’ or
" <; . W.lo.g. assume the former. Then a <; ¢ and b <; ¢’ and the result
follows from t € T'SW.
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The remaining of chapter 1 carries over. Now to a proposition special for tree-semiwords.

Proposition 2.3.44 s < ¢ implies Ju € (s), D C y(t). v(s) \ {u} = v(¢t) \ D and for
some a,b € Act, s',s",t' € TSW either

a) u=a.(s'|b.s"),D={as bs"}
or

b) u=a.s,D={at'},s <t

Proof We already have s <t = Ju € v(s)\{e}, D C~y(t).v(s)\{u} =~v()\D,u < || D
from proposition 1.3.43, so it is enough to prove u < || D and u € v(s) \ {¢} implies a) or
b).
Now since u is a nonempty connected component of s it is (by corollary 1.1.8.f) a rooted
tree-semiword. Hence u = a.u’ for some v € TSW. Since u # ¢, € € (s) and y(s)\{u} =
v(t) \ D we have ¢ ¢ D, so v(|| D) = D W {e}. Then by proposition 1.3.42 we see
avw' < || D implies |D| < 2. Since ¢ € D, D must consist of nonempty connected
components. By corollary 1.1.8.f) then D = {c.s’,b.s"} or D = {c.t'} for some b, c € Act,
s, "t e TSW.
D = {ct'}: Then u < || D reads a.w’ < c.t’. Clearly then a = ¢ and v’ < t'. Chose
s =
D = {c.s',b.s"}: By proposition 1.3.30 we get w.lo.g.: a.u' < c.§ | b.s" = Fv. av =<
c.s';u < vl b.s", (ab € Apgr). We examine the cases of <.
av=cs u =v|bs" Thena=cv=su =5|bs and D = {a.s',b.5"}.
av<cs,u=v|bs" av<cs =a=cv<s. By proposition 1.3.29.a) we see

av =a.(v|b.s") < a.vl| b.s" since |y(a.v)| =2, |y(a.v|b.s")] =3 = y(au) #
v(aw | b.s") = au' # awv| b.s". Now v < s implies a.v || b.s" < a.s' || b.s" =

c.s' || b.s" = || D, so au < a.wv | b.s" < || D which contradicts u = a.u’ < || D
wherefore this case can be ruled out.

av=cs u <v|bs" Then av < a.(v]bs") <av|bs" =cs|bs =|D. A
contradiction.

av < c.s',u <ol bs": As the previous case.
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Chapter 3

Semantics for a Simple Process
Language: PL

In this chapter we shall give three different semantics to a simple process language, P L, for
describing finite nondeterministic processes which in turn is a restricted subset of the basic
language, BL, obtained as the term algebra for the signature >—essentially the operators
(symbols) from the chapters with semiwords/ tree-semiwords. The restriction will be that
processes only can be parallel composed when they have no action symbols in common.
This restriction is mainly technical motivated, but can also be seen as reflecting the idea
that an atomic action cannot be duplicated (however it may reinitiated). The restriction
allows us to define the different interpretations of parallel composition of processes on the
basis of the corresponding partial defined parallel composition of tree-semiwords.

3.1 Denotational Semantics

The concrete signature, 3, from which BL is derived as the term algebra is:

Definition 3.1.1 ¥ is defined by:

So = {NIL}

Y ={a} where a € Act
Yy = {+a ||}

¥, =10 n >3

Act is a set of abstract atomic action symbols fixed throughout the rest of this part.

Writing binary operators as usual as infixes and the unary as prefixes, BL can be consid-
ered defined from the following BNF-like schema:

pu=NIL|ap, a€ Act|p+p|plp
To formalize the restriction we shall impose on the processes we for every p € BL we

define it’s sort, L(p), or label set as follows:
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Definition 3.1.2 Let L : BL — P(Act) (= L) be defined by:

NIL+— ()

a.p— {a} U L(p)
p+qr— L(p)UL(q)
pllg— L(p) U L(q)

|

Whit this in the hand we can define the process language, PL, as those terms of BL
where every subterm of the form:

plq
satisfies:
L(p) N L(q) =0
That is parallel composition is only allowed between processes with different sorts.

The next step will be to define the three interpretations of the terms from PL by means
of corresponding 3-po algebras as explained in [Hen85a].

However because of the restriction on PL some modifications are needed. Formally the
semantics should be given within a theoretical framework which address the question
of giving semantics to terms with certain sorts as e.g., in sorted algebras [GTWWT77].
This would to the opinion of the author obscure the presentation unnecessarily, since
these questions not are the main concern of this thesis. So under the conviction that
the presentation easely (but lengthly) could be given within such a framework, we shall
merely on the way state the most important changes which arrise.

Common to the carriers of the three ¥-po algebras is that they consists of closures of
prefix-closed sets of tree-semiwords over Act (i.e., A = Act). The differences between the
carriers derive from the chosen closures which all are based on the smoother than relation
(2) between single tree-semiwords. The three closures are 6, v and x respectively. We
denote the three carriers by Cs, C,, and C, respectively. Formally:

Definition 3.1.3 For x in {6, v, x} we define:
x) Cp == {S#0|3IT CTSW(Act). T is finite, S = x(7T)}
and call it the x-carrier. O

It would have been nicer to define C, as the finite x and 7 closed subsets of T'SW (Act)
(T'SW for short), but from propositiony 1.3.38 and the comments there we see that this
only could be done for x = ¢

In the sequel P;(A) C P(A) will denote the finite sets of the power set. With this notation

we can read C, as:
{S13T € P(TSW)\0.S =«(nT)}
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Corollary 3.1.4 For x in {6, v, x} we have:
x) VT € Co.x(T) =T

For each of these carriers we are going to define a interpretation ¥* of the symbols of the
signature X as a function from C," to C, where n is the rank of the symbol in question.
Most of the definitions of these functions will lean on the corresponding functions defined
on single tree-semiwords and the x-closure properties.

Definition 3.1.5 The sort of a nonempty set of tree-semiwords, S, ambiguously denoted
L(S), is defined by:

L({s}) = {a|a" € A} (= {a|(s,a) > 0})
L(SUT) — L(S) U L(T)

|

If S is a singleton set {s} we often just write L(s) in place of L({s}), so L can be
considered defined on T'SW also. Notice that because tree-semiwords satisfies SW1 we
have for arbitrary tree-semiwords s and ¢: A, N A, = 0 iff L(s) N L(t) = (). Le., s and ¢
are disjoint iff there sorts are disjoint. Also remark that L(g) = ().

For each carrier, C,, the function, |4, corresponding to the interpretation of || will then be
partially defined: S ||, T is only defined when L(S)NL(T) = (). But due to the restriction
on terms from PL it will be ensured that the interpretations are defined.

We are now ready to define the interpretations of the operator symbols.

Definition 3.1.6 With S and T considered to be elements of the appropriate C,-carrier
we define:

25 . NIL5 = {8}
a.sS = a.SU{e}
S+sT = SuUT
SlsT = §(S|T) provided L(S) N L(T) = @

S,: NIL, = {e}

a.,S = v(a.S)U{e}
S+,T = SuUT
Sl.T = S||T provided L(S) N L(T) =0
S0 NIL, = {e}
ayS = a.SuU{e}

S+, T = x(SUT)
ST = x(S|T) provided L(S) N L(T) =0
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The result of S+, T, S,T in C,, * in {0, v} is easely seen to be a member of C, since §
and v distributes over U for arbitrary sets. But x does in general not distribute over U
for arbitrary sets, not even for y-closed sets, as can be seen from the following example.

a
Example: Let S = {a—b—c}, T = {b} Then x(S) =S, x(T) =T and s = a<lc) €
X(SUT), but s SUT. ¢

Therefore we define S +, T to be x(SUT).

Proposition 3.1.7 The operators of X,, x in {d,v, x} are well-defined. T.e., they are
functions from C," to C, for every .

Proof Notice at first that for all op, € %,,, and % in {§, v, x} op, is defined on C," under
proviso. What remains is to find a U € Pf(TSW) for every op, € 3, and S € C," such

that op.(S) = x(7wU), because then op,(S) € C,.

NIL,: Let U = {e}. For every %-closure we have: x(7U) = x(n{e}) = x({e}) = {e} =
NIL,.

a..S: S € C, implies there exists a S” € Py(T'SW) such that S = x(7S"). Let U = a.5" €
P(TSW).

*=0: orU = oma.S" = (corollaryr 1.3.36) d(a.mS’" U {e}) = da.nS U {e} =
(corollaryr 1.3.16) a.0wS" U {e} = a.SU{e} = a.sS.

*=uv: vrU = ... =v(a.wS"U{e}) (corollaryr 1.3.19) va.vrS'U{e} = va.SU{e} =
a.,5.
x*=x: xtU = ... = x(a.nwS" U{e}) = (propositiony 1.3.24) ya.rS" U {e} =

(corollaryr 1.3.25) a.xnS'U{e} = a.SU{e} = a.,S.
S+,.T: S,T € C, implies 35", T" € Pr(TSW). S = (wS"), T = *(nT"). Let U = 5" UT".

* in {0,v}: Since 7, ¢ and v distributes over U the result is immediate.
*=x: xm(S'UT") = x(wS'UnT’) = (corollaryr 1.3.23) x(x7S'UxnT") = x(SUT) =
S+, T.

S ||« T: Suppose S and T are disjoint. Furthermore let S” and 7" be as in the case S+, T
and let U = 5" || T".

*=0: dnU = dn(S" || T") = (propositiony 1.3.35) 6(wS’ || #T") = (corollary 1.3.16)
§(6mS" || 67Ty =o6(S | T) =S ||s T.

x*=uv: vrU = ... = v(wS" || 7T") = (propositiony 1.3.18) vnS" || vnT" = S || T =
ST,

*=x: xtU = ... =x(nS"||7T") = (corollaryy 1.3.23) x(x7S" || x7T") = x(S||T) =
Sy T.

O
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We now introduce a very simple Y-po algebra A, which in this and later chapters will
prove useful in establishing properties of the A,-algebras (based C,) we are going to
introduce in a moment..

Definition 3.1.8 Let C := P¢(T'SW)\ 0 and for S,T € C, define:

S, . NIL, ={c)
a..8 =a.SU{e}
S+, T=5SUT
S|l-T=8S|T provided L(S)N L(T) =0

|

Clearly the operators of 3 are well-defined and monotone w.r.t. C, so A, = (Cr, <, %,),
where <, = C, is indeed a ¥-po algebra. Of course < -monotonicity of ||, is relative to
the carrier upon which ||, is defined. That is ||, is e.g., left < -monotone in the sense

that for S, 5", T € C, and L(S)NL(T) =0 = L(S") N L(T) we have:

S, S implies S|, T4, 5|, T
Monotonicity for parallel composition under this proviso will be indicated by writing:
(relative) monotone.

Also Cs, C,, C,, € C wherefore we can formulate the following proposition which displays
the close connection between operators of ¥ and X,.

Proposition 3.1.9 Let % be in {§,v, x}. For all op, € ,,,S € C," we have:

0p.(S) = xop,(S)

Proof In most of the operator cases we use corollary 3.1.4.

NIL,: Evident since NIL, = {e} and 0(¢) = v(e) = x(¢) = {e}.
a.s: a.sS =a.SU{e} =a.0SU{e} =0a.SU{e} =0(a.SU{e}) =da..S.
ay: 0,8 =va.SU{e} =v(a.SU{e}) =va..S.

Ayt S = a.S U{e} = a.xSU{e} = (corollaryr 1.3.25) xa.5 U {e} = (propositiony
1.3.24) x(a.S U {e}) = xa..S.

450 SHsT=SUT =6SUST =6(SUT)=0(S+,T).
+,: Similar.

+ ST =x(SUT)=x(S+:T).

st S s T =8(S | T) = 6(S I+ T).

loi 11T =S| T =S || oT = v(S || T) = v(S |+ T).
llx: As S5 T.
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The next to define is the partial order <, on C,.

Definition 3.1.10 For every % in {J, v, x} define the <,—the partial order over C,—to
be the set inclusion (C). Le.,

VS, T €C,. S, Tiff SCT

Clearly it is a partial order and {e} is a least element in every C,.

Since the J-, v- and yx-closures in general are monotone w.r.t. C we immediately from
proposition 3.1.9 and op, being monotone get:

Corollary 3.1.11 All op, € X, are (relative) monotone on C, (w.r.t. d,) for all x in
{6,v, x} (with the modification that S ||, T only is defined when L(S) N L(T) = 0).

From the preceding and this corollary we then also have:
Corollary 3.1.12 For every * in {4, v, x} A, = (C,,<,,%,) is a ¥-po algebra.

Our different models, M,, then consists of these ¥-po algebras and denotational maps,
[ ]« given below:

Definition 3.1.13 The interpretation, [ ], in the M, model of terms from PL is defined
compositionally (on the basis of A,) as follows:

[NIL), = NIL,
[a.p]. = a.[p].

[p + ql. = [p]« + ldl-

[p Il gl = [pl« ||* [q]

O

From L(p) = L([p],) and p || ¢ € PL only if L(p) N L(q) = () it is seen that the definition
is well-defined.

3.2 Operational Semantics

The operational semantics we are going to define are based on a labelled transition system
(Its for short) which determines a process’s ability to develop from one configuration to
another. For the purpose of this we define the set of possible configurations. In the
definition, actions of a set of atomic complementary action symbols, Act, disjoint but
equipotent to Act is used. Furthermore a bijective map ~: Act — Act.
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Definition 3.2.1 BL is defined to be the least set C' which satisfies:

BLCC
apeC ifpeCandae Act
pillpeC ifp,peC
L is extended to BL by: L(a.q) = {a} U L(q).

The configuration language, C'L, is defined to be the subset of BL where every subterm
of the form p || ¢ has L(p) N L(q) = 0. O

Notice

i) L “forgets” whether a label belongs to Act or Act. So L(p) for p € C'L could be
defined as taking L on p’ € PL, where p' is p with all s striped of.

ii) PLC CL and p+q € CL only if p,q € PL.

O

In the sequel we will have the implicit requirements L(p) N L(g) = () whenever writing
rllaq
What remains to define for the lts over C'L and Act U Act is the action relation.

Definition 3.2.2 Let — C CL x (ActUAct) x CL (writing p —2 ¢ for (p,y, q) € —)
be the least relation over C'L which satisfies:

1) ap-—*ap 2) ap-p
p—2p

3) —
a.p — a.p

2 p—p 5) pr/,yEACtUM
p+qg——p plla =7 lq
g+p-—>p qllp 2 qllp

where y € Act U Act and a, b, ... range over Act.

Corollary 3.2.3 p -2 o' = L(y) C L(p), L(p") C L(p).

The fact that p —% p/ implies L(p') C L(p) gives the well-definedness of the relation since
then p, ¢ disjoint implies p’, ¢ disjoint too in 5).

Proposition 3.2.4 Ya € Act¥p € CL. |{q|p = ¢}| < 1

65



Proof Induction on the structure of p.

p € PL: Then no subterm r of p is of the form b.r', b € Act. By inspection of definition
3.2.2 we clearly have {q | p - q} = 0.

p=byp: Two cases: a # b: Again by inspection of the definition we see by 7@ or
equivalently {q | p =b.p' = ¢} = 0. a = b: We see a.p/ —— ¢ implies ¢ = p/.

p = p1 || p2: By inspection and the disjointness of p; and ps we see p = p; ||p2 —%, ¢ implies
that exactly one of the two cases p; —— pl, q¢ = p| || p2 or p» == ph, ¢ = p1 || p hold,
so the cardinality of {q | p —— ¢} is equal to the cardinality of {p’ | p1 —— p'} in

the former case and {p’ | p, —— p'} in the latter. By the inductive hypothesis these
will be less than or equal to one.

O

Intuitively one can think of the a.p as the process which can be signaled to initiate action
a and thereby transforming to a.p. This term again represents a process which contains
an action a signaled to initiate and which can signal it’s completion by transforming by
a into p. The inference rule 3) says that more actions can be signaled to initiate before
earlier signaled actions them selfs signal there completion. The term p + ¢ represents the
process which can act either as p or ¢, and p || ¢ represents the process which can act
both as p and as ¢, so actions of one subprocess can be signaled to initiate or complete
independent of the other.

Example: a.NIL +b.(a.NIL || b.NIL) % b.(a.NIL || b.NIL)
5 b.(a.NIL| b.NIL)
L b.(a.NIL| b.NIL)
b GNIL|b.NIL
2, NIL| b.NIL
b, NIL| NIL

We extend the (atomic) action relation to strings over Act U Act by:

z=¢e,p =p
p——paff Jor
z=a, p——p' p

where z € (Act U Act)*.
On the basis of this and the notion of experiment we define how two processes are oper-
ational semantically related.

We consider two statements about a process p and an experiment e:

e p may accept e

e p may reject e
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The relations can then be defined as follows:

Definition 3.2.5 For processes p,q € PL we define

p &, q iff for all experiments e: p may accept e implies ¢ may accept e
p &, q iff for all experiments e: p may reject e implies ¢ may reject e
pSq ff pLaqandpk,q

O

The next thing to consider is which experiments we will allow and when a process may
accept/ reject an experiment.

An experiment, e, will be split out into two. First a set of actions A are signaled to initiate
and second a test t is done on these. So

an experiment, e, is a pair: (A,t).

In fact the signaled set of actions can be considered as a multiset over Act because we
want to be able to signal the same action more than once. If A is a finite multiset over
Act and a € Act let |A|, denote the number of a’s in A. For a tree-semiword s and such
a multiset A we write:

A = Aiff Ya € Act. |Ala = ¢(s,a)

For a multiset A and a process p € PL the set of possible configurations we can obtain
by signaling A is D(A, p) defined as follows:

Definition 3.2.6 D(A,p):={p' € CL|3w e W. A, 2 A, p —p'} O

Recall that W and Act* are isomorphic, so it gives sense to write p — p’ for a w € W.
Notice that nondeterministic choices are made when signaling A to initiate.

The next to decide is the test language T'L. We will only allow tests on the actions which
are signaled to initiate, so the language must be based on Act. It shall be possible to test
the order in which the process can signal completions of the actions previously signaled
to initiate, so if t is a test a.t is a test too. If p is a configuration the test ¢ & t' denotes
the test whether both the test t and t' are possible on p. Similar ¢ V ¢’ is the test whether
either t ort’ are possible. A test is ended with T to notify that the test was possible.

Definition 3.2.7 The test language, T'L, is defined by the schema

tz=T|at, acAct |t&t |tV
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Observe that for a test like t & ¢’ or t V ¢/ there is no restrictions on the sorts of ¢t and ¢'.

T—the successful test—is one of the two possible outcomes of a test. The other—the
unsuccessful test—is denoted L. When having a test like ¢ & ¢’ one subtest can turn out
to be successful and the other unsuccessful, so during the total test, subconfigurations

like T & _L are possible.
Definition 3.2.8 The test configurations, T'C, are defined by the schema:
o= (t,p), teTL, peCL|T|L|o&o|oVo
(Il
A test is finished when it is known to be successful or unsuccessful, i.e., when one of the test

configurations T or L are reached. The relation between the different test configurations
is determined by the test relation — C T'C' x T'C' defined below.

Definition 3.2.9 Let p,p’ € CL,t € TL, 0,0',0" € TC in the following.

Axioms:
nHo: (tOt,p)— (t,p) OF,p) forOe{& V}

2) (Typ) = T

3) &T: o0& T —o T&: T&o—o
&l : o0&kl — L 1&: 1L &o— L
VT:0VT—T TV: TVo—T
VLi: 0oV L1l—o 1V: LVo—o

Inferences:

o— 0o
4)0: for De {&,V}

OD 0// N 0/ D 0//
0// D 0 — 0// D 0/

p-2p, a e Act 6 p 2, a € Act
(a.t,p) — (t,p') (a.t,p) — L

P 7% is just a shorthand notation for Ap' : p 4, p.

Example:

(a.b. T &b.a.T,a.NIL | b.(c.NIL+d.NIL)

— (a.b.T,a.NIL| b.(c.NIL+d.NIL)) & (b.a.T,a.NIL | b.(c. NIL +d.NIL))
— (b.T,NIL || b.(c. NIL+d.NIL)) & (b.a.T,a.NIL || b.(c. NIL + d.NIL))

— (b.T,NIL || b.(c. NIL+d.NIL)) & (a.T,a.NIL|| (¢.NIL +d.NIL))

— (T,NIL| (¢ NIL+d.NIL)) & (a.T,a.NIL|| (¢. NIL +d.NIL))

— T&(a.T,a.NIL| (¢.NIL+d.NIL))

— (a.T,a.NIL || (¢.NIL+d.NIL))

— (T,NIL| (¢.NIL+d.NIL))

— T

68



Notice that this only is one of many possible derivation that leads T.

A test configuration o is called terminal iff o /4 (i.e., Ao € TC.0 — o). In a moment
we will show that the only possible terminal test configuration is exactly one of T and L,
such that a test is either successful or unsuccessful, and cannot be both. In this sense our
notion of test is well-defined.

The fact that the terminal configurations are {T, L} and that one and only one of these
can be reached from a test configuration, o, has as consequence:

Vpe CLVt e TL. (t,p) =" T & (t,p) A" L

An experiment e can now be considered as (A, t), where A is the multiset over Act, which
determines the actions that should be signaled to initiate, such that a test can be run on
them, and ¢ is the actual test to run.

Informally a process p may accept the experiment e = (A, t) if

a) It gives sense to run the test, i.e., the actions of A can be signaled.

b) One of the processes p’ obtainable from p by signaling A to initiate, pass the test ¢
successfully.

Similar p may reject (A,t) if under the same conditions as above one of the obtainable
processes p’ pass the the test ¢ unsuccessfully. Notice that we may have a process p and
experiment e such that p may accept e and p may reject e! Also notice that the two
statements are not dual. L.e., we do not have p may accept e implies p may reject e
(where p may accept e means it is not the case that p may accept e). This is because the
reason why p may accept e can be that it does not make sense to run the test ¢, in which
case we have p may reject e too. Formally:

Definition 3.2.10 Denote the set of experiments by E. le., e € E iffe = (A,t), Ais a
finite multiset over Act and t € TL.

Let p € PL and e = (A, t) be an experiment. Then:

a) p may accept e iff 3¢ € D(A,p).(t,q) =* T

b) p may reject e iff Ig € D(A,p). (t,q) —* L

Example: B
a.b.NIL+b.a.NIL+a.NIL | b.NIL may accept ({a,b},a.b.T &b.a.T)

a.b.NIL + b.a.NIL may accept ({a,b},a.b.T &b.a.T)
a.b.NIL+b.a.NIL+ a.NIL | b.NIL may reject ({a,b},a.b.T V (b.a.T & @.b. T))
a.NIL || b.NIL may reject ({a,b},a.b.T V (b.a.T & a.b.T))
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So we have now formally defined what was used in the definition of the three testing
preorders £, £ and C on PL. In the following O shall denote the equivalence of C.

~a’) ~r

Similar for the other preorders.

Example:

a.b.NIL +ba.NIL {'g} @.b.NIL +ba.NIL+a.NIL | b.NIL {E} a.NIL | b.NIL

~r ~T

C
~a

a.NIL a.b.NIL

Rr
S
ab.e.NIL+a.(b.NIL | ¢.NIL)+ a.NIL || b.c.NIL 2 a.b.c. NIL+a.NIL| b.c.NIL

As indicated by:
u
a.(b.NIL+c¢.NIL) <9, ¢ a.b.NIL+ a.c.NIL
O

non of the equivalences are able to distinguish nondeterminism.

That p may accept e and p may reject e are not dual can now also formally easely be
seen:

=(Jg € D(A,p). (t,q) =" T) iff Vge D(A,p)(t,q) /" T
iff Vge D(A,p).(t,q) =" L
#f g e D(Ap). (t,q) =" L

Before we give the promised proof of one and only one terminal configuration for every
test configuration we prove the following lemma, which also clears the role of & and V.

Lemma 3.2.11

a) o1& o0y —* T iff o0 =" T and 09 —* T

c¢) oy Voy—="Tff op =T oroy—*T

)
b) o1 & 0o —* L iff 0o =" L or oy —* L
)
d)

01 Voo —* L iff oo =* 1L and 0, —* L

Proof
a) only if: We prove it by proving oy & 0o —™ T only if 0 —* T Aoy —* T by induction
on n (n = 0 impossible because T is not of the form ¢ & t).

n = 1: By inspection of definition 3.2.9 we see 01 & 0o — T implies 01 = T = 09. Then of
course also oy —* T and o9 —* T.

n > 1: 01&09 — 0,0 —""1 T. Looking at the definition again we see that only 3) & T, T&
or 4) & can come under discussion for the move 0y & 0y — o.
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3) & T, T&: W.lo.g. assume 0y & 0y — 0is 01 & T — o0;. Then clearly 0, —* T and
01 —" ! T which implies 0, —* T.

4) &: Two cases: 01 — 0},0 =0} & 05 and 0y — 0,0 = 01 & 0},.
For the former then 0 —"~! T means 0} & 0, ="~ T. By hypothesis of induction
of =* T Noy —=* T. 0y — 0,0 =" T implies 0o, —* T, so we are done for this
case.
The latter is handled symmetric. This also completes the inductive step.

if : It is enough to prove o; —™ T Aoy —™ T implies 0; &0y —* T by induction on n+m.

n+m=0: Then o, = T = 0. No matter whether we use 3) & T or 3) T& we get
01 & 09 — T and thereby 0, & 09 —* T.

n +m > 0: We split out in two subcases:

m > 0: This implies 0, — o, =™ T. By hypothesis of induction 0, & 0, —* T. Using
4)& we now get 01 & 0o — 01 & 0f, hence o1 & 0y —* T.

n > 0: Then o; — o) —™! T. Similar to the case n = 0.

b) -d): Similar to a). O

Now for an o € T'C' let B(o) denote the set of terminal configurations i.e.,
B(o) :={d €TC |o—"d,0 £}

So what we shall prove is that {T, L} equals the terminal configurations and |B(o)| = 1
which follows from the proposition below.

Proposition 3.2.12 Let 0o € TC. Then
a) {T, L} = terminal configurations b) 0o =* TVo—* L

where V means that exactly one of the possibilities are true.

Proof
a) By inspection of definition 3.2.9 we easely see that T and L are the only possible
terminal configurations.

b) We split the proof out in two, i) 0 =* T Vo —* L and ii) 0 —* o/, € {T,L1} =
B(o) = {0}, from which b) can be seen.

i) We prove o —* T V o —* L by induction on the structure of o.
o= T or o= 1 (basis): Immediate.

0 = 01 & 09: By hypothesis of induction 0; —* T V 0; —* L for ¢ € 2. Four cases:
01 —* T,09 —* T: Using the if part of lemma 3.2.11 a) we get 0 = 0 & 0y —* T.
In the three other cases we get 0 —* L using the if part of b) in the lemma.

0 = 01 V 09: Similar.

o= (t,p),t € TL, P € CL: To prove this part of the inductive step we use induction on
the structure of ¢.
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t = T: 2) of definition 3.2.9 gives us o = (¢,p) = (T,p) — T hence 0o —* T.

t = a.t': Clearly either 5) and 6) can be used. In the latter case we directly get
o —* L. In the former we have (a.t’,p) — (t,p’). By hypothesis of induction
either (¢,p') —=* T or (¢,p') —* L and the result follows.

t =t &ty: Using 1)& we get o = (t1 & to,p) — (t1,p) & (t2,p). By the hypothesis
of induction (t;,p) —* T V (t;,p) —* L for i € 2. Similar as in the case
0o = 01 & 0y we get (t1,p) & (to,p) —* T V (t1,p) & (t2,p) —* L. Hence also
o—="TVo—="_1.

t =t; V ty: Similar.

ii) Since o' € {T, L} we can part the proof in two:

o' = T: Then we have to prove o —* T = B(o) = {T}. We will do this by induction on
the structure of 0. Since T 4 and 0 —* T implies T € B(0) we only need to prove
o—*T = B(o) C{T}.
o= T or o =1 (basis): Looking at definition 3.2.9 we see L /A* T and B(T) =

{T}

0 =01 & 0y: By the only if part of lemma 3.2.11 we have o; —* T and 0y —* T.
By hypothesis of induction we then have B(o;) = {T} and B(o2) = {T}. Now
assume B(o) € {T}. Since T and L are the only terminal configurations (by
a)) this implies 0 = 0; &0y —* L and by the only if part of lemma 3.2.11.b) we
have 0oy —* L or oo —* L, which contradicts B(o;) = {T} and B(oy) = {T}.
So B(o) C{T}.

0 = 01 V 0o: Symmetric.

o= (t,p),t € TL,p € CL: This part of the inductive step is also proved by struc-
tural induction, but this time on the structure of ¢.

t = T: Looking at definition 3.2.9 we see that only 2) can be used, hence
B(o)=B(T)={T}.

t = a.t’: Clearly only 5) or 6) can come under discussion. Two cases depending
onp.
Jdg. p —%+ ¢ By proposition 3.2.4 there is at most one such ¢q. Hence
B(o) = B((t',q)). By hypothesis of induction B((t',q)) C {T}.
Aq.p - ¢: This case can be excluded since o — L is the only possibility,
1 4 and we assume o —* T.

t =t; & ty: The only possibility is 0 = (t; & ta,p) — (t1,p) & (t2,p) = 0" —=* T
and B(o) = B(0"). Similar as in the case 0 = 0 & 0y we get B(0”) C {T}.

t =t, Vty: Symmetric.

o' = 1: Similar as the case o' = T, but now ¢ = T can be excluded and in ¢t = a.t/,

Aq. p — ¢ no longer can be ignored. In this last case we get o = (a.t,p) — L and
B(o) = B(L) = {1}, which is wanted.

O
In the following we will investigate other properties of our test language which will be
useful in the following sections.

The most important property is that every test ¢ has a normal form which we define in a
moment. On the way to show this we introduce some notation.
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Definition 3.2.13 For ¢,t' € TL we let t = ¢’ denote:
Vp € CL. B((t,p)) = B((t',p))
or equivalently by the last proposition:
Vpe CL. (t,p) =" Tiff(t',p) =" T

O

Proposition 3.2.14 = is an equivalence relation on T'L such that for all ¢,¢,t" € T'L:

a) t&t' =t &t b) tV =t Vi
Q) t& (' &t") = (t&t!) &t )tV V)= EVE)V
&)tV &t") = (V)& (VL)

f) a.(t&t)=at&at g) a.(tVt)=atValt

12

a.) at=at

h) t=t = (&) t&t" 2t &t
V) tvVt'=t'vit’

Proof That = is an equivalence relation is immediate from the definition.

a) — e) follows by lemma 3.2.11 from the similar properties of A and V. This is not the
case with f) — h).

f) We shall prove (a.(t & t'),p) —=* T iff (a.t & a.t',p) —=* T.

if: By definition 3.2.9 (a.t & a.t’,p) —* T implies (a.t,p) & (a.t’,p) —* T which by
lemma 3.2.11 implies (a.t,p) —* T and (a.t’,p) —* T. Now (a.t,p) —* T implies
(a.t',p) — (t',p") —* T where p - p/. Similar (a.t’,p) — (t',p") —* T, where p -2 p".
By proposition 3.2.4 we must have p’ = p”. Hence (t,p') —* T, (t,p) =* T and p 2.
Using lemma 3.2.11 again we get (¢,p') & (t,p’) —* T. From this and p N 5), )& of
definition 3.2.9 we see (a.(t & t'),p) — (t&t',p') — (t,p) & (t',p') = T.

only if - By inspection of definition 3.2.9 we see (a.(t&t'),p) —* T implies (a.(t&t'),p) —
(t&t',p) — (t,p) & (t',p') —* T, where p —%, ¢/, From this definition 3.2.9 directly gives
us: (a.t&at',p) — (at,p) & (a.t',p) — (t,p) & (at',p) — (t,p") & (t',p') =* T.

g) Similar, but here proposition 3.2.4 is not necessary!

h) Assume t = ¢/,

a.): Let p € PL, a € Act be given. Shall show that (a.t,p) —* T iff (a.t’,p) —* T. This
is evident from proposition 3.2.4.

&): Let ap e CL and t” € TL be given. Shall show (t & t",p) —=* T iff (' &t") —* T.
if: (' &t p) —=* T implies (¢’ & t",p) — (t',p) & (t",p) —* T. By lemma 3.2.11
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this implies (¢,p) —* T and (¢t",p) —* T. From ¢ = ¢’ we then have (¢,p) —* T.
Reversing the arguments we obtain (¢t & t”,p) —* T.
only if: Symmetric.

V): Similar.
O
Definition 3.2.15 t € T'L is a test normal form iff tis of the form
&(V wjT),wj, € Whork en;,1 <n;withjen,1<n
JEN kEE -
where w simply is the string w with every a in w exchanged with a. O

By a) — d) of proposition 3.2.14 it gives sense to use the notational convenience of & and
V in the definition of a normal form.

Proposition 3.2.16 For every t € T'L there is a normal form ¢’ € T'L such that ¢t = ¢'.

Proof We can transform ¢ into a normal form ¢’ by using a) — h) of proposition 3.2.14.
At first we use e) and f) to get all &’s of ¢ out on the outmost level such that we obtain
at’ = &jentj, where t; is built from V, a € Act and T for j € n.

Then for every j € n transform t; by g) into t; = Vien, wjr T. By the congruence h) it
should be clear that ¢’ = & e, 1) = 1. - O

By inspection of definition 3.2.9 the following corollary is evident.

Corollary 3.2.17 For all p € CL, w € W we have:

dg.p o, qiff oT € TL,(wT,p) —="T

Proposition 3.2.18 Let ¢ be on the normal form: &;en(Vien; WjxT). Then for all p €
CL: o
(t,p) =" T iff Vj € nIk € ny. (Wi T,p) =" T

Proof Follows immediately from lemma 3.2.11. O

3.3 Full Abstractness

The aim of this section is to show that the denotational and operational semantics corre-
sponds or rather that <5, <, and <, are fully abstract w.r.t. C,, £, and C respectively.
Formally we want to prove:
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Theorem 3.3.1 Operational Characterization Theorem If p,q € PL then C_, T, and T
are (relative) precongruences and

) [pls <slals iff pCaa
v) [plo <o lalv f PE, q
) 4

X [[p]]x >x [[Q]]x iff PSq

As for Hennessy [Hen85a] it will prove convenient to introduce some more plain relations,
<4, on processes from PL, which are entirely defined on basis of the lts, and which
coincide with the three testing preorders.

The rest of this section is devoted to definitions and intermediate results necessary to prove
the Semantic Characterization Theorem of these relations and the Operational Charac-
terization Theorem.

At first we define a map, 6, on configurations which associates in a natural way a tree-
semiword with the “barred” part of a configuration. Le., for a configuration, p, 8(p) gives
a tree-semiword which reflects the causal order in which initiated actions can signal there
completion.

Definition 3.3.2

a) Let 6 : CL — T'SW be defined inductively as follows:
pre if pe PL

a.p a.f(p)
pllg—0(p) || 0(q) if either pZ PLor g ¢ PL

b) Let © : PL — P(T'SW) be defined by: ©(p) := {0(q) | Jw € W.p - ¢}

O

For arbitrary sets of semiwords we use the following notation:

S<,Tiff VseSiteT.s =t

S<,Tuff VseSteT.t<s

S<Taff S<aTand S <, T
We can now formulate the three alternative preorders.
Definition 3.3.3 Let p,q € PL. Then <, <, and < are defined as follows:

p <s q iff O(p) <. O6(q)

where * as usual is either left out or one of a,r. O

In the future we will mostly omit the comment about x*.
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Theorem 3.3.4 Semantic Characterization Theorem For all p,q in PL:

PE.qiff p<iq

The first step in the prove of this theorem is a rewriting of p C, q.
Lemma 3.3.5 Forx=a (x =r) and 0, = T (0, = L) we have:

PE.q
uf
*) V(Av t)vp/ € D(Aap)zlq/ € D(Aa Q) (tap/) —* Ox = (t7 q/) —* Ox

Proof We only prove the case x = a, since the case x = r follows in exactly the same
way.

We prove p C, q iff a) by proving p Z, ¢ iff —a).

p Z, q iff (by definition)

~(V(A, )3 € D(A,p). (4,p") =" T) = (3¢ € D(A,q). t,¢') =~ T)) iff
(A, 1)3p" € D(A,p). (t,p") =" T) AN (Vq' € D(A,q). (t,¢') =" L) iff
(A, )3 € D(A,p). ((t,p') =" TAVY € D(A,q). (t,q') =" L) iff
(A, t)3p € D(A,p)Vq' € D(A,q). (t,p) =" T A (t,¢) =" L iff

—a).
In these derivations we used (t,p) —* T iff (t,p) /4" L which was a consequence of
proposition 3.2.12. O

The next step is to prove that the Vi-quantifier can be moved past 3¢’ € D(A, q) in *) of
the last lemma.

Lemma 3.3.6 For x =a (x =r) and 0, = T (0, = L) we have:
1)* V(Aa t)vp/ € D(Aap)zlq/ € D(Aa Q) (tap/) —* Ox = (t7 q/) d O«
uf
ii), YAV € D(A,p)3q € D(A, QVt'. (t',p) =" 0. = (t',¢') = o
Proof We prove —i), iff —ii), for the two cases of *. Le.,
_'1)* El(Aa t)ap/ € D(Aap)vq/ € D(Aa Q) (tap/) —* O« A (t7 q/) 7'/_)>l< O«
uf
—ii), JA3P" € D(A,p)Vq¢ € D(A,q)3t". (t',p') =% 0. A (t', ') /7 o
If D(A,q) =0 the result is trivial, so assume D(A, q) # () in the following.
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« = a: The only if part is trivial since one just have to chose A, p’ as in —i), and ¢’ =t
for every ¢’ € D(A,q).
if: Given is —ii), = JATp' € D(A,p)Vq € D(A,q)3t". (t',p') =* T A (t',q) =" L.
From here we use the A and p’ in —1),. Now let ti, be the ¢’ which —ii), ensures exists
for ¢ € D(A, q) such that (t',p') =* T A(¥',¢') —=* L. Then for all ¢ € D(A,q) we
have:
(3.1) (ty,p)) =" T and (t,,,¢) =" L

Since t, € T'L for every ¢' € D(A, q) and D(4, q) is finite, we have t = &yepagly €
TL too. By lemma 3.2.11.a),c) and (3.1) we have (¢,p’) —* T and for every ¢’ €
D(A,q). (t,q") —* L, thereby establishing —i),.

x = 1: Proved similar as the * = a case, just with the difference in the if-part that ¢ is

constructed as Vyep(a gty and lemma 3.2.11.b), d) is used in proving (¢,p") —* L,

and for every ¢ € D(A,q). (t,¢') = T.
O

As seen from the proof we could not have moved the Vt-quantifier if our test language did
not contain & and V.

Lemma 3.3.7 Let Z = (Act U Act)*. For py,ps € CL we have for z € Z:

y41 HPQ = q
iff

3% €Z,¢i.pi —= qfori€2and g=q || q2,2 = 21 || 2
Notice that W C Z and W C Z, but Z ¢ WU W.

Proof Both of the implications in this lemma is proved by induction on the length of z.

if

z=¢c z=¢ = 2| 2 implies 21 = & = 29, 80 ¢ = p; for i € 2 and ¢ = p; || po. By
definition p; || p, — p1 || p2 = ¢, so ok.

z#¢e: Then z = a.z’' for some a € Act U Act and 2’ € Z. By propositiony 1.3.31 this
implies 321. a.2f = 2z1,2" < 21 || 20 or 32}. a.zh, = 2z9,2" < 2z || 25. W.lLo.g. assume

!
. z1 . a.z .
the former is true. Then p; — q; is the same as p; —> ¢q, so there exists some p)
!

such that p; — p| — ¢;. Since |2/| < |z| we can use the inductive hypothesis to
get pi || p2 - ¢1 || 2 = ¢. From the inference rule 5) of definition 3.2.2 we obtain

p1 || p2 == P} || p2 from py — p}, so py || p2 == ¢ or equivalently p; || p» — ¢.

only if :
z =¢: Then ¢ = p; || p2 and the result should be clear.

z # e Then z = a.2’ for some a € Act U Act and p, || po —— ¢ 2, q for some ¢’ € C'L.

Looking at definition 3.2.2 we see that 5) must have been used to ensure p; || py —
/

q. W.lo.g. assume this is obtained from p; —* p} such that ¢ = p| || p.. By
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hypothesis of induction we have that there exists z],2o € Z and ¢y, ¢ such that

P N QD2 — @2, 0 = q1 || @2, 2’ = 24 || 2. Let 2z, = a.2}. From p; — p/, we then
21 .. .

see p; — ¢ and from propositiony 1.3.31 we get z = 21 || z2. This completes the

inductive step.

O

Lemma 3.3.8 For all p € CL and w € W we have:

we a\(p) iff . p -

Proof We will prove w € 7A\0(p) < Ip'. p 2, p" by induction on the structure of p.

p € PL: We split this case out in two depending of whether w = ¢ or not.
w = ¢e: Since p € PL we have 0(p) = ¢, so w = ¢ € {e} = Ae) = wA(e) = T\d(p).
Also Ip'. p = ¢/, since ¢ = & and p — p by definition.
w # ¢: We neither have a w’ € 7A0(p) with w’ # ¢ nor any p’ such that p sy,
when p € PL and w # «.
To see the latter assume on the contrary dp’. p 2w # ¢ implies w = a.w’
for some w' € W and a € Act. So @w = a.w'. Then p —= p' can be written
P @, p’ and implies p - p” N p’ for some p” € C'L. But it is easely seen
that p € PL,p - implies y € Act, which contradicts p — p”,a € Act.
The former is seen from 7A\0(p) = {e} as shown in the case w = ¢.
p=a.p’,ac Act: At first notice 7A0(p) = wA0(a.p”) = (by definition of §) wAa.0(p") =
(deduced from propositiony 1.3.13) wa.\0(p”) = (corollaryr 1.3.36) a.wA0(p”)U{e}.
We show the implications separately.
=: w € wAd(p) implies w € a.7A(p") or w = & which again implies w = a.w’ or
w = ¢, where w' € wAd(p"). By definition p — p = p’ which handles the
former case. In the latter we use the hypothesis of induction to get Jp'. p” o,
p'. Using 3) of definition 3.2.2 we have p = a.p” —= p”. Hence p - p/.
<: Looking at definition 3.2.2 we see that p = ap’ -5 p implies w = ¢ or
w = a.w’ for some w’ such that p” —>p If w = ¢ we have w = & = ¢, so
w € a.m \(p") U {e} = 7A0(p). In the other case w = a.w’, the hypothesis of
induction gives us w’ € 7A0(p"), so w = a.w’ € a.wAI(p”) U {c} = 7 0(p).
p=p1llp2 At ﬁrst notice that by lemma 3.3.7 we have:
Ll pe == p & 3, p, € CL,w,wy € W such that p; —> p| for i € 2, <
Wy || Wa, p = py || P-
Clearly we also have w < wy || wq iff w < wy || wy. The two implications:

=: We have 7 \0(p; || p2) = (by propositions 1.3.38 and definition of §) Aw(8(p,) ||
O(p2)) = M70(py) || 70(p2)), so using propositiony 1.3.13 we get w € wAI(p)
implies Jw; € Amf(p;),i € 2 such that w < wy || wy. Since A0(p;) = mAO(ps)
for i € 2 we can use the hypothesis to get Ip.. p; — p for i € 2. Then, as

noticed, p = py || p2 -, Pyl vy =
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«: Using the noticed again p = p; ||ps — p’ implies p; —= p}, i € 2. By hypothesis
of induction w; € 7A0(p;) = Amd(p;). So since w € W implies Aw’.w' < w and
w = wy || wy we get from propositiong 1.3.13 w € MN(w0(py) || #0(ps)) which, as
seen above, is the same as w € wA0(p).

O

Lemma 3.3.9 For p,q € C'L we have
O(p) < 0(q) iff Agy = Aggg and Vt. (t,p) =" T = (t,q) =" T

Proof

if : Assume Ay, = Agyy and Vi. (t,p) —=* T = (t,q) —* T. We shall prove 6(p) =< 0(q).
By propositiony 1.3.5 it is enough to prove A(p) C M(q). Let w € Ad(p) be given.
Then also A, = A,y and w € wA0(p), w € W, so by lemma 3.3.8 3p'. p — p’ and
from corollary 3.2.17 wT € TL,(wT,p) —* T. By the assumption then (@T,q) —* T.
Using the same lemmas in the opposite direction we get w € 7A0(q). We cannot conclude
w € M(q) directly. Assume on the contrary w is a proper prefix of some w’ € Af(q). Then
Ay C Ay In general Vs € A(t). Ay = Ag, s0 Ay = Aw C Aw = Ag(,) which contradicts
the assumption Agy,) = Agy,y. Hence w € A(q).

only if: Assume 0(p) < 0(q). By definition Agy) = Ag(g)- Let t € TL be given such that
(t,p) —* T. We shall prove (t,q) —* T. By proposition 3.2.16 ¢ can be chosen to be on
normal form. L.e.,

t=&(V Wy T),wjp € Wiorken;and j€n

JEN keﬂ
Then by proposition 3.2.18 (¢,p) —* T implies Vj € n3k € n;. (w; T,p) —* T and by

corollary 3.2.17 Vj € n3k € n;3pjk. p 2ok, pik- By lemma 3.3.8 wj, € wAd(p) for j €
n,k € n;. Now 0(p) = 0(q) = (by propositions 1.3.5) A(p) C M(q) = 7 0(p) C 7 I(q),

so wj, € mA0(q) and using lemma 3.3.8 again Jgj. q el ¢;jk- Reversing the arguments
from above we get (t,q) —* T. O

Lemma 3.3.10 For all p € PL and w € W we have p — ¢ implies w € \(q).

For the proof of the lemma we shall temporarily assume to work with semiwords and not
just tree-semiwords.

Proof Actually we prove the stronger result:

(3.2) for all p € CL and w € W.p = ¢ = 0(p)w = 0(q)

from which the lemma follows since p € PL = 0(p) = € and w = 0(¢),w € W =
w € A(q). Notice that though 6(p) € T'SW we do not necessarily have §(p)w € TSW.
However this does not change the truth of (3.2).

To prove (3.2) we first prove:
(3.3) for all p € CL,a € Act. p —* q¢ = 0(p)a = 0(q)

by induction on the structure of p considered as a member of PL.
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p € PL: Then (p) = ¢, so we shall prove a < 6(g). This again will be proved by induction
on the structure of p.

p = NIL: Looking at definition 3.2.2 we see p 7L> for all b, so we are done for this
case.

p=0b.p": Recalling p € PL when inspecting definition 3.2.2 we see that only 1)
can could have been used to obtain p %+ ¢ and b = a, so ¢ = a.p’. Since
p=ayp € PL=p € PL we have 0(q) = 0(a.p') = a.c = a.
p = p1 + po: Only 4) could have been used. W.l.o.g. assume p; — ¢. By hypothesis
of induction a < (q).
p =1 || p2: Here only 5) can come under discussion. W.l.o.g. assume p; —— p,
q = pi || p2- By hypothesis of induction a = O(p}). Since p, € PL we have
a = 0(py) = 0(p}) I e = 0(p}) || O(p2) = O(py || p2) = O(q). This concludes the
inductive step in the proof of #(p)a < (q) for p € PL.
=by': Inspecting definition 3.2.2 we see p by - g, a € Act implies p —— ¢/,
where ¢ = b.¢’. By induction 8(p')a = 0(¢'). By congruence of < we then have
O(p)a=0(b.p')a=0.0(p)a < b0(¢) =0(bq) = 0(q).
p=p1 || p2: Only 5) could have been used. W.l.o.g. assume p; —— p)|, ¢ = p} || pe.
Then by hypothesis 6(p1)a < 0(p}). Since L(p;) N L(p2) = () and we in general for
r € CL have: L(A(r)) C L(r) and r = +/ = b € L(r), L(+") C L(r) it follows
that 0(p;)a and 0(p,) are disjoint so as 8(p}) and 6(py). Therefore (A(py) || O(p2))a,
0(p}) || O(p2) and O(p1)a || O(ps) are well-defined and members of TSW. So we can

use propositiony 1.3.29 to get (6(p1) ||0(p2))a = 0(p1)a||6(p2). From the congruence

of < and O(p1)a < 0(p}) we get O(p1)a || O(p2) = O(ph) || (p2). By transitivity of
<. (@) || O(p2)a < 6(3}) | Blpa). So B(p)a = B(py | o) = (B(pn) | Blpe)a =
O(p}) || 0(p2) = O(p) || p2) = 0(q) thereby finishing the inductive step in the proof of
(3.3).

Having established (3.3) it is easy to prove (3.2) by induction on the length of w.
w = ¢&: Then q = p. Clearly 0(p)w = 0(q)e < 0(q).

w = a.w' for some a € Act w' € W: Then p - p/ N q for some p’ € C'L. By hypothe-

sis of induction p’ - ¢ = 0(p')w’ < 6(q). From (3.3) we have p —— p' = O(p)a <
9(p'). Hence O(p)a.w’ < O(p')w’ and by transitivity 0(p)w = 0(q)

O

Lemma 3.3.11 For x =a (x=r1) and 0, = T (o, = L) and all p,q € PL we have:

x) VAVp' € D(A,p)3q € D(A, q)Vt. (t,p) —=* 0. = (t,¢') =% 0.

Proof

« = a: if: Let a multiset A over Act and a p’ € D(A,p) be given. We shall find a
¢ € D(A,q) such that

(3.4) Vi (6,p) =" T = (t,¢) =*T

30



By definition p’ € D(A, p) implies 3w € W.p 5 ', A, = A and then from the definition
of © we have 8(p') € O(p). The assumed premise is O(p) <, O(q), so Is, € O(q). Q(p’) =
sq- Again by definition of © we know that there exists w’ € W and a ¢ such that ¢ — ¢/,
0(q') = sq- By lemma 3.3.9 6(p/) < (¢') implies (3.4) and Ay, = Ag). So if we can
prove q¢ € D(A,q) we have proved this implication. From lemma 3.3. 10 We see w' € W,

q v, q¢' implies w’ € M\J(q'). Hence A, = = Ag) = Agpy = A. All in all we have w’ € W,
Ay = Aand g —>q, so ¢ € D(A,q).

only if: Let s, € O(p) be given. By definition of <, we shall find an s, € ©(q) such
that s, < s,. s, € O(p) means Jw € WIp'.p = p/, (p') = s,. By definition of =
we have A = A, for the multiset A over Act defined by |A|, = ¥(w,a) for all a € Act.
So p/ € D(A,p). Assuming the premise of the implication to be true there exists a
qd € D(A,q) such that (3.4) holds. ¢’ € D(A,q) implies Juw' € W. ¢ -, q, Ay = A, so
for all a € Act. ¢(w', a) = |Al,, wherefore for all a € Act. ¥(w', a) = ¥(w, a) and thereby
Ay = Ay. By lemma 3.3.10 we see w' € M(q') and w € M(p'), so Agyy = Aw = Ay =
Ag(yy- This and (3.4) together with lemma 3.3.9 gives 0(p') = 0(¢'). Defining s, := 0(q')
this reads s, = é(pJ) =< 0(¢) = s, Now s, € ©(q) since ¢ BN ¢, w' € W by definition of
© implies 6(¢’) € O(q).

* = 1: The proof is similar as for the case * = a, with the difference that another version
of lemma 3.3.9 is used:

0(q) < 0(p) iff Agq) = Ag(py and

(3.5) Vt. (t,p) =" L= (t,q) =" L

To see this from lemma 3.3.9 notice that by proposition 3.2.12 we in general have
() =" T) 4fF () =" L

wherefore (3.5) is equivalent to Vt. (t,q) —=* T = (t,p) —=* T. O

Proof of Semantic Chamctem’zation_Theorem_
Since for * = a and * = r we have O(p) <. O(q) iff p <. ¢ we get the theorem from
lemma 3.3.5, lemma 3.3.6 and lemma 3.3.11 in the cases * = a and * =r.

Finally: pCqiff pC,qand pC, q iff p <a g and p <, q iff p < q. O

We have already seen the close connection between the operators of A, and A, for x in
{4, v, x} and soon we shall investigate how the interpretations of PL in A, are related to
the interpretation of PL in A, which we now define in exactly the same way as we did in
definition 3.1.13 for the A, algebras.

Definition 3.3.12 [ ], : PL — C; is recursively defined as follows:

[NIL], = NIL,
[a.pl» = a.x[p]~

[p + d)x = [p]x += [d]~

[» || 4~ = [p]~ ||7r [a]~

™
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O

Recalling definition 3.1.8 where the interpretations in the Y-po algebra A, of the operator

symbols where defined, we see that definition 3.3.12 can be read as:

[NIL], = {¢}

la.p]~ = a.[p]- U {e}
[p + qlx = [P~ U [q]~
[P 1l ¢l= = [pl~ | lg]~

Lemma 3.3.13 For all p € PL : O(p) = [p]«

Proof Induction on the structure of p.

p= NIL: Since NIL + we have O(NIL) = {§(NIL)} = {e} = [NIL],.

p=ap: O(p)=06(ap)={0(q) | 3we W ap == q} ={0(g) | Iwe Ww#e,ap -

q} U{6(p)} = (since p € PL)

(3.6) {0(g) | Fw e Wow #e,ap’ = g} U{e}

Inspecting definition 3.2.2 we see a.p/ —— ¢, w # ¢ iff w = aw', p’ N ¢ and
q = a.q' for some w' € W. So (3.6) = {f(a.¢') | Iw' € W.p/ SN ¢} U{e} = (by
definition of 0) a.{0(¢") | Jw' € W. p SR dru{e} =

(3.7) a.9(p) U {e}

By hypothesis of induction ©(p') = [p], so (3.7) equals [a.p'],.

p=p1+ po: (:)(p) = (:)(pl +po) =

(3.8) {0(q) | 3w e W.p1 +ps — ¢}

Again from definition 3.2.2 we see p; —I—pgiL q iff either p; —— q or py — ¢, SO
(3.8) equals {0(q) | Jw € W.p; — q}U{0(q) | Fw € W. py — ¢}. The result then
follows directly from the hypothesis.

p=p1lp2: Op) =O(p1 | p2) =

(3.9) {0(q) | 3w € W.ps || p2 — q}
The next to see is that (3.9) equals
(3.10) {0(a1 | @2) | Fwr,wa € W3qr,q2 € OL.p1 = qu,p2 — g2}

C: Follows directly from lemma 3.3.7.

D: Let s in (3.10) be given. Then there exists w; € W,q; € CL. p; — ¢; for
i € 2. Since p || p2 is well-defined we have L(p;) N L(ps) = 0. By corollary 3.2.3
then ¢ || ¢2 and w; || we are well-defined too, so we can define q := ¢; || go. From
propositiony 1.3.5.b) we know A(w; ||ws) # 0, so there exists a w € W.w < wy || wa.
Then we can use lemma 3.3.7 to get p; || po — q. Hence s = 0(q, || ¢2) = 0(q ) in
(3.9). Clearly (3.10) equals {6(q:) | Jwy € W.p1 — q1} | {0(q2) | Fwa € W. py =
@} = O(p1) || ©(ps) from which the result follows directly from the hypothesis of
induction.
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Lemma 3.3.14 For all S C SW (hence also for S C T'SW) we have

05<,5<,08
vS<,. S<,vS
XS < S < xS

Proof 65 <, S and vS <, S follows directly from the definition of 6 and v. S <, 65,
S <, vS and S < xS follows from the reflexivity of < and S C 65, vS, x.S.

xS < S: We shall prove xS <, S and xS <, S. But this is evident since by definition
s € xS implies t < s < t' for some t,t' € S. O

Combining the last two lemmas we immediately have:

Corollary 3.3.15 For all p,q € PL:

p <a q iff 0[p]r <a d[dl~
p < q iff v[plr <: v[d]-
p < q iff x[pl= < xl4q]~

Lemma 3.3.16 For  in {0,v, x} and all p € PL:
*) [pls = *[p]=

Proof If we for xS € C, have:
(3.11) *x0py (%S) = *op(S)

then x) is easely proved by induction on the structure of p as indicated here: [op(p)],. =

op«([p]+) = (by proposition 3.1.9) xop,([p].) = (hypothesis of induction) xop,(*[p],) =
(by (3.11)) *opx([p]=) = *[op(P)] -

In proving (3.11) we use the properties of (sets of) tree semiwords, the fact that § and v
distributes over U and the closure properties of *:

(3.12) *HS = %5

for arbitrary sets of semiwords S.
The proof of (3.11):

opr = NIL,: Trivial.

OPrx = Gyt *G..xS = x(a.xS U {e}), which by the U-distributivity of §,v and for x = x:
Propositiony 1.3.24.a) equals xa.xS U x{e}. By corollaryr 1.3.19.b) in the case of
* = v and (3.12), corollaryy 1.3.16.a), corollaryr 1.3.25 in the other cases we see
that this quantity is the same as xa.S U x{e}. With the same arguments as above
this equals x(a.S U {e}) = xa..S.
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Opr = +n: *(*S +,*T) = x(xSUKT) = (by (3.12), U-distributivity of 4, v and in the case
*x = x: corollaryr 1.3.23.¢)) x(SUT) = (S +.T).

0pr = |lr: *(xS ||z *T") = x(xS || #T"). Using corollaryy 1.3.16.b) when x = 4, (3.12) and
propositiony 1.3.18.d) in the case x = v and finally for x = y: corollaryr 1.3.23.b),
we see (xS || *T) =x(S || T) = *(S ||x T).

O

Lemma 3.3.17

§) VS, T € C5. 8 <, T iff S<s5T
V) VS, TeC,y. S <, Tiff S, T
X) VS TeC.S<TiffSa, T

Proof Recall at first corollary 3.1.4 that for x in {5, v, x}: %) VT € C,.. x(T) =T.

9) if: Assume S <5 T or equivalently S C T. We shall show Vs € S3t € T. s < t. Let
s € S be given. Since S C T and = is reflexive we can chose t = s.
only if: Assume S <, T. We shall show S C T. Let a s € S be given. By
assumption there exists a t € T such that s < t. Since d7T =T we have s € T too.

v) Similar.

x) if: Assume S <, T. We shall prove S <, T and S <, T'. This follows as for ¢) and
V).
only if: Assume S < T. We shall prove S C T. Let s € S. From S <, T we see

' eT.s Xt and from S <, T: It € T.t < s. Hence It, ¢’ € T.t < s <t and
thereby s € xT'. Since for xT' = T the result follows.

From the last two lemmas and corollary 3.3.15 it follows:
Corollary 3.3.18 For all p,q € PL:

6) p<<aq iff [p]s Ls lals
v) p<e q iff [plo Lo [alo

x) p < qiff [ply Dy lalx

We are now in a position to prove the operational characterization theorem on page 75.
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Proof (of Operational Characterization Theorem)

From the Semantic Characterisation Theorem and corollary 3.3.18 it follows that e.g., &,
and < agrees on PL. By corollary 3.1.11 the different operators of ¥5 are (relative) <4-
monotone, so from the compositional definition of [ ]s we deduce that < is a (relative)
precongruence. Because of the agreement between T, and < this must be the case for
£, too. Similar for the other preorders. O

Before ending the section we shall prove that the denotational maps can denote any
element of the relevant domain—a fact which will be used in the next chapter.

Proposition 3.3.19 [ ], : PL — C, is surjective for  in {J, v, x}.

Proof Givena S € C,. Weshall find ap € PL with [p], = S. S € C, implies that there
exists a T' € Pp(T'SW) \ 0 such that x1T = S. Because by lemma 3.3.16 [p], = x[p]. we
see that it is enough to find a p such that [p], = 7T since then [p], = *[p]. = 7T = S.
Now 7 is U-distributive, so 71" = Uern(t). Hence we are done if we for every ¢t € T
can find a p, € PL such that [p;], = 7(t), because then we can chose p to be Xcrp;
(T is finite) and get [p], = (by definition of +, and propositiony 1.3.35.¢)) User[pi]» =
Utern(t) = 7T

We will now find such a p; for a given ¢ by induction on the size of ¢.
Basis: Clearly t = ¢. Let p; = NIL. Then [p], = NIL, = {¢} = n(e) = n(t).

Inductive step: Then ~(t) # {e} and t = ¢ || (||y(¢) \ {e}) = ||7(¢) \ {e}. By corollaryr
1.1.8.f) ¢ € RTSW for every t' € v(t) \ {€}.
If v(¢) \ {e} only consists of one rooted tree semiword, t', propositiony 2.2.15.a)
gives us 3t” € TSW.t' = a.t”. By hypothesis of induction we can find a p” € PL
such that [p”], = 7(t"). Let p = a.p”. Then [p]. = a[p"]r = an(t") U {e} = (by
corollaryr 1.3.36) m(a.t") =n(t') = n(||v(t) \ {e}) = 7 (?).
If v(t) \ {€} consists of more than one rooted tree-semiword we clearly can write ¢ as
t1 || ta, where ¢, to are nonempty tree-semiwords of size less than ¢. By hypothesis
we find p; € PL. [pi]. = t; for i € 2. Let p = py || p2. Then [p]x = [p1]x ||x [p2]= =
7(t1) || w(t2) = (by propositiony 1.3.35) w(ty || t2) = ().

|

Finally we will briefly compare the equivalences. Since T is defined as the intersection of
C, and T it is immediate from the full abstraction results of this section, that both [ ]s

~r

and [ ], is as abstract as [],. By the two process terms:
pr=abNIL+aNIL|bNIL and py=a.NIL|b.NIL

it follows that [ ]s is strictly more abstract than [], (identified by []s but not by [],).
That [ ], also is strictly more abstract than [ ], is seen from p; and

p3 =a.b.NIL

The same examples can be used to see that in general []s is not as abstract as [ ], and
vice versa; p; and py are identified by []s but not by [ ], and conversely with p; and ps.
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Chapter 4

Algebraic Characterization

The purpose of this chapter is to introduce two proof systems which on a purely syntactical
level enables us to reason about how processes of PL can be interrelated via the different
operational precongruences. The idea will be that if a certain relation between two process
terms can be shown in the proof system then they will be related via the corresponding
test preorder in the same way.

As for the previous chapter most of the concepts are as described in [Hen85a] and we shall
also use some of the results.

Given a set of variables, X, and an arbitrary ¥-po algebra, A = (Cy4, <4,%4), an A-
assignment is a mapping p4 : X — C4, and from the proof of the freeness theorem we
know a structural defined unique extension of p4 to the term algebra for X(X). If BL is
extended to the term algebra for the signature with variables, the corresponding extensions
of the different A,-assignments would not always be well-defined. Some modifications are
therefore necessary.

For a set of variables, X, BL is extended to include terms with variables from X simply
by extending the signature ¥ to 3(X) by augmenting ¥y with X. The so obtained term
algebra is denoted BL(X'). We shall assume that each variable, x € X, has an associated
sort/ label set, L, and furthermore that there is an infinite number variables for every
possible sort (finite subset of Act). Extending the map L from BL to BL(X) by letting
L(z) = L, for every x € X we can similarly as PL was extracted from BL define PL(X)—
the open process terms—to be those terms of BL(X) where every subterm of form ¢ || ¢/
satisfies L(t) N L(t') = (. To emphasize the possibility of variables we shall often use
t, ', ... to denote terms from PL(X).

An A,-assignment, p4,, is now defined to be a mapping X — C such that for all x € X
we have:

pa,(x) = § = L(x) = L(S)

If p4, is extended to PL(X) in the same way as in the freeness theorem, p,, is in this way
ensured to be well-defined (and unique). Notice that [p], = pa, (p) for all A,-assignments,
PA, if pe PL.

The same goes for syntactic substitutions, i.e., PL(X)-assignments. That is p : X —
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PL(X) is a PL(X)-assignment if for every x € X:

pla) =t = L(z) = L(t)

The extension of a PL(X)-assignment to syntactic substitution will be written postfix.

4.1 Proof Systems

In this section we are going to formulate two proof systems DEDs and DED, respec-
tively. These proof systems DFEDs and DED, will contain the (usual) inference rules
for (relative) precongruence, instantiation, transitivity, reflexivity as well as the inference
rule for basic inequations:

Reflexivity:
t<t
t S t/, t/ S t//
Transitivity: _
t S t//
t<t t <t ty <t
Substitutivity: ———
at<at to+ s <t + 1
t <ttty <t
provided L(t;) N L(ty) = 0 = L(ty) N L(t})
tllte <t ]| 2
t<t
Instantiation: ~———— for every PL(X)-assignment p
tp <t'p
Inequations: for every (m-) d-inequation t < ¢’

t<t

The é-inequations and w-inequations respectively are as displayed below:
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m-inequations:
Tl 2+ (y+z2)=@+y) +=

+2 r+y=y+zx
+3 r=x+ NIL
+4 r=x+zx

11 2| (yllz)=(ly) =
12 zlly=yll=
13 r=ux| NIL

~+  a(r+y)=azr+ay
I+ zlly+2)=zly+azl-z

+5 r<x+vy
d-inequations: m-inequations and

o alzly) <axly

So the inequations are just relations between terms of PL(X).

More generaly for a proof system DED(FE) of inequations as described by Hennessy
[Hen85al, where F is the set of basic inequations we have the following notions.

The inequations inference rule gives a statement ¢t < ¢’ for every t < t' in E. These
statements together with ¢t < ¢ obtained by the reflexivity inference rule (with no premise)
will be denoted the axioms.

A proof, P, is a sequence of statements

ty <t ty <y, b, <,
where each statement t; < t,i € n, is derived by applying the inference rules to statements
earlier in the sequence. Clearly each t; < t.,i € n has it’s own proof which is a part of P.
We denote it by P, <.

We will say that a proof has the simple instantiation property if instantiation only is
used on the axioms.

Later in section 4.3 we shall see that if P is a proof of t < ¢’ then there is another proof
P’ of r <t with this property.

Notice that DEDgs and DED,; just are special cases of DED(F) with E = é-inequations
and F = v-inequations respectively.

If the statement ¢ < t’ can be proved in DED, we shall write this as b, ¢ < ¢/. Similar
for the statements of DFE Dy. Since the m-inequations are contained in the -inequations
it follows that -, ¢t < ¢’ implies F5 ¢t < /. As mentioned in the beginning to the chapter
the proof systems can be used to deduce how processes can be operationally related. This
will be more accurately addressed in the next two sections.
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4.2 Soundness

In this section we shall see that all statements proved in DE D, will hold for the differ-
ent operational (relative) precongruences. More precisely DE D, is sound w.r.t. T, over
PL(X) in the sense:

Fot <t implies t &, t'

where C_ is extended from PL to PL(X) in the usual way by letting:
tC, ' iff tppr C, t'ppy, for all PL-assignments ppy,

Furthermore the larger proof system, DEDjs, will also be sound w.r.t. C,.

Theorem 4.2.1 (Soundness)
DEDg is sound w.r.t. T, over PL(X).

DED, is sound w.r.t. 5. over PL(X).

DED;, is sound w.r.t. C over PL(X).

Proof For an arbitrary P L-assignment, ppr, it is easy to see from the substitution
lemma (see [Hen85al) that the A,-assignment, pa,, given by pa, (z) = [ppr(x)], fulfills

(4.1) YVt € PL(X). pa.(t) = [tprrl.

Conversely it is, due to the surjectivity of [ ], as seen in proposition 3.3.19, also possible
for any given A,-assignment, p4,, to find a PL-assignment such that [ppr(z)]s = pa,-
From the substitution lemma, (4.1) then holds. Consequently for ¢, € PL(X) we have

[tppL]« C [t'ppL]« for all PL-assignments ppy,
if
pa, (t) C pa, (t') for all A,-assignments pa,

The theorem is then immediate from the following proposition and the full abstractness
results of the preceding chapter. The denotational preorders, <,, are extended to PL(X)
by:

t <t iff pa, (t) C pa,(t') for all A,-assignments py,

Proposition 4.2.2

0) DEDy is sound w.r.t. 5 over PL(X).

v) DED, is sound w.r.t. 4,, over PL(X).
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x) DED; is sound w.r.t. <, over PL(X).

Proof In the §)-case t It (for ¢, € PL(X)) means that pa,(t) s pa,(t’) for every
As-assignment py,. So to show DED;s sound w.r.t. 45 over PL(X) is the same as to show
Ft <t implies pa,(t) Is pa,(t') for every As-assignment pa,. To do this it is according
to Hennessy enough to show Aj satisfies the set of d-inequations. I.e., we shall show for
every t < t' in the d-inequations and every Ajs-assignment, py,, that pa,(t) s pa,(t’) or
equivalently by the definition of <4 that pa,(t) C pa,(t'). Since []s by proposition 3.3.19
is surjective and agrees with As on closed terms this follows from the substitution lemma
if for all PL-assignments, ppr, and all t < ¢’ in the d-inequations: [tppr]s C [tprL]s-

Similar considerations for the v) and y) case.
9): We look at the (in)equations one by one.
+1: We shall show that for all p,q,7 € PL. [p+ (¢+ )]s = [( q)+r]s.

This is seen as follows: [p+ (g+7)]s = [pls +sla+7]s = ... = [pls U ([¢ls U[r]s) =
(Ipls Uldls) U rls = ... =p+q) +7ls
42: Similar.

+3: We prove [p]s = [p+ NIL]s for a given p € PL. Now [p+ NIL]s = [p]sU[NIL]s =
[pls U {e}, so C is evident.
For all » € PL we have € € [r], and thereby also {¢} C d([r],). Hence by lemma

3.3.16
(4.2) {et S Irls
Using r = p in (4.2) we get 2 too.

+4: Evident.

||I1: The proof of this case is not as obvious as for +1. Let p,q,r € PL be given.
[pll(allr)]s = - = 6([pls 10([als [ Ir]s)) = (corollary 3.1.4) 6(5[pls || 6([als | [r]s)) =
(corollaryy 1.3.16) ([pls || ([als || [r]5)) = (corollaryr 1.2.11) 8(([sls Il lals) | [r]s) =

=[la) [lr]s

|2: By the commutativity of ||.

I3: [p | NILLs = ... =
(4.3) o([pls Il {e}) = dlpls

= (corollary 3.1.4)[p]s. Equation (4.3) follows from {e} being neutral to || on
P(TSW) which again is inherited from (corollaryr 1.2.11) € being neutral to ||

on TSW.
A+ Ja-(p+@ls = ... = a.([pls U lals) U {e} = a.[p]s Uaq]s U{e} = (a.[pls U {e}) U
(a [H]JU{&‘}) .= [ap+aq]s.

||+: Similar, but with the additional use of the U-distributivity of o.
+5: We shall show [p]s C [p + ¢]s which evidently is true since [p + q]s = [p]s U [¢]s-
d.]|: At first we show that in general for S,7° C T'SW we have

(4.4) a.8(S || T) C 8((a.SU{eY) || T)
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Clearly 0(a.S||T) C 6((a.SU{e})||T), so it is enough to show a.6(S||T) C §(a.S||T).
Let w € a.6(S || T). Then u = a.w’ where v € §(S || T) so there is exists some
s € S;t € T such that ' =< s | t. By congruence of <X, u = a.u/ < a.(s| t).
From propositiony 1.3.29 we have a.(s || t) = a.s || t wherefore u < a.s || t. Hence
uedaS|T).

Letting 5 = [pls, T = [q]s in (4.4) it reads a.6([p]s || [¢ls) < 0((a-[pls U{e}) [| []5)-
Now 5((G~[LP]]6U{€})II[[ Is) = 6(la-plslllgls) = la-pligls and a.0([pls | lqls) = a-[plils,
so we have a.[p || ¢]s C [a.p || ¢]s-

[a-

By (4.2) we have {¢} C | q]s too, so Ja.(p || Q)]s = a-[p || ¢ls U {e} C Ja.p || ¢]s-

.E’B

v): The arguments are almost as for the d-case just using the properties of v instead.

+1 — +4: As in the case §)
|1 —]|2: Similar to +1 and +2 because ||, does not have explicit v-closure.
|3: Follows with the same arguments as in ¢).

.+: This case is a little different from the §)-case because we have explicit v-closure in
the definition of a.,, but it is just as easy though.

[a.(p4+q)]o = ... = va.([p],V]q].)U{e} = v(a.[p],Va.[¢],)U{e} = (U-distributivity
of v) va.[p], Uva.[q], U{e} = (va.[p], U{e}) U (va.[q], U{e}) = ... = [a.p+a.q,.

|+: As the .+-case.
+5: Similar to the §-case.

X): Here we deduce:

+1: Suppose p,q,r € PL. Then [p+ (¢ + )], = x([p]y Y X([q]] U [r]y)) = (corollaryr
1.3.23) x(Iplx Vlal VI = xO(pl V) W Il = - = [l +a) + 7]y

+2: Direct from definition of [, and commutativity of U.
+3: Similar arguments as for +3 of §) but without x.
+4: Evident.

|1 —||3: Similar to the corresponding cases of §) but corollaryr 1.3.16 is used in stead of
corollaryp 1.3.23.

A+ Ja(p+ Ol = - = ax([ply Y lglx) U {e} = (propositiony 1.3.24.a)) x(a.[p], U
algly U{e}) = x(laply Uladly) = lap + a.qg].
+5: From a) of propositiony 1.3.22 follows [p], C x([ply) so evidently [p], € x([p], YU
laly) = [p + 4] for any p,q € PL.
O

4.3 Completeness

We shall now see that DED; is powerful enough to derive any T, -relationship between
two process.
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Theorem 4.3.1 (Completeness)
DEDs is complete w.r.t. £, over PL. lLe.,

Vp,q € PL.p 5, g implies 5 p <gq

Proof Follows from [ ]s being fully abstract w.r.t. C, and the proposition below. O

From the 7m-inequations it appears that in DE D, statements concerning prefix (-closures)
as well as more ordinary algebraic properties such as commutativity and associativity can
be proved. With the extra inequation, ¢.|| it becomes possible to deal with §-closures.
Looking at the inequation .|| it is then tempting to replace it with

vl ax |y <a(zly)

in order to obtain a complete proof system, DED,,, for T . However this inequation would
not be sound as can be seen by considering the instantiation of v.||:

ab.NIL| ¢.NIL < a.(b.NIL|| c.NIL)

Then we would have a.b.NIL || ¢.NIL may reject ({c},a.T), but a.(b.NIL || ¢.NIL) may
reject ({c},a.T). This can just as easy be seen denotationally: ¢ € [a.b.NIL || ¢.NIL],,
but ¢ & [a.(b.NIL || c.NIL)],.

We could obtain a more powerful proof system for T than DED, by adding the sound
inequations:

ax|y<al(zr|y) +aNIL|vy
az|y<a(z|y)+y

Still we would not be able to prove e.g., a.b.NIL | ¢.NIL < a.b.c. NIL+a.NIL| c¢.NIL.
Of course still more inequations could be added, but we have not been able to find a
complete set, wherefore we stick to DFE D, which is sound for all three preorders.

Proposition 4.3.2 DFE Dy is complete w.r.t. J5 over PL.

The proof can of course not be done so directly as the soundness proof and some auxiliary
propositions are needed. To motivate these and the necessary extra definitions below we
will at first outline the proof—the full proof is on page 108.

Proof (sketch)
The main idea for proving
(4.5) pdsq= Fsp<gq

is to reduce p (via k) to a sum, p’, of composition forms (terms without +) with the
property that there is exactly éne summand for each tree semiword in the denotation of p
in the M model. If the same is done for ¢ thereby obtaining ¢’ then the premise of (4.5)
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and definition of < ensures that ¢’ can be proved equal to a term of the form p’ + ¢”
and so the consequence of (4.5) follows by applying +5. The sum of composition forms
with the desired property is obtained through more stages. At first a sum of composition
forms is obtained essentially using the axioms for distributivity, .+ and |[[+. Then all
prefixes of the composition forms are added by use of +3 whereupon the composition
forms corresponding to the downwards closure of the sum are included via ¢.||. Finally
all duplicates (up to commutativity and associativity of ||) of the composition forms are
removed by means of +4 (idempotent) in order to get the 6ne to 6ne correspondence with
the denotation. O

Definition 4.3.3
Let p be a process from our process language (p € PL). At first we define two fundamental
sublanguages of PL.

p is a composition form (p € cf) is inductively defined by:

NIL € cf
apecf ifpect
pllgect ifpqgecf

p is a sumnormal form (p € snf) is defined by:

cf C snf
p+q€snf if p g€ snf

We can now define the set of summands, S(p), of a sumnormal form p.

Let S : snf — P(cf) be defined by:

p— {p} if p € cf
p1 + p2 = S(p1) U S(p2)

p is a minimal sumnormal form (p € msnf) is defined by:

cf C msnf
p1+po € msnf  if py, py € msnf and S(py) NS(ps) =0

We denote the set of syntactic “deterministic” prefizes of a term p by P(p). Formally:
P: PL — P(cf) is defined by:

NIL — {NIL}
a.p+— a.P(p) U{NIL}
p1+p2 = P(p1) UP(py)
1l p2 = P(p1) || P(p2)

We define p is a prefiz form (p € pf) by
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p € pf
iff
p € snf and if this is the case P(p) = S(p).

Notice

i) Vp € snf.S(p) # 0.

ii) p € msnf = p € snf.

i)
i)
iii) (p € snf, (p=a.p’ or p=p1 | p2)) = p, 0, p1,p2 € f.
iv) a

P(p) in the definition of P shall be considered as the natural extension of the
operator symbol a. to cover sets as well. Le., a.P(p) = {a.q | ¢ € P(p)}.

|

Whereas the functions in the last definition mapped to sets of terms they will map to
tree-semiwords and sets of these in the following.

Definition 4.3.4
We define 0 : cf — T'SW by:

NIL — ¢
a.p — a.f(p)
p1ll p2 = 0(p1) || O(p2)

and © : snf — P(T'SW) by:

O(p) :={0(q) | ¢ € S(p)} = 6S(p),

where 6 is extended in the natural way to sets. O

Notice that the ambiguity arising in using a. both for terms and for semiwords is solved
in the definition of # when fixing 6’s domain and codomain.

We introduce some notational convenience. We will say that two terms p,q are sum
congruent written - p =, ¢ if we can show - p = ¢ by +1, +2 and the other inference
rules. Similar - p =, ¢ means that - p = ¢ can be shown using ||1 and ||2 and we say that
p and q are composition congruent. Often we will omit - and just write p = ¢ instead of
F p = q. This has as consequence that we also write e.g., = p =5 ¢ as p =, ¢. To avoid
confusion we use = for syntactic equality between terms instead of =. Furthermore p =; ¢
(7 for idempotent) means only +4 together with the other inference rules are used in the
proof of p = q and p =, ¢ (n for neutrality w.r.t. ||) that only ||3 is used. We will also use
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combinations of these as e.g., p = q.
Finally for A, B € P(cf) we let A C,,. B denote Vp € Adg € B. Fp =,.q.

Most of the following proofs will be induction on the structure of some closed term p con-
sidered as a member of PL or as being a composition-, sumnormal- or minimal sumnormal
form. We will then often just list the different cases to consider—of course starting with
the basic cases.

But we will have some proofs which are by induction on the proof of some statement
p < g—actually on the length of the proof. To this end the following general lemma is
useful.

Lemma 4.3.5 Let DED(F) be a proof system of inequations F. Furthermore let P be
a proof of t < ¢/. Then there exists a proof P’ of t < ¢’ with the simple instantiation

property.

Proof We will use induction on the length, |P|, of the proof P of t <.

|P| = 1: Then ¢t <t is an inequation of E or t = t' and we cannot have used instantiation,
so we can let P’ := P.

|P| > 1: Assume |P| = n and the proof P is

tlgtllat2§t/277tn§t;

/

Now look at the last inference rule used to obtain ¢, < .

whether ¢, <t/ is obtained by instantiation or not.

Two cases depending on

No instantiation used:

Assume t,, < t;, is obtained from ¢;, <t ,...,t;, < t;k, 1y € n — 1, 1 € k by some inference
rule. Since |F;, <y | < |P| = n for | € k we can use the hypothesis of induction to find
<t

proofs P} _, of t; <t with the simple instantiation property. Let
iy =ty
P, ::Pt, <t 7...,Pt/_ <t ,tngt;.b
i1 Sty i Sty
where the last statement is obtained by the inference rule. Clearly P’ is a proof of t,, < ¢,
with the desired property.

Instantiation used:

Here we have two subcases.
t, <t is an instantiation of an axiom.

Assume this axiom is ¢; < t;-, j€n—1. We see that
Pli=t; <t t, <t
is a proof of ¢,, <t/ with the simple instantiation property.

t, <t is an instantiation, but not of an axiom.

Assume it is a p-instantiation of t; <%, j € n—1,1ie., t, =t;jp, t;, = t)p. Since t; < 1]
is not an axiom some inference rule must have been used to derive ¢; < t;. We look at
the different possibilities.
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transitivity: Assume ¢; < ¢} is obtained from ¢, < ¢} and ¢; < t; where t; = #, t; = ',
» =t and k,l € 3 — 1. Then F<u tip < t.p and Ptgg,:;,tfp < tip, where the last
statement is obtained by a p-instantiation, are proofs of t;p < t}p and tjp < t}p.
Now k,l < j < n implies k+ 1,1+ 1 < n so the length of these proofs are less than

n wherefore we can use the hypothesis to get proofs t’j p<tl p and t/z o<t With the
- —J

property. Then since ¢, = ¢; implies t;p = t;p
Pi= thPSt;p’Pt,szt}p’tjp < t;-,o

is a proof of ¢,, < ¢/ with the property.

substitutivity (congruence): Suppose t; = f(ti,,...,t,),t; = f(ti,, ..., t;, ) for some f in
¥ of rank k and that ¢; < t; is obtained from t;, <t ,...,t; < t;k. Similar as in

the case of transitivity we by substitutivity find a proof
P = t/ilpgtélﬂ’ .. .’]Dékpgt;kp’f(thp, oo tip) < (et )

of f(tip, ... tip) < f(ti,p, ... t; p) with the simple instantiation property. Now
since substitution p is a homomorphism we see f(t;,p,...,ti,p) = (f(tiy, ... ti,))p =

tjp = t, and similar f(t] p,...,t; p) =t,,. So P'is actually a proof of ¢, <1],.

i
Instantiation: Assume t; < ¢’ is obtained by p’-instantiation of t, < #;, k € j — 1. Le,,
ti =ty and t; = typ.
We have a proof P, <t for t, < t). The length of the proof

Py<t trpop <typop

(where the last statement is a p o p/-instantiation of ¢, < t}) is less than or equal to
k+1. Since k 4+ 1 < j < n we can use the hypothesis to find a proof Pt’kpop,gt;pop/
with the simple instantiation property. By the Substitution lemma (of Hennessy
[Hen85a]) typ o p' = (txp')p = tjp = t, and similar tjpo p' =t,. So

P =P

typop’ <t} pop’
is a proof of t,, < ¢/, with the desired property.
O

The advantage of this lemma is that when proving some property on the basis of the
length of a proof of a statement p < q where p,q € PL we can assume that the proof has
the simple instantiation property. Since p and ¢ are closed terms the instantiation must
be closed too. This means that we can leave out instantiation in our considerations if we
instead consider closed instantiations of the axioms when dealing with these.

The first lemma shows that an action prefix of a sumnormal form within the proof system
can be distributed over the summands thereby obtaining a sumnormal form.

Lemma 4.3.6 p' € snf = Jp € snf. Fp=a.p/,S(p) = a.S(p)

Proof Induction on the structure of p considered as a sumnormal form.
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p' € cf: Let p = a.p’. Reflexivity gives F p = a.p’ = a.p’. We also have p’ € cf = p =
a.p’ € cf and thereby p € snf. So since S(p’) = {p'} we have S(p) = {p} ={a.p'} =
a{p'} =aS(p).

p = p| + b, Py, vy € snf: By hypothesis of induction Jp; € snf. + p; = a.pl,S(p;) =
a.S(p;) for i € 2. Let p = p; + pa. We have:

Fp=p1+p2=ap)+ap, by congruence
= a.(py + ph) by .+
=a.p
It only remains to show S(p) = a.S(p'). Notice p € snf because pi,ps € snf.
So S(p) = S(p1 + p2) = S(p1) U S(p2) = a.S(py) U a.S(py) = a.(S(py) U S(ph)) =
a.5(py + ph) = a.S(p").
O

In the next lemma a composition form parallel composed with a sumnormal form is
distributed in over the summands.

Lemma 4.3.7 p; € cf,ps € snf = Ip € snf. - p=p; || p2, S(p) = {p1} || S(p2)-

Proof The proof is here by induction on the structure of po

po € cf: Let p = py || po. We have = p = py || p2 = p1 || po-
p1,p2 € cf = p1||ps € cf C snf and thereby also p € cf. As p, py € cf we have S(p) =

{p} and S(p2) = {p2}. Then S(p) = {p} = {p1 [ p2} = {p1} I {p2} = {1} I S(p2).
P2 = q1 + @2, q1, q2 € snf: By hypothesis of induction:
Ip; € snf. Fpj = p1 |l ¢, S(pi) = {p1} || S(g) for i € 2.
Let p = py +py. We have: Ep=p| +p)=p1 |1 +p1| ¢ by congruence
=p1 || (@1 + ) by ||+

=pi | po
Notice p € snf, because p), p}, € snf, so S is defined on p. Then S(p) = S(p})US(ph) =

({pi} [15(@) U ({p1} [ S(g2)) = {pr} 1| (S(ar) U'S(g2)) = {pr} [ S(p2).

O

The last lemma easely generalize to sumnormal forms.
Lemma 4.3.8 py,py € snf = dp € snf. = p =p; || p2,S(p) = S(p1) || S(p2).

Proof

p1 € cf: Use the last lemma to find p. From p; € cf it follows S(p1) = {p1}, so S(p) =
{p1} 1 S(p2) = S(p1) | S(p2)-

P1=q1+ G2, q1,q2 € snf: We can use the hypothesis of induction on ¢y, g2 to get ¢}, ¢ €
snf such that - ¢/ = ¢; || p2 and S(¢}) = S(g;) || S(p2) for i € 2. Let p = ¢} + ¢5. Then:
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¢ ||p2+¢q||p2 by congruence
D2 |l +p2 | g
= p2 || (@1 + g2) by ||+
= p2|lp1=cp1l P2
Furthermore S(p) = S(q;)US(q2) = (S(q1) [|S(p2)) U (S(g2) | S(p2)) = (S(q1)US(g2)) |
S(p2) = S(p1) || S(p2).

Fp=qi+¢

O
We are now in a position to show that any term can be reduced to as sumnormal form.
Proposition 4.3.9 p€ PL=dg € snf. Fp=gq.

Proof We use induction on the structure of p considered as a member of PL.

p= NIL: NIL € snf by definition so chose ¢ = NIL and we have the result by reflexivity.

p = a.p’: By hypothesis of induction 3¢’ € snf. F p’ = ¢/. By congruence - p = a.p’ = a.q'.
From lemma 4.3.6 we find a ¢ € snf such that - ¢ = a.¢’ and the result follows by
transitivity.

p =p1+ po: Jq; € snf. - q; = p; for © € 2 by hypothesis of induction. Let ¢ = ¢; +¢2. By
congruence then Fp=p1 +po=q¢1 + g2 = q.

p = p1 || p2: From the hypothesis we get dg; € snf. + ¢; = p; for i € 2. By congruence
Faqi ]| g2 = p1 || p2 = p- The result then follows from lemma 4.3.8.

O

The next lemma merely states that no extra terms are gained by applying P more than
once.

Lemma 4.3.10 For p € PL we have PP(p) = P(p).

If D is a set of terms, PD, is as usual to understand as the natural extension of P (defined
on single terms) to sets of terms. We will write P(p) for a single term and e.g., P{p} when
considering sets of terms.

Proof By induction on the structure of p € PL.
p=NIL: P(p) = P(NIL) = {NIL} = P{NIL} = PP(p).
p = a.p’: Here we have:
P(p) =P(a.p)) = {NIL} Ua.P(p')
={NIL}Ua.PP(p) (by hypothesis of induction)
= {N[L} U qup(p/) aP(q)
— {NIL}UU,cpyn(a.Pla) U {NIL})
= Uan.P(p’)U{NIL} P(q)

= quP(a.p’) P(Q)
= PP(a.p’) = PP(p).
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p=p1+pa: P(p) = P(p1 + p2) = P(p1) UP(p2) = (by hypothesis) PP(p;) U PP(p2) =
P(P(p1) UP(p2)) = PP(p1 + p2) = PP(p).

p = p1 || p2: We deduce:

P(p) = P(p1) || P(p2)
= PP(p1) || PP(p2) (by hypothesis)
= {P | P4 | (1. p5) € PP(p1) x PP(p2)}
= {p1 I p5 | (P}, P5) € U, )P (p1)xP(p2) P(q1) x P(g2)}
= U(g1,42)eP (1) xPo) 101 1 D5 | (P15 05) € P(q1) X P(g2)}
U((h q2)€P (p1)xP(p2) P((h) H P(QQ)
- U((h q2)€P (p1)xP(p2) P((ﬂ H q2)

= UgeP )P (p2) P(@)
= qup(mllm) P(q) = PP(p).

Lemma 4.3.11 p € snf = P(p) = PS(p).

Proof Induction on the structure of p considered as a sumnormal form.
p € cf: Then S(p) = {p} wherefore P(p) = P{p} = PS(p).

P = p1+ pe, p1,p2 € snf: We see P(p) = P(p1)UP(p2) = (by hypothesis) PS(p;)UPS(p2) =
P(S(p1) US(p2)) = PS(p1 + p2) = PS(p).

From the last to lemmas we get:
Lemma 4.3.12 If p € snf and there exists a ¢ € PL such that S(p) = P(q) then p € pf.

That is if p is a sumnormal form with summands equal to the prefixes of some other term
then the summands of p are already closed under prefix.

Proof p € snf so we only have to show S(p) = P(p). But this is easely seen:
S(p) =P(q) by assumption

= PP(¢) by lemma 4.3.10

= PS(p) by assumption again

=P(p) by lemma 4.3.11 and the fact that p € snf.

Lemma 4.3.13 p' € pf = dp € pf. Fp=a.p'.

Similar as the lemmas leading to proposition 4.3.9 we shall now see how different operators
can be distributed in over prefix forms to obtain new prefix forms.

Proof As p’ € pf implies p’ € snf we can use lemma 4.3.6 to find a ¢ € snf such that
Fq=a.p and
(4.6) S(q) = a.S(p)



Now let p =g+ NIL. By +3 we have - p= ¢+ NIL = g = a.p’. It just remains to show
p € pf. Notice that because ¢ € snf we have p = ¢+ NIL € snf. We show S(p) = P(a.p').
S(p) =S(q) US(NIL)

=a.S(p))U{NIL} by (4.6)

=a.P(p')U{NIL} because p’ € pf

= P(a.p)
Since p € snf we can deduce p € pf from S(p) = P(a.p’) and lemma 4.3.12. O

Lemma 4.3.14 py,p; € pf implies dp € pf. = p = p; || po.

Proof pi,p, € pf implies p1, ps € snf so we can use lemma 4.3.8 to find a p € snf such
that - p = p; || p2 and
(4.7) S(p) = S(p1) [ S(p2)

To get the result it remains to show p € pf. Since S(p) = (by (4.7)) S(p1) || S(p2) =
(because p1,ps € pf) P(p1) || P(p2) = P(p1 || p2) and p € snf we obtain p € pf by lemma
4.3.12. O

Lemma 4.3.15 p € cf implies dg € pf. Fp=g¢.

Proof Induction on the structure of p considered as a composition form.

p=NIL: Let ¢ = NIL. P(NIL) = {NIL} = S(NIL) and by reflexivity - p = NIL =
NIL=q.

p=a.p, p € cf: By hypothesis there exists a ¢ € pf. - p’ = ¢’. Using congruence we get
Fp=ap =aq. As ¢ € pf lemma 4.3.13 gives us a ¢ € pf such that - ¢ = a.¢'.
We see - p = q and ¢ € pf,

P =p1 || p2, p1,p2 € cf: There exists p),p, € pf such that - p; = p| and + py = p), by

hypothesis of induction. By congruence then - p = p; || p2 = p} || ph. As pl, ph € pf
lemma 4.3.14 gives us a ¢ € pf with - ¢ = p} || p, from which the result follows.

O

It now easely follows that any sumnormal form can be reduced to a prefix form.
Proposition 4.3.16 p € snf implies dq € pf. Fp=g¢.

Proof Induction on the structure of p considered as a sumnormal form.

p € cf: By the last lemma.

D = p1 + P2, p1,p2 € snf: By hypothesis and congruence we find ¢;,qo € pf such that
Fp=pi+pr=q+q Let g =q1+ ¢ q1,9 € pf = ¢1, ¢2 € snf wherefore ¢ € snf.
We just have to show S(¢) = P(q) in order to have ¢ € pf.
S(¢) = S(q1) US(gz)

(¢1) UP(g2) because ¢, ¢ € pf

(@1 + a2) = P(q).

U T
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O

With the next lemma it is possible (by commutativity and associativity) to bring any
summand of a sumnormal form, p, to the front of p.

Lemma 4.3.17 Let p € snf. Then ¢ € S(p) implies p=q or 3¢’ € snf. - p=,q+¢.

Proof
p € cf: In this case we have S(p) = {p} so ¢ € {p} implies p = q.

P = p1+ D2, p1,p2 € snf: Here we have S(p) = S(p1) US(p2) so g € S(p) gives us two cases
to consider.
q € S(p1): Using the hypothesis of induction we also have two possibilities to con-
sider here. p; = ¢o: Chose ¢’ = py. By reflexivity Fp =p; +p2 = ¢+ ¢.
J¢" € snf: Fp1 =, ¢+ ¢": Chose ¢ = ¢" + p,. We have:
Fp=p1+p2=s(g+4q")+p2 by p1 =5 q+q" and congruence
= q+ (¢" + p2) by +1
=q+q
q € snf follows from ¢” € snf and p, € snf.
q € S(p2): Similar but with additional use of +2.

O

Any two sumnormal forms which are equal up to idempotents, commutativity and asso-
ciativity have the same summands. Formally:

Lemma 4.3.18 Let p,q € snf. Then - p =; ¢ implies S(p) = S(q).

Proof For the purpose of this proof it is convenient to extend S defined on snf to S’
defined on PL. Let S’ : PL — P(cf) be defined by:

NIL — {}
a.p — a.S'(p)
p1+p2 = S'(p1) US (p2)
pil[p2 =S (p1) || S'(p2)

A number of subproofs are necessary, but they are all inductive and quite trivial so we
only give the principal line.

S’ well-defined i.e., S'(p) € cf for all p € PL is proved by induction on the structure of p.
That S’ coincide with S on snf is shown by first proving

(4.8) p € cf = S'(p) =S(p)
by induction on the structure of p considered as a member of cf and next

p € snf = S'(p) = S(p)
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also by structural induction, but this time with p considered as a sumnormal form, using
(4.8) in the basis.
Finally for p,q € PL:

Fp=uq=S(p)=95()

is shown by induction on the number of inferences used to prove p =,; ¢. Since S’ coincide
with S on snf the lemma then follows as a special case.

The reason that we need the extension is that if we tried to prove the lemma directly by
induction on the inferences we would get the following problem by transitivity:

If p,q € snf and p =, ¢ was proved using p =, r and r =, ¢ we cannot be sure that
r € snf and therefore could not use the hypothesis. O

By the definition of © we then have:
Corollary 4.3.19 If p, ¢ € snf then F p =,; ¢ implies O(p) = O(qg).
Lemma 4.3.20 p € msnf and - p =, ¢ implies ¢ € msnf.

Proof Shown by induction on the number of inferences used to infer p =, q. At first we
consider the axioms.

Reflexivity: Evident since then p = q.

+1:p = pi+ (p2+p3) = (P +p2) +p3 = g p € msnf implies py,pa,p3 € msnf,
S(p1) NS(p2+ p3) = S(p1) N (S(p2) US(p3)) =0 nd S(p2) NS(p3) = (. Clearly then
also S(p1 + p2) N S(ps) = 0 and S(p1) N'S(p2) = 0 so ¢ € msnf.

+2: Similar arguments using N commutative.

Inferences:

Transitivity: Assume - p =, ¢ is obtained from F p =, r and F r =, ¢. Using the
hypothesis of induction on - p =, r we have r € msnf so we can use the induction once
more to get ¢ € msnf.

Congruences:
a.: Assume p’ =, ¢ is used to show p = a.p’ =, a.¢’ = q. Now p = a.p’ € msnf implies
p € cf. Slnce p' =4 ¢’ it then follows that ¢’ € cf and thereby ¢ = a.¢’ € cf. Hence
q € msnf.

+: W.lo.g. assume p =, ¢ isused to infer p=p ' +r=,¢ +r=q. p=p' +1r € msnf
implies p’, 7 € msnf and S(p') N S(r) = (). By hypothesis of induction we then from
P =5 ¢ get ¢ € msnf. Then since msnf C snf: p’ =, ¢’ by lemma 4.3.18 implies
S(p') = S(¢'). Hence S(¢') N S(r) = () and we conclude ¢ € msnf.

||: Similar arguments as in the a.-case.

We now show that any sumnormal form can be minimalized.
Proposition 4.3.21 For p € snf there exists a ¢ € msnf such that - p =; q.

102



Proof At first we prove:
(4.9) G1,q2 € msnf = dg € msnf. - q1 + ¢ =4 q

by induction on the number n = [S(q1) N S(g2)|

n=0: Le., S(q1) NS(q2) = 0 and q1, g2 € msnf. Let ¢ = q; + ¢2. Clearly ¢ € msnf and by

reflexivity - ¢; + ¢1 = q.

n > 0: Chose a ¢’ € S(¢1) N S(g2). By lemma 4.3.17 we obtain for i € 2: ¢; = ¢ v 3¢} €

snf. ¢ =s ¢ + ¢, so there are four subcases to consider.

W= =@ Fa+e=q¢d+qd=iq. Asq = q € msnf we can chose ¢ = ¢'.

0=q, G Esnf. Fop=d+aq) Weget Fat+e=qd+ta=qd+{+ae) =
(¢ +q)+d,=iqd + g, =5 g2- Chose ¢ = g and the result follows since ¢ € msnf.

(Fqy € snf. F g1 =5 ¢ + ¢}), @2 = ¢ Symmetric.

Jg; €snf. g = ¢ +q fori €2 Wegetqi+q = (¢ +¢)+ (' +a)=s(q+¢)+
(1 + @) =id + (@ +6) = ([ +a)+ 6= a+a¢ According to lemma 4.3.20
we have ¢’ + ¢, € msnf because g2 € msnf and F q2 =s ¢ + 5. ¢ + ¢, € msnf gives
us S(¢') NS(g4) = 0. Hence |S(q1) NS(gh)| < n. ¢ + ¢, € msnf also gives ¢, € msnf
so we can use the hypothesis of induction on ¢y, ¢, to find a ¢ € msnf such that
F g1+ ¢4 =5 q. All together we then have F ¢ + ¢4 =4 ¢ thereby completing the
inductive step in proving (4.9).

With (4.9) we can now prove the proposition by induction on the structure of p considered
as a sumnormal form.

p € cf: We then also have p € msnf and can chose ¢ = p.

P = p1 + P2, p1,p2 € snf: Using the hypothesis of induction on pq, ps we can find ¢, ¢ €
msnf such that F p; =; ¢ and - ps =, ¢1. By congruence - p = p; + ps =si ¢1 + @2
and from (4.9) we find a ¢ € msnf. ¢ + ¢2 =5 ¢. The result then follows by
transitivity.

O

The next lemma establish the first connection to the denotations of terms.
Lemma 4.3.22 For p € PL we have [p], = 0P(p).

Proof Induction on the structure of p considered as a member of PL.
p=NIL: Wesee [p| =NIL, ={e} ={0(NIL)} =60{NIL} =0P(NIL).

p=a.p: [p]lr = a.[p']U{e} = (induction and the definition of #) a.0P(p’) U{O(NIL)
{a.0(q) | g € P(p/)}U{O(NIL)} = (definition of 0) {f(a.q) | ¢ € P(p/)}U{O(NIL)
Oa.P(p')UO{NIL} = 6(a.P(p) U{NIL}) = OP(a.p') = P(p).

p=p1+p2: [p]r = [p1]x U [p2]x = (hypothesis of induction) OP(p;) U 0P (p2) = (because
6 is extended to sets in the natural way) 0(P(p1) UP(p2)) = 6P(p).

——
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p=pllp2: [plx = [p1]# || [p2]= = (by induction) OP(p1) [| OP(p2) = {0q: || 02 | (01, q2) €
P(p1) x P(p2)} = (by definition of 0) {0(q:1 || ¢2) | (@1,42) € P(p1) x P(p2)} =
O(P(p1) || P(p2)) = OP(p).

]

From the last lemma, the definition of © and the fact that p € pf implies P(p) = S(p) we
have:

Corollary 4.3.23 If p € pf then [p]. = O(p).
Lemma 4.3.24 If - p = ¢ and ¢’ € S(q) for a g € snf then ¢ =p+q.

Proof By lemma 4.3.17 it is enough to consider the following two possibilities:

¢d=q By+4dwehave - q=¢ =¢d +q¢d =q¢ +q Ast p= ¢ we get by congruence
Fq¢ + q = p+ q from which the result follows.
d¢" € snf. Fq=,q¢ + ¢": Again by +4 we have - ¢’ = ¢’ + ¢’ so by congruence - ¢ =
d+d)+q¢"=sd+ (¢ +¢") =5 ¢ +q. From - p = ¢ and congruence we now get
Fq¢ +q=p+qand thereby F ¢ =p+q.
O

Proposition 4.3.25 Suppose p € msnf and ¢ € snf. Then S(p) C,. S(¢) implies
ptqg=gq.

Proof Induction on the quantity n = |S(p)|.

n = 1: From p € msnf follows S(p) = {p}. Now {p} C,.. S(q) means 3¢’ € S(q). F p =pc ¢
The result then follows from the last lemma.

n > 1: Chose a p; € S(p). As |S(p)| > 1 lemma 4.3.17 gives us that there exists a py € snf
such that - p =, p;+po. By lemma 4.3.20 we get p; +po € msnf from p € msnf. According
to the definition of msnf we then also have py,py € msnf and S(p;) N S(p2) = (. Since
S(p1) # 0 # S(p2) then [S(p)] < [S(p1) US(pa)| = IS(p1 + po)| = S(p)] = m for i € 2
Because py, p2 € msnf and S(p1),S(p2) € S(p1) US(p2) = S(p) Cue S(g) the hypothesis of
induction gives us

(4.10) Fpi+qg=qgand Fps+q=q.
Then Fp+qg = (p1 +p2) + ¢ O
= (p1+p2)+(q+q) by +4
=s (M +¢q) + (P2 +9)
= q+gq by congruence and (4.10)
= gq by +4.

Lemma 4.3.26 0(p) =¢,pe cf =Fp=, NIL

Proof
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p= NIL: Trivial.
p=a.p’s Then 0(p) = a.6(p’) # ¢ so the premise is not fulfilled.

p=q|lr: Then 0(p) = 0(q) || 6(r). corollaryy 1.2.14.c) gives us: € = 6(q) || 0(r) = 0(q) =
e = 6(r). So we can use the hypothesis of induction to get ¢ =, NIL and r =, NIL.
Then: Fp=gq|r=, NIL| NIL by congruence
=, NIL by ||3.

Lemma 4.3.27 If p € cf and 6(p) = a.s then there exists a p’ € cf such that (p') = s
and - p =, a.p.

Proof
p=NIL: 0(p) = ¢ # a.s so the premise is not fulfilled.

p = b.q: 0(p) = b.0(q). From corollaryy 1.2.3.b) we get a = b and s = 0(q). So p = a.q.
Then just chose p’ = q. As p € cf it follows that p’ = ¢ € cf. By reflexivity p =,, a.p’.

p=ql r: 6(p)=0(q)| 6(r) so by corollaryy 1.2.14.a) we then get w.l.o.g. (¢) = a.s and
O(r) =e. Now p € cf = ¢ € cf so we can use the hypothesis of induction to find a
p’ € cf such that - ¢ =, a.p/ and 6(p') = s. By lemma 4.3.26 0(r) = = Fr =,
NIL. Then by congruence and ||3: Fp=gq||r=,q| NIL=, q=, a.p.

O

Lemma 4.3.28 If p € cf then (p) = s || t implies that there exists py,ps € cf such that
O(p1) = s, O(p2) =t and = p =, p1 || pa.

Proof

p=NIL: f(p) =cand s||t=c=s=c =t Let py =p, = NIL € cf. It is seen that
O(p1) = s and O(p2) = t. The result then follows by ||3.

p=ayp: 0(p) =ab(p). By corollaryr 1.2.14.a) we from a.0(p') = s || t get either
a) s=a.f(p'),t=cor
b) s=¢,t=a.0(p).
We look at the two possibilities separately.

a) Let py = ap’ € cf and py = NIL € cf. We have 0(p;) = a.0(p') = s,
O(p2) =0(NIL)=c=tandFp=p; =, p1 || NIL by |3
=p1 ||l p2.
b) Symmetric with the addition that [|2 is used too.

p=aqi | g 0(p) =0(q1) || 0(q2). By corollaryr 1.2.14.b) 6(q1) || 0(q2) = s || t implies that
there exists ', s”, ¢/, t" such that s = &' || ", t =t || t",0(q1) = &' || /,0(q2) = " || .
Using the induction on the last two equations we find ¢/, q{, ¢5, ¢4 € cf such that

(411) 41 =ne Qi H qéa 42 =nc qy H qél
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and 0(qi) = s’,Q(q”) s’ 0((]2) =t,0(q¢y) =t". Now let p; = ¢}||¢/,i € 2. Evidently
=s'| s = s and similar 0(ps) = t. We also have:
@)1l (g7 || ¢4) by congruence and (4.11)

|
a |l ) | (Q’z | g5) by [|1and []2

As qi,4], ¢, ¢y € cf it follows that py, ps € cf. This concludes the inductive step.

Proposition 4.3.29 Let p,q € cf. Then 6(p) = 6(q) implies F p =, q.

Proof
p=NIL: §(p) =0(NIL) = . By lemma 4.3.26 it is seen that 6(¢) = ¢ implies ¢ =, NIL
and thereby - p =, q.

p = a.p’s By lemma 4.3.27 and 6(q) = a.0(p') = 0(p),q € cf we can find a ¢’ € cf such
that ¢ =, a.¢’ and 0(¢') = 0(p'). Asp € cf = p' € cf and q’ € cf we can use the
induction to get ¢’ =,. p’. By congruence then a.¢' =,. a.p’ = p. As ¢ =, a.q’ we
have - q¢ =,. p.

p =p1 || p2: From lemma 4.3.28 and 6(q) = 60(p1) || 0(p2),q € cf we see that there exists
¢1,q2 € cf such that ¢ =, ¢1 || @2 and 0(q1) = 0(p1),0(q2) = O(p2). As p € cf =
p1,p2 € cf we can use the hypothesis of induction to get - p; =, ¢;,¢ € 2. By
congruence then ¢ =,. q1 || g2 =nc p1 || P2 =

O

It should be noticed that we up til now only have been using the m-inequalities. To
emphasise this we will write -, p = ¢ whenever this is the case. So we could actual
rewrite all the previous properties with this addition. If in addition to the m-inequalities
also d.|| is used in proving p = ¢ we write 5 p = q.

Proposition 4.3.30 Let ¢ € cf, 0(q) =t and s € TSW. Then s <t = Ip € cf. F5p <
q,0(p) =s

Proof Recall propositiony 2.3.44:

s <t implies Ju € v(s), D C (t). v(s) \ {u} = (1) \ D
and for some a,b € Act, §',s",t' € TSW either

a) u=a.(s"|]b.s"),D={a.s bs"}
or

b) u=as,D={at'},s <t

This natural suggests to make the proof in the size of Ag(,). Letting ¢t = 6(q) we see from
above that there is two cases to consider.
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a) Then ¢ can be written as a.s’ || b.s” || (|[v(t) \ D). Since 6(¢) = t we can use lemma
4.3.28 to find ¢q, g2, g3 € cf such that

(4.12) Fra=q [l e | g

and 0(q1) = a.s',0(q2) = b.s",0(q3) = (|| v(t) \ D). We can then by lemma 4.3.27 find
q1, g5 such that
(4.13 Fr g1 = a.qy,br g2 = b.gy

and 0(q}) = 5',0(¢y) = s". Let p:=a.(q; || b.¢5) || ¢3. We have:

~—

Fsp= a(q1l0.a) [l as
< a.qy||b¢y]lqgzs by d.| and congruence
=z a1l a2 as by (4.13) and congruence
Ny by (4.12)

We also have 0(p) = 0(a.(q [|b-¢5) || g3) = a-(0(q1) || b-0(q3)) [ 0(gs) = a.(s"[[ 0-8") [| ([ v(£) \
D) =u|(|v@&)\D)=u| (]| v(s)\{u}) = || v(s) = s. In the proof of this case we actually

did not use the inductive hypothesis.

b) In this case we can write ¢ as a.t’|| (|| v(¢)\{a.t'}). Asin the a)-case we find q1, ¢2, ¢} € cf
such that

(4.14) Fed=aq |l g, =aq

and 0(q1) = a.t',0(q2) = [[7(t) \ {a.t'}, 0(q1) = 1"
Clearly |Ay| < |As| so we can use the inductive assumption to find p’ € cf such that

(4.15) 0 < q

and 0(p') = s'. Let p := a.p|| go. We have:
Fsp= ap | ¢
<s a.q; || g2 by (4.15) and congruence
=:¢1 || by the second part of (4.14)

=.q by the first part of (4.14)
Finally: 6(p) = a.0(p) || 0(¢2) = a.s" || (|| 7(t) \ {a-t'}) = wl| ([[7(s) \ {u}) = s.
This also completes the inductive step. O

Proposition 4.3.31 Let ¢ € snf. Then Jp € snf. 5 p=¢q,0(p) = §O(q)

Proof At first we prove an intermediate result. Notice that since <1 = < we see s <t
implies s <" t for some n > 1. Then we can use induction on n to prove:

(4.16) gecf,s<0(q)=3dpecf. Fsp<q,0(p) =s

n = 1: Le., s < 0(q). The result follows from proposition 4.3.30 above.

n > 1: Then there exists some u such that s <""! u,u < 6(q). By proposition 4.3.30
there exists some r € cf. ks r < ¢,0(r) = u. Hence s <""! 0(r), so by hypothesis
dp € cf. F5p <r,0(p) =s. Then by transitivity 5 p < q.

We now prove the proposition by induction on the structure of ¢ considered as a sumnor-
mal form.
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q € cf: Then we by (4.16) have for every s < 6(q) a ps € cf such that -5 ps < q,0(ps) = s.
Since in general S-closure is finite and thereby {s | s < 0(q)} too, we have by
congruence s > o3 Ps < Dgs<a)} 4 and Fs ¢ + Xpsogn Ps < 4+ X(s<o(q) ¢-
+4 gives us s ¢ + X g0y 4 = 45 50 Fs ¢+ Xs<o(ey Ps < ¢ and from +5 we then
deduce b5 ¢ 4+ X(s<o(gy Ps = ¢- Now let p := q + > rs9(93 Ps- Then b5 p = ¢ and
O(p) = {0(a)} U{b(ps) | s < 0(q)} = {0(g)} U{s | s < 0(q)} ={s|s =2 0(q)} =
00(q) = 6{0(q)} = 6{0(¢') | ¢' € {a}} = (since q € cf) 6({0(¢') [ ¢’ € S(q)} = 3O(q).

q=q + q2, 1, q2 € snf: By hypothesis of induction we know that there exists p; € snf. F;
i = q;,O(p;) = 00(g;) for i € 2. Define p := p; + py € snf. Then k5 p = p; + po

¢1 + ¢ = q by congruence. Furthermore ©(p) = O(p1 + p2) = {6() | P ;
S(p1) U S(p)} = O(p1) U B(pa) = 60(ar) U 66(an) = 6(O(a1) UO(gs)) = ... =
00(q1 + g2) = 00(q).

O

Finally we are ready to prove the completeness in full detail.

Proof (of proposition 4.3.2) From the previous lemmas and propositions we at first show:
(4.17) p € PL= 3q € msnf. k5 p=gq,[p]s = O(q)

Given p € PL. From proposition 4.3.9 we find a p; € snf. F,. p = p;. Then from
proposition 4.3.16 also a ps € pf is obtained such that -, p; = ps. Since F, p = py and
the proof system is sound we have [p]s = [p2]s. Now by proposition 4.3.31 we find a
ps € snf such that ks py = p3 and §O(py) = O(p3). Furthermore proposition 4.3.21 gives
us a ¢ € msnf. . p3 =4 ¢. By corollary 4.3.19 then O(p3) = O(q). Collecting the facts
we have Fs p = ¢ and

[pls = [p2]s
= 0[pa]« by lemma 3.3.16
= J0(p2) by corollary 4.3.23 and the fact that py € pf
= O(p3) = O(q)

thereby establishing (4.17)

Now for the completeness. Assume [p]s <5 [q]s-

By (4.17) we can find p/,¢' € msnf. k5 p =p',Fs ¢ = q and [p]s = ('), [¢]s = ©(¢).
Then by definition of <5 we have [p]s < [¢]s implies ©(p") C ©(¢') which by the definition
of O is the same as {0(p") | p”" € S(p')} C{0(¢") | ¢" € S(¢')} or equivalently

(4.18) vp" € S(p")3¢" € S(¢'). 0(p") = 6(q")

Since 6(p") = 0(¢"), p",q" € cf by proposition 4.3.29 implies . p” =,. ¢" we see that
(4.18) can be written as

S(p') Cne S(¢)

Because p', ¢’ € msnf C snf we can use proposition 4.3.25 to deduce -, p' + ¢ = ¢'. By
+5 we have . p' < p'+ ¢ so F, p' < ¢. Now p’ and ¢’ where found such that -5 p = p’
and ks ¢ = ¢ wherefore F5 p < ¢ by transitivity and we are done. O

108



Chapter 5

Adding Recursion to PL

In this chapter we shall extend our process language, PL, to include recursively defined
processes and investigate their semantics as in chapter 3.

All concepts introduced in the previous chapters should be adjusted to the new set-up
and also new concepts are needed. We will make good use of the results obtained in these
chapters so as results and notions of Hennessy [Hen85b] which the reader will be assumed
to be acquainted with. Also some notions of [Hen87al) are used.

5.1 Denotational Semantics

In order to define interpretations of the recursively defined processes the Y-po algebras
are extended to Y-domains. The signature remains the same, but the function symbol
NIL of rank 0 is nominated the role of 2 in [Hen87al, i.e., the syntactical representative
of the least element of the interpretations. The carriers are in principle the old ones but
extended to include infinite sets as well. Formally:

Definition 5.1.1 For = in {4, v, x} the carrier C, is defined by:
x) C,={S#0|3T CTSW. S =x(xT)}

O

Notice that we have left out the restriction of finiteness. The elements of the x-carriers
are of course x-closed so corollary 3.1.4 remains true in this set-up. Also the definition
and results definition 3.1.5—corollary 3.1.11 carry over since the proofs there makes no
use of the finiteness of the sets. The only deviation is of course in definition 3.1.8 where
elements of C; now may be infinite sets as well.

The purpose of the next propositions is to show that the carriers are algebraic complete
partial orders (algebraic cpos for short).

Proposition 5.1.2 For each x in {J,v, x} the pair (C,, d,) is an algebraic cpo with
least element 1, = {e} and every nonempty subset D of C, has a lub ||, D = *(Ugep d)
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or for short ||, D = xUgepd. In the case of x in {0,v} |, D actually equals Uy p d.
Furthermore the compact elements are the finite sets of C,.

Proof At first we show (Cy, <) to be a cpo. Recall that <, simply is C. Already in
chapter 3 it was noticed (though for finite sets) that {e} is the least element L, of C,
and that (C,, C) is a partial order. Now let D be a nonempty subset of C,.

L, D = xUgep d € C, is seen as follows: d € C, implies d = x(7T}) for some 0 # T}
TSW. Clearly Ugep Ty € TSW and is nonempty since D is. Then *(m(Usep T4))
*Ugep 7Ty = (in case of y: corollaryr 1.3.23) * Ugep *(7T;) = *Ugep d. Notice that we
actually have

(5.1) L D= U difxin {5,v}

deD

1N

since 0 and v distributes over U.

Also || D is a lub of D: Obviously ||, D is a ub for D. Suppose there exists a ub e € C,
of Die.,Vd € D.d C e. We shall show | |, D C e and do this by proving ¢ € | |, D implies
t € e. By (5.1) this is clear in the case of x in {0, v}. So we are left with the case x = .
Now t € |, D = xUgep d implies 3d,d" € D.t € x{d,d'}. By assumption d,d" C e and
since e € C), it must be x-closed, so x{d,d'} C e and thereby also ¢ € e.

Since every directed set is nonempty we then have that (C,, C) is a cpo.

Let a € C, be a finite set. We shall show that a is compact. That is for a directed set D
such that a C ||, D there exist an e € D such that a C e. At first we prove

YVt €add, € D.t € d;

Assume ¢ € a. Since a C ||, D we have t € ||, D wherefore 3d,d' € D.t € »{d,d'}. D
directed implies that there exists a d; € D such that d,d C d;. Because d; is x-closed we
must have x{d, d'} C d; and hence also t € d,.

Now since a is finite D, = {d; | t € a} must be finite too. The directedness of D implies
there is a ub e of D, in D and clearly a C e. So a is indeed compact.

Conversely we show that all compact elements are finite sets.

Suppose a € C, is an infinite set. Then there exists a infinite subset T of T'SW such
that @ = x7T. Since T is infinite it contains a countable infinite subset 7" = {t,,} _pv of
different tree semiwords. For all n € IN define

T, = Uign{ti}
Sp={secT|VYj>n A, €A}
d, = (T, US,)

At first we show that D = {d,},_py forms an increasing chain.

Since T,, C T,,+1 and S, C 5,11 it follows that d,, C d,;1, so it remains to show that the
chain is increasing i.e.,

(5.2) VYnam > n.d, C dy,

Let n be given. In general for an arbitrary finite set V' of (finite) semiwords there is only
finite many semiwords s such that there is a t € V with A, C A;. So because T,, is finite
and T" is infinite there then exists a t,, € T" such that Vt € T,,. A;,, € A;. It follows that
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m >n and t,, € d,,. Also t,, € d,.

Assume on the contrary t,, € d,. Then there exists s,t € T,,U.S,, such that t,, € xm{s,t}.
So either A;, C A or A;, C A;. Consider 4;,, C A,. s must come from 7, or S,. If
s € T, this means A;, C A, for some ¢; € T,,. But this is impossible by the way ¢,, is
chosen. If s € S, we have Vj > n. A;, € A;, especially A;, € A, as m > n. Again a
contradiction. The case A;,, C A; is ruled out in the same way. Hence the assumption
was false.

Now where were we know that D is an increasing chain we convince ourselves that a C
I_l* D

To begin with we show:
(5.3) Vie Tan.t € T,US,

If t € T" then t = t, for some n and ¢t € T,,. So suppose t € T'\ T". There is only finite
many t;(€ T") with A;, C A;. So choose n to be the i of the last ¢; with A;, C A;. Then
Vj>n. Ay € Ay and sot € S,

Next to show a C ||, D let an s € a be given. Since Vn. d,, C ||, D it is enough to find
a d,, such that s € d,, in order to have s € ||, D. s € a implies 3t,t' € T. s € *xm{t,t'}.
Using (5.3) we obtain n and n’ for ¢t and ¢’ respectively. W.l.o.g. assume n < n’. Then
T,US, CT,yUS, and t,t' € T,, U S, wherefore xm{t,t'} C d,,. So s € xm{t,t'} C d,
and we can chose m = n’ to get the desired d,,.

We can now return to the question of the compactness of a. Since a is assumed to be
compact and a C |, D there should exists a d,, € D such that a C d,. By (5.2) there
exists a m such that d, C d,, or by the proof of (5.2) 3t,,.t,, € d,. But this is a
contradiction to t,, € 7" C a, so our assumption of a being an infinite set was wrong.

Knowing how the compact elements of C, looks like it easier to show (C,, C) algebraic.
We shall show Va € C,. a = |, D,, where D, = {d | d C a,d compact}.

Since {e} C a for all a it follows that D, is nonempty, so ||, D, is defined. It is clear that
LI, D, C a as a is a upper bound for D,. To see the other inclusion let a ¢ € a be given.
We prove t € ||, D,. t € a = 7T implies there exists s,s" € T such that ¢ € *1{s, s'}.
*xm{s,s'} € D, follows from *7w{s, s’} C a and the finiteness of x7{s, s'}. In general d € D
implies d C ||, D so we have t € x7{s, s’} C |, D,. O

In order to see that we actually have obtained }-domains corollary 3.1.11 must be
strengthened to:

Proposition 5.1.3 All op, € ¥, are (relative) continuous on C, w.r.t. <4, for each x in

{6,v, x}.

Proof Since the operators of X, are natural extensions to sets they evidently are con-
tinuous w.r.t. <. (C). The proofs of (3.11) and (3.12) on page 83 can be carried over to
infinite sets wherefore we get:

(5.4) *x0py (%S) = Hkop(S)

where op, € ¥,,, and xS € C,”. It is then an easy matter to show the operators to be
continuous. E.g., suppose D is a nonempty subset of C,. Then
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a L, D =x%a.,.(xUD) definition of | |, and proposition 3.1.9
=sx*xa..UJD by (5.4)
=xxJa..D a., continuous
=xUxa.,D by the nature of x
=, aD

That we in general for a nonempty set, D, of sets of tree-semiwords have:

xxUD =xUxD (=x U x9))

SeD
follows from c) of corollaryr 1.3.23. Similarly it is shown that +, and ||, are left and right
continuous (||, under the usual proviso). O

Corollary 5.1.4 For each  in {d,v, x} A, = (C,,<,,%,) is a X-domain.

We now proceed by defining the language, RPL(X), of the recursive process terms.
RPL(X) can be considered as the extension of PL(X) obtained by adding constructors
for recursion.

The recursive terms over X, RBL(X), is the terms obtained from the following schema:
t:=NIL|z,x€ X |at,a€ Act|t+t|t|t]|rece.t,z e X

RPL(X) is then defined to be those terms of RBL(X) where every subterm ¢ meets the
usual requirement:

and the additional requirement:
(5.6) t=recx.t' = L(x) = L(t')

where L is extended to RBL(X) by defining L(recz. t) = L(z) U L(t).

FV(t) is defined in the normal way to be the free variables in t. The recursive processes
is the subset of RPL(X) with no free variables and is denoted RPL.

Notice

i) PL(X),PL C RPL(X) and PL = PL(X)N RPL.

ii) Since recx. p intuitively stands for the “solution” of the equation x = p the require-
ment in ¢) of equal sorts of x and p is natural.

We shall refer to PL(X) C RPL(X) as the syntactic finite process terms.

The definitive consequences of the restriction on the arguments to || become clear by the
introduction of recx. as can be seen by the following example.
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Example: Consider the term p = a.NIL || b.x € PL(X). No matter what sort x might
have recx.p cannot be a (legal) term of RPL(X) because the sort of z must contain a
and b in which case we would not have p € PL(X). As a consequence recx. can only
prefix terms containing || if at most one of the arguments has nonempty sort. This means
that only terms like recx. (NIL || p)|| NIL are possible. On the other hand RPL(X) can
contain terms like (recz. a.x + b.x) || (recy. c.y + d.y).

The denotational maps [[s, []. and [], are given in the standard way by means of
environments as described by Hennessy. Of course the environments shall be modified
as the A,-assignments in chapter 4. Notice that [ ], is independant of the environement
when used on closed terms.

5.2 Operational Semantics

With the definitions and results of section 3.2 extended in the natural way to the new
setting we can take over most of them. We will in the following briefly state the main
differences.

RBL(X) is defined to be the least set C' such that:

RBL(X)CC
atcC ifteC andac Act
t1||t260 iftl,tgeo

and RCL(X)—the recursive configuration terms—are defined to be the terms of RBL(X)
that satisfies (5.5) and (5.6) above. The recursive process configurations RC'L are simply
the closed terms of RCL(X).

Of course definition 3.2.2 has to have a inference rule for recx. —:

plrecxz. p/z] - q,a € Act

a
recr.p — q

and the test configurations, T'C', shall be changed to RT'C' in order to include recursive
process configurations (in (¢,p)). The test language, T'L, remain unchanged. The rest of
the corresponding section of chapter 3 extends smoothly.

5.3 Full Abstractness

The map 0 : CL — TSW assoclating tree-semiwords with configurations is extended
to RCL — TSW simply by letting 6(p) = ¢ if p € RPL and otherwise keeping it’s
compositional definition (page 75).

In this section we shall also use the notions of algebraic relations and syntactic preorders
as explained in [Hen87al.
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Fort,t' € RPL(X) we write t < ' to mean that ¢ is a syntactic approximation to t’ where
= is defined to be the least (relative) 3-precongruence over RPL(X) which satisfies:

NIL <t
tirecx. t/x] < recx.t

(5.7)

For every t € RPL(X), Fin(t) denotes {t' € PL(X) | t' < t}; i.e., Fin(¢) is the syntactical
finite approximations to t. < is extended to RC'L(X) by taking it to be the least (relative)
Y-precongruence over RC'L(X) which satisfies (5.7) above.

A relation R over RPL is algebraic if for all t,u € RPL:

t Ru iff Vt' € Fin(t)3u' € Fin(u).t' R v’

In the following it will prove useful to be able to limit the number of experiments necessary
to distinguish processes. To this end we first investigate the possibilities to reduce the
size of a test ¢ in an experiment (A, t) on a process ¢ without affecting the outcome of the
experiment.

Looking at definition 3.2.9 we get some ideas. As an example consider inference rule 6)
and the test a.t. If p 7% the test . T would have the same outcome. Whether p ——
or p 7% depends naturally on p, but if we can find some criterions under which we can
deduce p -2~ for all a € Act we can certainly reduce the test.

Now if we have signaled the multiset of actions A getting to p (i.e., p € D(A, q)) it should
be clear that p —= p/ implies |w| < |A|. Hence we can make the reduction whenever we
are sure that at least |A| signaled actions have been tested. Le., if @.t is a subterm of the
test ¢’ in the experiment (A,#') and the “path” leading to a.t is |A| long we can replace
a.t by a.T. So this limits the necessary depth of a test ¢’ in an experiment (A, ).

Another idea to reduce the set of experiments has it’s roots in the same inference rule.
Consider the same example as above. Clearly it makes no difference to the outcome of

the test if we replace a with b in a.t as long as we are sure p %

These considerations leads to the following definition and proposition.

Definition 5.3.1 Given ¢ € Act and B C Act we successively for each n € IN define
op : TL — TL structurally as follows:

n =0: T—T
at—cT
tat — ng(t) O ng(t’) for O € {&, V}

n > 0: T T
a ifae B
¢ otherwise

tOt — fip(t) D fip(t) for O € {&,V}

a.t— b.fl'5'(t) where b =
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It should be clear that f”p is well-defined.
Notice

i) A subsequent test to a. is discarted and T inserted when fco g 1s applied.

ii) If @ occurs in f7'g(t) then a € B U {c}.

Proposition 5.3.2 Let p € RPL and (A,t) € E. If ¢ ¢ L(p) then:

pmay x (A, t) iff pmay x (A, fc‘i'(A)(t))

where x either is accept or reject.

Before we prove this proposition we need the following definition and lemma. We will
define a function, @, which given a p € RCL gives an upper bound of the length of
w € Act” where p —. Notice there must not be any initiation of actions in the sequence
(w € Act"). Latter we need the action depth, ad, of a closed syntactical finite term (€ PL)
too so we introduce this notion here too. It will also be convenient with a function, L,
which yields the label set corresponding to the actions signaled to initiate.

Definition 5.3.3 The action depth, ad, of a process and the barred depth, ad, of a re-
cursive process configuration is defined as follows:

ad : PL — IN ad: RCL — IN
NIL —0 p—0 if pe RPL
a.p — 1+ ad(p) a.p— 1+ ad(p)
p + q — max{ad(p), ad(q)} pll g — ad(p) + ad(q)

pllq— ad(p) +ad(q)
and the map L : ROL — Act is given by:

p ~ if pe RPL

a.p — {a} U _(p)
pll¢— L(p) U L(q)

So ad actually estimates the necessary maximal “length” of a test.

The following lemma tells that nothing is lost in reducing the test as informally argued
previously.
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Lemma 5.3.4 For p € RCL, B C Act and ¢ € Act such that ad(p) < n, L(p) C B,
¢ ¢ B we have:

(tap) — T Zﬁ ( QB(t)vp) —" T

Proof
only if: Assume (t,p) —* T. The proof will be by induction on n.

n = 0: Then clearly p 7§L> for all b € Act. We proceed by induction on the structure of
t.

t = T: Follows directly from f0,(T)=T.

t =a.t': Since p -2 we can exclude this case.

t =t &t": By lemma 3.2.11 (¢ & t") —* T implies (t',p) —* T and (¢",p) —* T.
Since fpp(t'&t") = fO5(t') & f25(t") the result now follows using the hypothesis of
induction and lemma 3.2.11.

t =t V" Similar.
n > 0: Again we use structural induction.

t = T: Immediate.

t=at" (at,p) —* T implies p N (t,p") —* T. Clearly ad(p)) <n—1,a €
L(p') € B and by corollary 3.2.3 L(p') C L(p). Hence L(p') C B and we can
use the hypothesis of (structural or natural) induction to get (fI'5'(t'),p") —* T.

(&
Since a € B we have fl'g(a.p') = a.f.!
(frglat),p’) —=T.
t=1t&t",t' V' Similar as in the case n = 0 using the hypothesis of structural induc-
tion.

5 () and from p % p’ it then follows that

if: Suppose (f7'p(t),p) —* T for some ¢. Again we use natural induction on n.

n = 0: As for the other implication we use structural induction.

t = T: Trivial.

t =a.t': Then f)p(t) = ¢ T. Since p 7L for all d € Act when ad(p) < 0 and because
(¢.T,p) —* T implies p —%5 ' for some p’ we can exclude this case.

t =1t &t": Wehave fop(t'&t") = fop(t") & fQ5(t"). From the assumption then (f9 z(t')&

gB(t”),p) —* T and from lemma 3.2.11 ( gB(t’),p) —* T and ( 3B(t”),p) —*

T. Using the hypothesis and the same lemma we get (¢’ & t”,p) —* T.

t =t V" Similar.

n > 0: Structural induction on ¢.

t = T: Immediate.

t =a.t's Then f'z(t) equals b.fl5' ('), where b = a if @ € B and b = ¢ otherwise.
(a.fi5'(t'),p) —* T implies (fI5'(¢),p') —* T where p b, p. Butp N P
clearly implies L(p’) C L(p), b € L(p) C B and ad(p’) < ad(p) so by induction

(t,p)) —* T. Since b € B and ¢ € B we have b = a, i.e., p — p’ and thereby
(a.t',p) —* T.
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t=t'&t", ¢ V1" Similar to the case n = 0.

Whit this lemma we can give the promised proof.

Proof of proposition 5.3.2.
Assume p € RPL, (A,t) € E and ¢ ¢ L(p). We show:

pmay x (A, t) iff pmay x (A, F!i'(A)(t))

only if: Suppose p may x (A,t). Then 3qg € D(A,p). (t,q) —* T. Clearly ¢ € D(A,p)
implies ad(q) = |A| and L(q) = L(A). Because L(q) C L(p) and ¢ ¢ L(p) we can then
use lemma 5.3.4 to get (fl’AL‘(A)(t), q) —* T and we are done for this implication.

of : Similar. O

The next step in reducing the number of experiments is to observe that we just as well
can use test normal forms in the experiments. Finally notice that all duplicates in a test
normal form can be removed without affecting the outcome of the test. This leads to the
following definition.

Definition 5.3.5 t € T'L is a reduced test normal form iff
a) tis a test normal form. Le., t = &jen(Vien, Wik I )-
b) Vj € nVk,l € njk # | = wj, # wji.

c) Vi,jen.i#j= {wi,. .., Win} # {wji,. .., wjn,}.

From lemma 3.2.11 we get:
Corollary 5.3.6

a) t&t 2t

b) tVit=t

With this, proposition 3.2.14 and proposition 3.2.16 we easely get:

Proposition 5.3.7 For every t € T'L there is a reduced test normal form ¢’ € T'L such
that ¢t = t'.

Proof At first we use proposition 3.2.16 to find a test normal form ¢’ such that ¢ = ¢".
Then if there exists j € n and k,l € n; such that k # [ and w;;, = wj; we use proposition
3.2.14 and proposition 5.3.6.b) to remove e.g., W;, T. Iterating this we eventually get a
test normal form which fulfills b) of definition 5.3.5. Finally use proposition 3.2.14.a)-d)
and corollary 5.3.6.a) to obtain a reduced test normal form ¢’ with ¢” = ¢. By transitivity
then t = ¢'. O
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Using the definition of may x with x equal to either accept or to reject it is easy to see
that:
(5.8) t = ¢ implies Vp € RPLVYA. p may x (A,t) & p may x (A,1)

Definition 5.3. 8 Let F. denote the set {(A,t) € E |t is a reduced test normal form and
3t € TL.t = £ (1)}

For p,q € PL we then write:
pEFc iff Ve € F..pmay xe < gmay x e

O

So if we consider p,q and ¢ ¢ L(p) U L(q) then F, denotes according to the previous ideas
a reduced set of experiments sufficient to characterize a testing preorder between p and
q. Formally we have:

Proposition 5.3.9 Given p,q € RPL and ¢ € Act such that ¢ ¢ L(p) U L(g). Then
Coqiff p

Proof
only if : Immediate since F,. C F.

if: Assume p Cf° ¢ and p may x (4,t) for some (A4,t) € E. Since ¢ € L(p) we have
according to proposition 5.3.2 p may x (A ,fch(A)( )). By proposition 5.3.7 there exists a

reduced test normal form ¢’ such that ¢’ = fc‘il(A) (t), so by (5.8) p may x (A,t'). Inspecting
the proof of proposition 5.3.7 and definition 5.3.5 we see that in the process of Converging
f,l’AL‘( A) (t) to t" we get a member of F,.. Consequently by our assumption, p 5.¢ ¢, we see

g may x (A,t"). Now using (5.8) we get ¢ may x (A, fC L(ay(t)). Since ¢ & L(g) we can
also use proposition 5.3.2 to obtain g may x (A, t). O

So far when trying to limit the set of experiments we have concentrated on the test part
of it. We now search for conditions which can limit the set of actions to signal when the
process is known to be syntactical finite. The following lemma gives some limits for a
class of processes.

Lemma 5.3.10 Suppose p € PL (i.e., finite or equally contains no occurrences of recx. )
then there exists an n € IN such that p may x (A,t) = L(A) C L(p), |A| < n.

Proof The first consequent L(A) C L(p) is immediate from corollary 3.2.3 and indepen-
dent of n. The second is seen from p being finite as follows:
Let n be the maximal action depth of p (n = ad(p)) and suppose p may x (A,t). This
means Jq € D(A,p).(t,q) —* T/L. By definition ¢ € D(A, p) implies Jw € W. A, = A,
p — ¢q. We show

p——q= w| < ad(p)
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by natural induction on the size, ad(p), and the result follows.

ad(p) = 0: Inspecting the definition of ad we see that ad(p) = 0 implies p is either NIL
or combinations of NIL through + or ||. So p — ¢ must mean ¢ = p and w = ¢. But
le] = 0 so we are done.

ad(p) > 0: We use structural induction on p.
p= NIL: Then p - ¢ implies w = ¢—ok.

p=ap: ap — ¢ implies w = aw’ and p’ SN ¢ for some ¢’ such that a.q’ = ¢. Since
ad(p’) < 1+ ad(p’) = ad(p) we by hypothesis get |w'| < ad(p’). Clearly then
lw| < ad(p).

p=p1 + pa: W.lo.g. assume p —— ¢ is due to p; —= ¢. By the hypothesis of structural
induction |w| < ad(p;). Since ad(p; + p2) > ad(p); we are done for this case.

p =p1 || p2: The case w = ¢ is trivial, so suppose w = aw’. Clearly p; || p2 v, g implies

either py = a.py and p) || p2 ', ¢ || g2, ¢ = a.¢} || g2 or similar for py. Suppose
the former is true. Then since ad(p] || p2) = ad(p}) + ad(p2) < ad(a.p] || p2) we by
hypothesis of natural induction get |w'| < ad(p] || p2). But |w| = Jaw'| =1+ |v'| <
1+ ad(p] || p2) = ad(p) and we have concluded the inductive step.

O

The following statements will elucidate some of the (mainly operational) implications
when two terms are related via the syntactic preorder.

Lemma 5.3.11
a) p=q,q € RPL=pec RPL
b) 0(p) # e = p# NIL

) p—q=0(q) #¢

Proof
a) is proved by induction on the length of the proof of p < g.

b) follows immediately from NIL € RPL and the definition of .

c) follows by induction on the number of rules p — ¢ is obtained with. O

Because recursion constructors only occurs in processes p € RPL we cannot have ¢ =
recz. q for a ¢ € RCL\ RPL. This enables us to deduce:

Corollary 5.3.12 If p € RCL\ RPL then:

a) p=a.p = qimplies ¢ = a.¢’ where p’ < ¢/

b) p=p1 || p2 < ¢ implies ¢ = ¢y || ¢ where p; < ¢; for i € 2
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It cause no problems to prove by structural induction:

Corollary 5.3.13 If p € RCL then there is a p’ € C'L such that:

p' < pand 0(p) = 0(p)

Lemma 5.3.14 Suppose 0(p1 || p2) = 0(q1 || ¢2) and py = q1, p2 = @2 for p1,p2, @1, 2 €
RCL. Then 0(p;) = 0(q;) for i € 2.

Proof Let arbitrary p,q € RC'L be given. An easy induction on the length of the proof
of p < g shows that 6(p) must be a prefix of 6(q):

p=q=0(p) C0(q)

Hence 0(p;) C 0(q;) for i € 2. We cannot have 0(p1) C 0(q1) since this clearly would imply
O(p1 [l p2) = O(p1) || 0(p2) T 0(q1) || 0(q2) = 0(qu || ¢2) contradicting the assumption of the
lemma. So we must have 0(p;) = 0(q;). In the same way we infer 6(ps) = 0(qa). O

Proposition 5.3.15 For w € Act*, p € RPL and q € RCL we have:

p——gq
4 ) )
'€ PL,¢ e CL.p=p =5 ¢.,0(¢) = 0(q)

Proof With the basic case trivial and lemma 5.3.16 in the inductive step we prove:

w € Act*,p,q € RCL,p —~ q¢ = ¢ € CL and 0(q) = 0(¢)

J
W € CL.A(p) =0(p) and p = p/ 2 ¢

by induction on |w|. From this the proposition follows using corollary 5.3.13 and lemma
5.3.11. 0

Lemma 5.3.16 For a € Act and p,q € RCL we have:

P-"q=¢ €CLand 0(q) = 0(¢)
(8
I € CL.O(p) =0(p') and p = p' - ¢

Proof By a) of lemma 5.3.11 we know p — ¢ only if §(q) # ¢, so from 0(q) = 0(q') and
b) of the same lemma we get ¢’ # NIL. We will use this fact when proving the lemma
by induction on the number, n, of rules used to infer p — q.

n = 1: since a € Act only one rule comes into consideration: p = a.r — a.r = ¢q. From
NIL # ¢ € CL and ¢ < a.r follows ¢’ = a.r’ where ' <r and ' € CL. p = a.r implies
r € RPLand by " < randr’ € CL thenr" € PL. With p’ = a.r’ therefore p’ € PL C CL
and p’ % ¢’. Because both p and p’ belongs to RPL we have 0(p) = ¢ = 0(p').

n > 1: We consider each inference rule in turn.
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p =b.r and ¢ = b.s where r —— s: As above we deduce ¢ = b.s’ where s’ < s and s’ €
CL. b.0(s) = 0(q) = 0(¢') = b.0(s") clearly implies (s) = 0(s') so by hypothesis of
induction then 3’ € CL.0(r) = 0(r'),r = " = s'. Choose p' = b.r’ € CL. Then
0(p') = b.0(r") = b.0(r) = 0(p),p’ < pand p’ — ¢

pP=p1+p— ¢ Suppose p1 — ¢. By hypothesis of induction 3p} € CL such that
O(p) =0(p,),p1 = p) = ¢ Corollary 5.3.13 gives us a pl, € C’L such that py < py
and 0(ps) = O(p2). Then just choose p’ = p + p. Similar if py — q.

p=pllp = q¢ Wlog we assume ¢ = q; || p» and p; — ¢;. Since ¢ # NIL we
must have ¢ = ¢ || ¢4 where ¢ = ¢} € CL and ps = ¢, € CL. From lemma
5.3.14 we see 0(q)) = 0(q;) and H(qz) = 0(p2). By hypothesis of induction then
I € CL.O(p1) = 0(p)),p1 = 1y — ;. Let p' = py || ¢ € CL. Then 0(p) =
0(p1) || 0(g1) = 0(p1) || 0(p2) = 0(p) and p = p' — ¢’ as we wanted.

Proposition 5.3.17 If w € Act*, p,q € RPL and r € RCL then:

p=qp—r=3s€ RCL.q > 5,0(r) =0(s)

Proof Proved along the lines of proposition 5.3.15 but using lemma 5.3.18 below in place
of lemma 5.3.16. O

Lemma 5.3.18 If a € Act and p,p’ € RCL then:

O(p) =0(p) and p = p - ¢
\[8

Jg.p - q = ¢ and 0(q) = 0(¢')

Proof By induction on the length of the proof of p’ < p. There are three cases in the
basis:

p=1p": Let ¢q=¢.
p' = NIL: Then p’ -+ and the implication holds vacuously.

p = p'[recx. p” /x| and p = recx. p": By the recursion rule recz. p” = p - ¢ follows
directly from p”[recz. p"/x] = ¢'. Let ¢ = ¢

Now for the inductive step we consider the inference rules one by one.
p <p",p" < p: By induction on the structure of p’ € RCL (from the definition of RC'L

as extracted from RBL) we prove:

0(p') = 0(p") = 0(p)

p' € RPL: By definition of § then (p') = ¢ and so 6(p) = e. Hence also p € RPL.
From p” < p and lemma 5.3.11 then p” € RPL. Therefore 0(p") = e =0(p') =

0(p).
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p' = a.r’: By corollary 5.3.12 p’ < p” then implies p” = a.r” and ' < r”. Using
the corollary once more we get p = a.r where v < r. From a.0(r) = 0(p') =
O(p) = a.0(r) clearly 6(r') = 6(r) so by the hypothesis of structural induction
O(r") = 0(r") = O(r). Therefore also O(p") = a.0(r") = a.0(r') = 0(p') = O(p).

P =} || ph: We can assume p’ € RCL\ RPL since we already have dealt with the
case p’ € RPL. Similar as above we then from corollary 5.3.12 get p” = p! || p/
and p = p; || po where p, < p! < p; for i € 2. From lemma 5.3.14 we then
conclude 0(p}) = 6(p;) and the rest follow by induction as in the last case.

Now where we know 0(p') = 8(p”) = 0(p) we can use the main hypothesis of induc-
tion to find a ¢” such that p” — ¢” = ¢’ and 6(q¢") = 0(¢'). Again by induction
Jg.p —= q>=q",0(q) = 0(¢"). Then also ¢’ = q and 0(q) = 0(¢').

p =br',p=>brandr <r: b’ % ¢ implies @ = b and ¢’ = a.¢’. From p’ = a.r’ and
p = a.r follows r,7" € RPL so 0(r") = & = 0(r). Then choose ¢ = a.r and we clearly
have ¢’ = ¢ and 0(¢') = 0(q) so as p = a.r — a.r = q.

P =0br',p=brand ' < r: bor —= ¢ onlyif r = s’ where ¢ = b.s'. Then 0(p) = 0(p’)
1mphes 0(r) = 0(r') so by induction r —— s for some s > &' with 6(s) = 6(s'). With
q=b.s then p=br - ¢ >=b.s' = ¢ and 0(q) = 0(¢).

P =p+ D5 p=p+De andpz-<pl W.lo.g. Weassumep % ¢ derives from p}, —% ¢.

From the form of p and p’ we deduce py,p; € RPL and therefore O(p1) = ¢ = 0(p,).

By hypothe51s of induction we get a ¢ such that p; —— ¢ = ¢’ and 0(q) = 0(¢).
Because p —— ¢ this case is settled.

' =1 || P2, p=p1 || p2 and p < piz Suppose p' — ¢ is due to p; —= ¢ where ¢
qy || py. From 9( ) = 0(p'), pi < p; and lemma 5.3.14 we get 0(p;) = 0(p}) so by
induction p; —— a for some ¢, = ¢, with 8(q1) = 0(q}). Letting ¢ = ¢ || pz it follows

from ¢} =X g1 and p) = py that ¢’ < q. Also 0(q) = 0(q1)[|0(p2) = 0(a1)1|0(p3) = 0(').-
Because p; — ¢, we by the rules for —— directly have p —~ ¢. The other case
where p), — ¢4 is symmetric.

O

We are now in a position to prove the fundamental proposition:

Proposition 5.3.19 For p € RPL, e € E we have:

pmay x e = 3d € Fin(p). d may x e

Proof Assume e = (A,t). p may x (A, t) implies that there exists ¢ € D(A, p).(t,q) —

o, where o, = T if x = accept and o, = L if x = reject. Now q € D(A,p) implies p — ¢
for some w such that A,, = A. Then from proposition 5.3.15 above there exists d € Fin(p)
and ¢ € RCL such that d — ¢’ and §(q) = 0(¢'). Clearly ¢’ € D(A,d) and from lemma
3.3.9 we get (t,q) —* o implies (t,q¢') —* o,. Hence d may x (A,t) = e. O

We take full advantage of the previous results in the proof of the following.
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Proposition 5.3.20 Let d be a syntactical finite process (i.e., d € PL and so contains
no occurrences of rec. ) and p € RPL. If d T, p then d T, d' for some d' € Fin(p) (x =
a/ accept or x = r/ reject).

The proof is much like an equivalent proof of Hennessy with some minor adjustments to
our set-up.

Proof Since L(q) in general for ¢ € RPL is finite there is a finite set B C Act such that
L(d), L(p) C B. Because Act is infinite we can chose a ¢ ¢ B. According to proposition
5.3.9 we have ¢ 5, ¢ iff q Sk ¢ for arbitrary ¢, ¢ with L(q), L(¢') € B. Now because d
is finite lemma 5.3.10 ensures us a n such that d may x (A,t) = L(A) C L(d), |A] < n.
So let F.(d) = {(A,t) € F. | L(A) C L(d),|A| < n}. Clearly then d may x e and e € F,
implies e € F.(d). Therefore to show d C_ ¢ for a ¢ with L(q) C B it is sufficient to show
g may x e for those e in F.(d) such that d may x e. Let F! denote this subset of F.(d).

A simple argument shows that F.(d) is finite and hence also F!. Since L(d) is finite there
is only finite many multisets A with L(A) C L(d) and |A| < n. Also for a given finite A
there can only be finite many t’s with (A,t) € F.. (A,t) € F. implies ¢ is a test normal
form i.e., of the form ¢ = &;jen(Vien, W;r T). Furthermore since there exists a ¢’ such that
t= flfg(A (t') we must have |w;x| < [A|+1 and L(w;;) € L(A)U{c}. There is only finitely
many strings with this property. Since there is no duplicates of the strings in Vye,, wjr T
there can only be finitely many on this form. Similar we see that there are finitely many
tests of the form &jen(Vien; Wi T). Hence a finite number of e € F.

By the assumption of the lemma we know d X p and so p may x e for every e € F.
From the previous proposition (proposition 5.3.19) we find a d(e) € Fin(p) for every
e € Fl. D= {d(e) | e € F!} must be finite since F. has the same property. Then
because D C Fin(p) and Fin(p) is directed we can take d’ to be an upper bound of D and
d may x e for every e € F!. In general ¢ € Fin(p) implies L(q) C L(p) and it follows that
L(d") C B so we have d T d'. O

Proposition 5.3.21 The test preorders T, and T, extends < on RPL. le., X CC

~a)? Nr

Proof Suppose p,q € RPL and p < q. Given (A,t) € E such that p may x we shall
show ¢ may x in order order to have p C_ ¢. Similar as in the proof of proposition 5.3.19
we see it is enough to show

Vp' € D(A,p)3¢' € D(A,q).0(p") =0(¢)

But this follows immediately from proposition 5.3.17. O

Proposition 5.3.22 The test preorders T, are algebraic over RPL, where x either is a,
r or left out.

With the results obtained so far the proof is very similar to a corresponding proof of
Hennessy.
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Proof Because T, and T extends =< it appears from the next proposition that T is

~a ~T

algebraic when T, and T, are. So assume x = a or x = 1 in the following.

Suppose p C, ¢ and d € Fin(p). We must find a d’ € Fin(q) such that d T, d'. d € Fin(p)
implies d < p. Then d T, p because T extends = on RPL. Hence d T_ ¢ and by
proposition 5.3.20 d C_ d' for some d' € Fin(q).

Conversely suppose for every d € Fin(p) there exists a d’ € Fin(q) such that d T _d'. We
shall show p £ _¢. At first we deduce d C_ ¢ for every d € Fin(q). By assumption d C_ d’
for some d' € Fin(q). d' € Fin(q) only if ' < ¢ and thus d’ £_¢. From the transitivity
of L, then d T_q. Now to see p T ¢ suppose p may x e for some e € E. By proposition
5.3.19 there is some d € Fin(p) such that d may x e. From d C_ ¢ finally ¢ may xe. O

The following proposition is actually more general than needed in the previous proof. In
this proposition and a few others to follow we shall as in [Hen87a] use REC'; to denote the
recursive terms that can be build from recursive combinators and a signature . FRECY;
is just the syntactic finite terms.

Proposition 5.3.23 Suppose T’ and C” are transitive relations over RECY and C is
defined as the intersection of C' and C”. If T’ and C” extends < and they both are
algebraic then C is algebraic too.

Proof We shall show for p,q € RECY;, that p C ¢ iff Vd € Fin(p)3d' € Fin(q).d C d'.

if: Vd € Fin(p)3d' € Fin(q). d C d' implies Vd € Fin(p)3d' € Fin(q).d T’ d',d C" d'.
Since C" and C” are algebraic this in turn implies p =’ ¢ and p C” ¢. By definition of C
then p C q.

only if: pC q=pC q,pC" q. By the algebraicity of C" and =" the consequence of the
implication gives: Vd € Fin(p)3d’ € Fin(q). d C' d’ and Vd € Fin(p)3d” € Fin(q). d =" d”
from which we get: Vd € Fin(p)3d',d” € Fin(q). d C’' d',d Z” d”. Because Fin(q) is
directed under < there is an e € Fin(q) such that d < e and d” < e. Since C" and "
both extends < this means d’' C’ e and d” C” e. From the transitivity of =’ and C” then
d ' e and d C” e so by definition of C finally d C e. O

Due to standard results as found in [Hen87a] it is now possible with a little elaboration
on the denotational aspects to get the full abstractness results.

Hennessy shows the general corollary: A[t[recx.t/t] = A[recz. t] from which it is quite
easy to see:

Proposition 5.3.24 <, extends < on REC%(X). Le.,

t j t/ implies va A[[t]]pA SA A[[t]]pA

Proposition 5.3.25 Given a 3-domain, A, assume the functions preserve Fin(A). Then
the denotational preorder, <,, arrising from A[] is algebraic on RECs,. le.,

Alp] <a Alq] iff Vd € Fin(p)Je € Fin(q). A[d] <4 Ale]
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Proof

if: A consequence of the proposition above is Ve € Fin(q). Ale] <a A[q] so from
the assumption of the implication we get Vd € Fin(p). A[d] <4 A[g]. Hence also
V.4 A[Fin(p)] <a Alg]. Since V4 A[Fin(p)] by Hennessy equals A[p] this actually reads
Alpl <a Aldl.

only if: d € Fin(p) and p € RECY, implies d € FRECs,. So if A[] on elements of FRECY,
yields elements of Fin(A) (i.e., finite elements) we get this implication as follows:

A is a ¥-domain and Vd € Fin(p). A[d] <a A[p] <a Alg] so Vd € Fin(p). A[d] <a Alq].
Because Afq] = V4 A[Fin(q)], Fin(q) is directed and A[d] is assumed to denote a finite
element there exists an e € Fin(q) such that A[d] <4 Ale].

We owe to show t € FRECy, implies A[t] € Fin(A). Using as hypothesis the assumption of
the proposition that Vf € 3 of arity k we have f4(A[t]) € Fin(A) where A[t] € Fin(A)*
this easely follows by induction on the structure of ¢. O

From the results in chapter 3 and the characterization of the finite elements in proposition
5.1.2 it is seen that op, preserve finite elements in C, when * € {4, v, x}. We then have:

Corollary 5.3.26 The denotational preorders <4, <, and <, are algebraic on RPL.

Notice that from the proof of proposition 5.3.25 above it appears that [ ], denotes finite
elements when restricted to PL and by 3.3.19 on page 85 all finite elements are denotable
by terms of PL so our different domains are actually finitary.

With the corollary it is now an easy matter to show the denotational models are fully
abstract w.r.t. the corresponding preorders.

Theorem 5.3.27 If p,q € RPL then the different test preorders T,, T, and T are
(relative) precongruences and:

) Irls <5 lals iff pE.q
v) [plo Qo ldle iff PE, g

X) [[p]]x S]X[[Q]]X if PSq

Proof From the last corollary we know that <, <, and <, are algebraic and from
proposition 5.3.22 we also know that this is the case for T,, T, and T so by the corre-

~a)

sponding result for syntactic finite processes, theorem 3.3.1, §) — x) then follows.

The test preorders are seen to be precongruences because they now are know to agree
with the corresponding denotational preorders which in turn are precongruence since the
denotational maps are built from (relative) continuous and thereby monotone operators.

O
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Ay, 63
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Act, 59
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action depth, 115
ad, 115
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algebraic (a relation being ~), 114

alphabet, 18
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assignment, 86

B, 71

barred depth, 115
BL, 59, 60
BL(X), 86
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Cs, Gy, Cy, 60, 109
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cf, see composition form
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CL, 65

composition congruent, 94
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concatenation, 23
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DC<, see downwards closure
DEDs, DED,., 87
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Fin, 114
FV, 112

vy, 22

immediate predecessor, 48
instantiation, 87

L, 59, 61, 65, 112

L, 115

labelled partial ordering, 18
A, see linearization
linearization, 28

Ipo, 18

msnf, see sumnormal form, minimal
may accept, 66, 69

may reject, 66, 69

Ms, M,,, M, 64

n, see standard set
open process terms, 86

P, see syntactic prefixes
P(), 22

Py(), 60

partial word, 19

pf, see prefix form

m, 37

PL, 59, 60

PL(X), 86

prefix form, 93

proof, 88

proof system, 87
propositionz, 50

WY, 20

PW | see partial word

rank, 19
maximal, 20
RBL(X), 112
RBL(X), 113
recz., 112
reduced test normal form, 117

p, 86
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RPL, 112

RPL(X), 112

RT, 50

RTSW , see semiword, rooted tree-~

S, see summands

semiword, 19
complement, 20
connected, 22
direct sub~, 20
disjoint ~s, 22
empty, 23
generation of, 53
parallel composition of ~s, 26
prefix of, 37
restriction of, 20
rooted tree-~, 50
tree-~, 50

Y], see signature

Y, 63

5, 2y, By, 61

signature, 59

simple instantiation property, 88

smoother than, 28

snf, see sumnormal form

sort, 59

standard set, 18

substitutivity, 87

sum congruent, 94

summands, 93

sumnormal form, 93
minimal, 93

SW, see semiword

SW1, 19

SW2,19

syntactic approximation, 114

syntactic prefixes, 93

syntactic substitution, 86

T, 50

t, 18

TC, 68

test configuration, 68
terminal, 69

test language, 67

test normal form, 74

test relation, 68
0, 94
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, 75

0, 75, 113

TL, 67
trichotomy law, 20

NOIRS

TSW, see semiword, tree-~

UC<, see upwards closure
v, 34
upwards closure, 18

variables, 86

W, see word
word, 20

X, see variables
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Part 11

Tracing Partial Orders
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Chapter 6

Pomsets

As mentioned in the presentation, the concept of labelled partial orders will be central
for the models we are going to present. The basic idea is that labelled partial orders will
represent individual behaviours of processes. In particular we will look at pomsets. We
shall use the interpretation and graphical representation of pomsets from [Gra81]. That
is

b

(6.1) a('_C)d

is used to represent a behaviour of a process with four action occurrences, where the d
occurrence is causally dependent on the others, the b occurrence is causally dependent on
a, but not on ¢, a.s.o.

6.0 Basic Definitions

Pomsets are usually defined as isomorphism classes of labelled partial orders ([Gis88,
Pra86]). We will look at labelled partial orders, also known as labelled posets, over an
action alphabet A—a countably infinite alphabet (fixed through out the rest of this part
of the thesis). We assume A to be disjoint from IN—the nonnegative integers.

The labelled partial orders are defined on basis of a fixed ground set which is assumed to
be closed under pairing and containing IN and A (See e.g., [Hen87¢| for a solution to the
simple set equation S = INUA U (S x 9)).

Definition 6.0.1 Labelled Poset

A subset, X, of the ground set together with a partial order (reflexive, transitive and
antisymmetric), <, and a labelling function ¢ : X — A is called a labelled poset (Ipo for
short) and denoted (X, <, /).

Given a lpo p then X, = X, <, =< and {, = ( if p= (X, <, /).

The set of all such lpos is denoted LPO.

Given two Ipos, a morphism f : (X, <. 0) — (X', <", V') of labelled posets is a function
f: X — X’ such that
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r<y= f(z) < fly) forallz,ye X
lz)=0(f(x)) forall z € X
An isomorphism f : p — q of labelled posets is a bijection f : X, — X, such that f

and f~! are morphisms of labelled posets (then also = <, y iff f(z) <, f(y)).
If such a isomorphism exists between p and ¢ we write p = ¢.

The empty Ipo, (B, 0, D), is denoted «. O

That LPO indeed is a set follows from the ground set being one. Observe that we use
x,y, ... to range over elements of X,, where p is a Ipo.

x and y are said to be concurrent/causally independent in a Ipo p,

zcopy iff £,y andy £, x

Notice that co, is not reflexivel We say that Y C X, is a cop-set if all the elements
of Y are concurrent in p, i.e., if co,ly2 = (Y x Y)\ {(y,y) | y € Y} or alternatively if

Splve ={{y,y) |y €Y}
If YVisaset and p = (X, <,¢) an lpo then the restriction of p to Y, ply, is the lpo

(Xly, <ly2, l]y).
For € X, we sometimes (ambiguously) abbreviate p|,; by .

The definition of pomsets emerge almost immediately from that of Ipos.

Definition 6.0.2 Pomsets

The equivalence class of a Ipo p under = is denoted [p] and p is called a representative of
the equivalence class. ILe., [p] = {¢ € LPO | ¢ = p}. Whenever an Ipo is denoted by a
single symbol, p, we define for convenience p to be [p].

The set of all pomsets is then the quotient set of LPO by =, LPO/ = and is denoted P.

A pomset p is contained in pomset q if a representative of p can be embedded in a
representative of q. Formally: p is a subpomset of q, written p — q, iff IY.p = [q|v].
O

We have defined the notion of subpomset by means of a single representative so one should
check that the definition is independent of what representative used in the definition. E.g.,
if ¢ = ¢ it is easy to see that ¢|y = ¢'|y» where Y’ is the subset of X, isomorphic to
Y N X, under the Ipo isomorphism holding between ¢ and ¢’. It will often be left to the
reader to check that definitions regarding pomsets are well-defined in this sense.

For a pomset p and a set of pomsets ) we denote by Q(p) those pomsets of () which are
contained in p, i.e., Q(p) = {q € Q | q — p}.

Example: If p is the pomset represented in (6.1) then e.g.,
p—p, a—~c—>d—p, a~d—p

and

{c, a—d, i) d} C P(p)
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We overload notation and use € and a to denote the empty pomset [((), 0, 0)] and the sin-
gleton pomset [({a}, {{(a, a)}, a — a)] respectively. Similarly a™ denote the multisingleton
pomset [({{a, k) | 1 < k < n}, {{z,2) | 2 = (a,k),1 < k < n}, (a,k) — a)].

For a set of pomsets P we adopt the notation P. for P U {e}.

Below we list different types of pomsets we shall deal with together with the symbols we
tend to use for them.

A B,...€¢ M — the multiset pomsets:
{peP|p#c and X, is a co,-set}
A, B,...€S — the set pomsets:
{PeM|Vr,ye X,.x#y=Ll(x)#L,(y)}
a”b™...e N — the multisingle multisingleton
{peM|Vr,ye X, l(x)=1(y)}
a,b,... € A — the singleton pomsets:
{PeM|Vr,y € X,. v =y}

Notice that we by this notation have a = a' = {a}. The reader is obliged to sort out
from the context the ambiguity arising from this notation in return for a more tractable
presentation. The reader should also be aware that the sets A, N,S and M are defined not
to contain the empty pomset €. As already stated e.g., M is augmented with € by writing
M.. In continuation with the notation above we then also have ¢ = a° = (.

It will not be necessary to deal with infinite pomsets in the following so we will throughout
the rest of this part assume pomsets to be finite. More precisely: we shall only consider
pomsets p where X, is finite.

Having restricted ourselves to finite pomsets we can now for a pomset associate a unique
multiplicity function over A which for each action tells how many elements in the pomsets
that are labelled whit this action.

Definition 6.0.3 Multiplicity Function

A multiplicity function, m, (over A) is a map m : A — IN.
m is said to be finite if m is 0 everywhere except on a finite subset of A.
The set of multiplicity functions are partially ordered by

m <m' iff VYae A m(a)<m'(a)

Given a lpo p the associated multiplicity function, m,, is defined by Va € A. m,(a) =
{z € X, | 6,(x) = a}l.

The multiplicity function, my, of a pomset p is simply m,,.

The preoder induced on pomsets by the partial order < on multiplicity functions is (am-
biguously) denoted < and defined by p < q iff mp < mq. O

It is easy to see that every finite set M of multiplicity functions has a lub (least upper
bound) V M = m’ where m’ is given by Va € A. m/(a) = max<{m(a) | m € M}. If in
addition every m € M is finite then so is \/ M. Also my, is finite for every p € P because
we only deal with finite pomsets.
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Observe that multisets are nothing else than a pomset representation of multiplicity func-
tions. It is mainly for convenience that we have chosen to work with both notions.
Definition 6.0.4 Pomset Property
A Ipo property, P, is =-invariant if it is preserved under Ipo isomorphism:

p = ¢, P.(p) implies P.(q)

P, is a pomset property if it is induced from a =-invariant Ipo property, )., in the following
way:
P.(p) iff Q«(p)

O

Observe that the Z-invariance ensures the notion of pomset property to be well-defined.
In the sequel we shall make no distinction between a pomset property and the lpo property
it is induced from.

An example of a pomset property, P, is where P, (p) demands <, to satisfy the trichotomy
law: Va,y € X,. 2 <, y ory <, z, i.e., that <, shall be total. The set of pomsets having
this property is denoted W (words) and we write the property as Py. Pomsets of W
are by Gischer [Gis88] alternatively called tomsets. We shall often write w for w € W,
because of the one to one correspondence between A* and W (see [Sta81]).

We now give an example of a type of pomset property that can be defined in terms of a
set of nonempty multisets.

Definition 6.0.5 Multiset Induced Pomset Property

Given D € M we say that a pomset p has the Pyycp-property if the (nonempty) multisets
contained in p are from D. Formally

Pucp(p) iff M(p) €D

The Pycp-pomsets are those with the Pycp-property and they are denoted Pycp. O

It is easy to see that Pycp actually is a pomset property because it is induced from the
Ipo property:
Pucp(p) iff [ply] € D for every nonempty co,-set Y C X,

and co-sets are preserved by =.

a—»lc). Then Pycs(p) because

Example: Suppose p = 2712 and q = b

ab
M(p) = {a7 b’ C’b7c} g S

but Pycs(q) does not hold because (b* & S)

abab
M<q) - {a’7bacab7bac7c} S;S
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6.1 Operations on Pomsets

Pomsets have been equipped with a variety of operations ([Gra81, Sta81, Gis88, Pra86]).
In this part of the thesis we need only a few of these. Just as pomsets were defined on the
basis of labelled posets we shall do so with the operations. The following two are both
natural generalizations of concatenation of words: sequential and parallel composition.

Definition 6.1.1 Sequential Composition of Pomsets

Given two pomsets, p and q. Their sequential composition, p-q, is obtained (informally)
by taking their disjoint union (component wise), and making all elements of q causally
dependent on all elements of p. Formally:

For two lpos pg and p; we define their sequential composition pg - p1 = (X, <, ¢), where

X is the set {0} x X, U{1} x X,
< is the partial order defined by
(t,2) < Goy) iff i=jandx <y
ori=0,7=1
¢ is the function (i, z) — £, ()

For two pomsets py and p; we then define pg - p1 to be [pg - p1]. O
_~b b
Example: a\a-c—>d = a\a/c—>d

Proposition 6.1.2 Suppose p, pg, p1 and p, are Ipos. Then
e p-e=p=ce-p
® (po-p1)-p2=po- (p1-p2)

Proof To see the last property use as isomorphism (from the left hand side to the right
hand side) the function given by:

O

As a corollary we immediately get that for pomsets - is associative and has ¢ as left and
right neutral element.

Definition 6.1.3 Parallel Composition of Pomsets

Given two pomsets, p and q, their parallel composition, p X q, is simply the union
(component wise) of p and q. Formally:

For Ipos py and p; we define py x p; = (X, <, {), where
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is the set {0} x X, U {1} x X,

is the partial order defined by

(i,z) < (o) iff i=jandz <y
¢ is the function (i, z) — £, ()

IA <

For pomsets py and p; we define pg X p; to be [py X p1].

b a/'b
Example: a(a xc—~d = ~“a

c—d
Proposition 6.1.4 Suppose p, pg, p1 and p, are lpos. Then
e pXeEEPEeXp

® Do X P1=p1 X Po

® po X (p1 X p2) = (po X p1) X pa

Proof The second property is seen by using as isomorphism the function given by:

(0,2) — (1, 2)
(1,x) — (0, x)

and the other properties are proved as in the last proposition.

O

So for pomsets x is associative, commutative and has ¢ as left and right neutral element.

The next operator refines the different elements of a pomset into different pomsets (a

formalization of the concept of “change of atomicity”).

. b .
Example: Consider the pomset a< . Suppose we would like to refine the upper

occurrence of b to 6>d, the lower to ¢— a and the a occurrence to

refinement 7 and the associated operator <m>—then we would expect:

d—d
a<2<7r> = z>a£e/
c—a

Z) a. Call this

Actually it does not make sense talk about the upper, lower, etc. occurrence of b in a
pomset, but for a particular representative each individual element can be replaced by
“its own” pomset (representative) thus obtaining the representative of, a new pomset.
We now give a definition of this construction and then in a moment utilize this for the

definition of a function from pomsets.

The construction is not as simple as the others and we need to introduce some additional

notions.
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Definition 6.1.5 Particular Refinement

Let p be a lpo. A particular refinement for p is a mapping m, : X,, — LPO.

Given a lpo p and a particular refinement (p.ref. for short), m,, for p, we can construct
a new lpo, p<m,>,as follows: p<m,> is (X, <,¢), where

X s theset {(z,2') |z € X, 2" € X7 ()}
< is the partial order defined by
(@, ") < (y, ) iff © <py and
r=yY= ' Sﬂ-p(x) y/
¢ is the function (z,2") — l; ()(2')

Notice that p<m,> is a finite lpo. Following the idea of Gischer [Gis84] we introduce the
following Ipos

C = ({0,1},{(0,0),(0,1), (1, 1) },i — a;) i.e., [C] = ap— a1

Qo
a1

S = <{07 1}’ {<0’O>’ <1’ 1>}’i = ai) i'e" [S] -

where ap and a; are two fixed elements of A. For Ipos py and p; let m¢(y,,p,) denote the
p.ref. for C' given by T (p,p,) (i) = p; for i = 0,1 and similar for wgg, p,).-

From the definitions it immediately follows that sequential and parallel composition can
be derived from particular refinements of C' and S in the following sense:

p-q=C<mc@pq>

P X q=S<Tg(pq >
Therefore also p-q = [C<m¢@p,q>] and p x q = S<mg(p,q>. That is to say with the words
of Gischer [Gis88] - and X are pomset definable operations on pomsets. Gischer actually
make refinement into a operation itself (called substitution) but it would not allow the

type of refinements we shall need. We therefore prefer to postpone the definition of the
pomset refinement operation to the section dealing with sets of pomsets.

6.2 Two Partial Orders on Pomsets

The first relation on pomsets we are going to present is used to compare the “concurrency”
of two pomsets.

Definition 6.2.1 =<-ordering on Pomsets

The preorder, =<, on lpos is defined: p < ¢ iff there exists bijective function X, — X,
which also is a morphism of Ipos.

This preorder induce a partial order, ambiguously denoted =<, on pomsets as follows:
P=q iff p=q
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p =< q can be read: the pomset p is smoother than [Gra81]/ subsumed by [Gis88]/less
nonsequential than the pomset q. O

Notice that for Ipos p and ¢, p =< ¢ does not imply p = ¢. It is also useful to observe that
p = q implies mp = mq.

a a—b a—b a—b
: b =< ™ph =<
Example: a—b—c = c/'b = . and CZ{d = .

The <-downwards closure of a pomset p, {p’ € P | p’ < p}, is denoted d(p).

Suppose P, is a property of pomsets then d,(p) will be a shorthand for the semi =<-
downwards closure {p’ € P | p’ < pand P.(p')}. E.g., dw(p) = {p' € P | p’ =
p and Py(p')} = {p’ € W | p’ < p}. Though we might have p & J.(p) for some pomset
property P,, we call it the J,-closure.

From the definition of p.ref. we directly see:

Proposition 6.2.2 Let lpos p and ¢ be given with ¢ = (X, <,,¢,) and <, C <,,. Fur-
thermore suppose m and 7’ are p.ref.’s for both p and ¢ (X, = X,) such that Vz €
Xp. XW/(J;) = <X7r(x)7 S,&r(m)% < C Sﬂ(x). Then

p<m> X q<T>
p<m> =< p<w'>

The following alternative characterization of < will often be more convenient to work
with.

Proposition 6.2.3 For pomsets p and q we have:

a) p=2qiff p=(Xy,<ply) and <, D <, for some ¢’ € q

b) p =2 qiff (Xp, <4 ly)=qand <,y D <, for some p/ € p

Proof Observe at first that in general p X ¢=r=p<randp=q¢=r=p=r.

a) if: id x, 1s a label preserving bijective function from Xy to X, because X, = Xy and
l, ={y. By <, O <, it is also order preserving. Hence p < ¢’ and since ¢’ € q means
q = q we get p<gqgandsop=<q.

only if: By definition p < q implies the existence of a bijective function f : X, — X,

which also is a morphism of Ipos. Then define ¢’ to be (X,, <,, ;) where <, is given by

v <gyiff [N @) <o f ()

Clearly ¢ = g and ¢’ € q. Also p = (X, <,, {y) so it remains to show <, C <,. Assume
x <, y. Then f~'(z) <, f~'(y) by definition of ¢’ and because f is bijective and a
morphism of Ipos therefore x = fo f~'(z) <, fo fHy) =y.

b) is proved similar. O
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With the alternative characterization of <, proposition 6.2.2 above and the observations
made by the definition of particular refinement we get:

(6.2) - and X are =<-monotone in their left and right arguments

Similar we with appropriate p.ref.’s deduce from the above example that:
(6.3) (pxq)-(p'xq)=(p-p)x(a-q)
We now turn to the second partial order on pomsets.

Definition 6.2.4 CT-ordering on Pomsets

Given two pomsets p and q. Then p is a prefiz of q, p C q, if p is a subpomset of q and
the elements of p only dominates the elements of p in q. Formally:

The Ipo preorder, C, is defined p C ¢ iff there exists a <,~-downwards closed set ¥ such
that p is isomorphic to the restriction of ¢ to Y. l.e.,

pCqiff Y. p=yqly and{re X, |yeY. o<y} CY
The partial order, C C P x P, is induced from the Ipo preorder by:
pEaiff pEgq

7 is defined to be the function which for a pomset p gives the C-downwards closure of p:
m(p)={p' €P|p' Cp} O

That p C q implies p < q follows from p = ¢|y. Notice that p C p and p C q implies
mp < mq. Also observe that {x € X, |y € Y.z <, y} CY just is a formalization of: YV
is <,~downwards closed.

Example: a('_l; C a(_'l;)d ,but a—b—d [ a(_'i)d

As for the partial order < there is an alternative characterization of C:

Proposition 6.2.5 For pomsets p and q we have:

a) pCq iff p’:q|Xp/ for some p/ e pwith {z € X, |y € Xp. 2 <, y} C X,y

b) pC q iff p={'|x, for some ¢’ € q with {z € Xy | Iy € X,. 2 <y y} C X,

~

Proof a), b) if: Immediate because = C

For the only if direction of a) and b) we by definition have
Wp=qly and{re X, |yeY r<,y} CY

W.lLo.g. we can assume Y C X, (because qly = q|x,nv))-
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a) only if: Define p’ to be ¢ly. Obviously p’ is a representative of p and because Y is a
subset of X, we have Y = X |y = X;y. Hence p’ = g|y = ¢|x,, and X}y is <,-downwards
closed.

b) only if: Here we shall find a representative of q which p is a part of. The idea will be
to find a representative ¢” of q which has no elements in common with p and then just
replace that part of ¢” which is isomorphic to p with p to obtain ¢’. The elements of p
are from the ground set which are composed of two-tuples. Clearly the “size”, |z|, of an
element x can be determined as follows

2] = |zo| + |z1| if 2 = (x0, 21)
1 otherwise (z € IN or z € A)

If p is empty we can just choose ¢ = ¢ so assume it is not. Then since we work with finite
pomsets/ Ipos it make sense choose a z € X, with maximal size according to the measure
above. Define ¢” = (X, <, /() where

X s theset {(x,z2) |z € X,}
< is the partial order defined by

(r,2) < (y,2) iff ©<qy
¢ is the function (z, z) — (,(x)

Evidently ¢” is a representative of q and p is a Ipo isomorphic to ¢”|y, where Y, is the
<~downwards closed set {(x,z) | + € Y'}. By construction all elements of X, have size
greater than those of X, and so they cannot have any elements in common. The required
¢’ is then obtained by replacing all elements from X,» which under the Ipo isomorphism
equals the elements of X, with these corresponding elements of X,. O

With this alternative characterization it is useful to observe for Ipos p and ¢:

o {0} x X, = X,. = Xpue and {1} x X, = X., = Xon,

o Y C X, implies (p- q)ly = (p-¢)ly

o X,. CY implies (p-q)ly =p-(e-q)ly

e Y C X, implies (p X q)|ly = (p X €)|y (symmetric for € x p)
)

Xpxe CY implies (p X ¢)ly = p x (¢ x q)|y (symmetric for € X p)

Then evidently a pomset is a prefix of two parallel composed pomsets iff it itself is the
parallel composition of two prefixes of the two parallel composed pomsets. It is also easy
tosee pC qimpliespC q-rand r-p C r-q. It takes more effort to prove the “reverse”:

Proposition 6.2.6 If p C g - r then either p C q or there exists a pomsets r’ such that
p=q-randr Cr.
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Proof Let p/,q and r be given such that p’ C q-r. q-r = [¢-r] so by the alternative
characterization of prefix we know there is a representative p of p’ such that p = (¢-7)|x,
and X, is <,.,-downwards closed.

If X, € {0} x X, then as observed p = (¢-7)|x, = (¢-¢€)|x,. Of course X, is <,..-downwards
closed and by the alternative characterization of prefix then p’ =p C [¢- €] = q.

So assume X, Z {0} x X,. We show at first {0} x X, C X,,. Let an x € {0} x X, be
given. From p = (¢-7)|x, we have X, C {0} x X, U {1} x X, so because X, {0} x X,
there must be a y of X, in {1} x X,. By definition of ¢ - r then = <, y wherefore the
<gr-downwards closure of X, yields z € X,. Now since X.., = {0} x X, C X, we have
p=(q-7)x, = q-(c-7)|x,- That X, is <.,-downwards closed is a simple consequence
of X., C X, and the <,,-downwards closure of X,,. Defining ' = (¢ -r)|x, we get
' C [e-7] = e-r = r by using the alternative characterization of prefix again. From
pP’op=1(¢-7)x,=Zq-(e-7)|x, =¢q-7" then p’ =[¢- 7| = q- 1 as desired. O

The next proposition will prove extremely useful in proving various connections between
the two partial orders over pomsets.

Proposition 6.2.7 Given two pomsets p and q. Then

pCq=dreP.p-r=q

Proof Assume p T q. By the alternative characterization of prefix we can find a
representative p’ of p such that p’ = Q|Xp/ and X,y is <,-downwards closed. Define r to
be q|(Xq\Xp,) and ¢ = (X, <, ), where

X istheset {0} x X, U{1} x (X, \ Xp)
< is the partial order defined by

(i,z) < (o) ilff ©<qy
¢ is the function (i, ) — (,(z)

Clearly ¢’ = g—i.e., ¢’ is a representative of q, and from the definition of p’,r and Ipo
sequential composition we see X, = Xy and £, = {y. To see <, C <., assume
(i,2) < (j,y). Then z <, y and if i = 0 = j we have z,y € X}y so x <, y then follows
from <, = <g[x 2. Similar if i =1 =j. If i = 0 and j = 1 then (i,2) <p.v (j,y) by
the definition of p' - r. We are left with the case ¢ = 1 and j = 0. This is means x < y,
r € X, \ X, and y € X,,—but this is impossible because X, is <,-downwards closed and
we can exclude this case. So we actually have ¢ = (X, <y, lp.,) and <., O <,. The
alternative characterization of < then gives us p’-r = [p' - 7] = ¢ = q as we wanted. O

With this result it is easy to prove:

Proposition 6.2.8 For pomsets p and q we have

dJrp=rCqif 3s.pCs=<q
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In [Pra86, page 49] Pratt outlines an alternative proof. He defines prefix in another, but
equivalent way: p is a prefix of q if Y. p = ¢|y and X, \ Y is < -upwards closed. So this
proposition can be seen as just a reformulation of his theorem.

Proof only if: Assume p < r C q. By the previous proposition we know there is a
pomset r’ such that r - r’ < q. From p < r and <-monotonicity of - then p-r’ < q. But
p C p-r’' so we can just choose s =p-r'.

if : Suppose p C s < q. Then there are representatives p’ and ¢’ of p and q respectively
such that p/ = S\Xp,, X, is <s-downwards closed and ¢’ = (X, <, ls) with <, D <,.
Define r to be ¢/| X, Then 7 is a Ipo and to see that X,/ is <,-downwards closed assume
r <,y € Xy. Then z </ y and from <, C < also v <; y. © € Xy follows now from the
<s-downwards closure of Xy. Hence r E ¢'. We also have r = (Xp, <¢[x 2, {y), so from
<¢ © <sthen < = <[y » C<i|y 2 =<y Thusp’' =rEq¢ andp=p' =rCq =q.

O

6.3 Sets of Pomsets

Sets of pomsets and operators on them are used extensively in the models we shall present,
so we briefly treat them here. The two operations on pomsets - and x generalize to sets in
the natural way e.g., P-Q ={p-q|p € P,q € Q}. We shall use U to denote the normal
set union and P(_) the powerset operator. Also for a pomset property P., d, generalize

to sets: 0.(Q) = Uqgeq 9+(a)-

The previously mentioned refinement operator for pomsets is defined using the particular
refinement construction for Ipos.

Definition 6.3.1 Refinements

A P(P)-refinement is a mapping o : A — P(P).

We say that a P(P)-refinement, o, is e-free iff Va € A.e & o(a) and o is image finite
if o(a) is finite for every a € A.

A particular refinement , for a Ipo p is consistent with a P(P)-refinement o iff

Vi € Xp. [mp(2)] € o(f(x))

The mapping associated with ¢ is now defined as <p> : P — P(P) with p<p> =
{[p<m,>] | m, is a p-consistent p.ref. for p} and generalized to sets of pomsets by P<p> =
UpEP p<o>.

For a finite Ipo p and image finite refinement p we notice that there is only finitely many
different p-consistent p.ref. for p (up to = in each z € X,) and consequently in general
p<p> is a finite set of pomsets because we only work with finite pomsets. Also P<p>
must be finite if P is a finite set of pomsets and o is a image finite refinement.

Example: Consider the same pomset as in the example for particular refinement on page

135. Suppose o is a P(P)-refinement such that a — {2) a} and b — {c—» a, Z> d}.
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Then

d\

e o b\ /d/d b\ /c—>a b\ Z,e/'d
a,<o> = Ta=—e ,  >a S SE

¢ \c—>a ¢ \c—>a “ >d

/

e

Whereas it was quite obvious that - and x defined operations on sets of pomsets this is
not so easy to see for <p>. But we now prove that <p> actually defines a operation on
sets of pomsets.

Proposition 6.3.2 <p> is well-defined.

Proof From the definition of <p> we clearly see that is enough to show:

If 7, is a p-consistent p.ref. for a Ipo p then p = ¢ implies the existence of a
o-consistent p.ref., m,, for ¢ such that p<m,> = g<m,>.

Let f be a isomorphism of Ipos from ¢ to p. If 7, is a p.ref. for p then 7, := 7,0 f is a
p.ref. for g. Also 7, is consistent with ¢ because:

Vo € Xy [mp(x)] € o(lp(x))
) f is a bijection
Vo € F(X,). [ny(@)] € o(6,(x)

Vo € Xq. [mp(f(2))] € o(6,(f(2)))

i f is label preserving, definition of ,
Vo € X,. [ry(a)] € o(ty(2))

To see p<m,> = t<m> we show g @ Xger,> — Xper, > given by (z,2') — (f(x),2') is
an isomorphism of Ipos.

It is seen from: g(Xger,>) = {g((z,2)) | (z,2) € Xger,>}
={(f(2),2) |z € X¢,2" € Xr ()}
= {(z,2") |z e f(Xy),2 € Xp, (0} = Xp<r,>
Clearly g is bijective and g=1 is (z,2') — (f~1(z),2’).
We have
lycrg>((2,2")) = lry@) (2") = Ly (1)) (7)) = Lpy> ((f(2), 7)) = Lpar,> (g ({2, 7)),

so ¢ is label preserving and since:

142



<$7 :LJ> §q<7rq> <ya y,>
[} by construction of g<m,>

r <,y and

=y = Zne Y
(! f morphism from ¢ to p and 7, = m, 0 f
1) p F(y) and

=f) =¥ <np@) ¥

[} by construction of p<m,>

(f(2),2) Spemp> (F(y),9)
(8 by definition of ¢

9({z, 7)) Sper,> 9((y,9)

/

g is also order preserving and therefore a morphism of Ipos. Similarly it is seen that g—!

is a morphism of Ipos. O

The difference between our refinement operation and Gischers substitution can be illus-
trated by the following example.

C

d}' Then

Example: Suppose p = a— a and ¢ is a P(P)-refinement with o(a) = {b,

C C C—>C
p<o> = {b_’ ba b< d7d> b’dé d}

whereas the result by Gischer substitution would be
c—c
v

The different operations enjoy a number of properties, many of them inherited from the
corresponding properties of pomsets. Some of them are listed in:

Proposition 6.3.3

e -, X and U are associative
e x and U are commutative
o {c}<o> ={e}, {a}<po> = o(a) and <p> distributes over -, x and U

That <p> distributes over - may seem surprising. But if 7 is a p-consistent p.ref. for
Do - p1 then one can find p-consistent p. refinements, m,, for py and m,, for p; (just define
7, () = w((i,z)) for i = 0, 1) such that

(po - p1)<m> = Po<mrp, > - P1<Trp, >

(the map ({7, z), ") + (i, (z,2')) is an isomorphism from X, p,)<rs> t0 Xpg<ry > py<my, >)-
Then we have [(po-p1)<m>] = [po<mp,>-p1<7p, >]. And of course then also (po-p1)<o> =
Po<o> - p1<o> which generalize to sets as well.

The partial order C on sets will be central to our models. U and natural extensions to
sets are C-monotone, so we get:
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Proposition 6.3.4 The operators -, U, X, <p> and ¢, are C-monotone in all their
arguments.

6.4 'Two Types of Pomset Properties

The first type of pomset properties we shall consider is those where the property of a
pomset is inherited to all subpomsets.

Definition 6.4.1 Hereditary Pomset Properties
A pomset property, Py, is hereditary, iff

Vp € P. P(p),q— p = P.(q)

O

A pomset being a singleton/ multisingleton/ set/ multiset pomset are examples of hered-
itary pomset properties because p < q implies M(p) C M(q). Also the Py-property
(page 133) is hereditary.

The following three propositions relates hereditary pomset properties with sequential and
parallel composition of pomsets.

Proposition 6.4.2 Let P, be a hereditary pomset property. Then

q < po-p1, Pq)
U
dqo,q1.9 =qo - q1 and q; < p;, P.(q;) for i = 0,1

Proof We prove the proposition for lpos which then generalizes to pomsets. Let there
be given lpos pg, p1 and ¢ such that ¢ < pg - p; and P.(q).

g = po - p1 implies the existence of a bijection f : X,,,.,, — X, which also is a morphism
of Ipos.

By definition of - we have X, ,, = ({0} x X,,) U ({1} x X,,) so we define ¢; to be
(Xpi, <gis Up,) where <, C X, x X, is defined by:

With this definition of ¢; we only have to prove <,, C <, in order to have ¢; < p;. This
is seen as follows:
T <p, Y= (i, 2) <pops (4, Y) definition of pq - p;

= f((i,2)) <, f((i,y)) f is order preserving
=<,y definition of ¢;

Next we prove ¢ = qp - ¢. We show f is an isomorphism from ¢y - ¢; to ¢. From
Xgoqr = Xpop, We see that it makes sense. f is bijective and label preserving, so we just

have to show that f and f~! preserve order: At first notice

144



(i,2) <gooqn (1Y) © <4y definition of qo - ¢1

< f((i,2) <, f({(i,y)) definition of ¢
Now suppose (i, z) <4.q; {J,¥), ¢ # j. By definition of g - ¢; then i = 0,5 = 1. But then
also (1, x) <,o.p (j,y) and since f preserves the order of py - p; then f((i,x)) <, f({j,v)).
Suppose now f((i,x)) <, f({j,y)),i # 7. If i = 0 and j = 1 we by definition of gy - ¢
also have (i,z) <,,.,, (J,y). This settles the case because i = 1 and j = 0 would lead to

a contradiction as follows:
If i =1 and j = 0 we have (j,y) <pop (i,2) and (j,y) # (i,x). Since f preserves the

order of pg - p; and is injective we get f((j,vy)) <, f({i,z)) and f({(j,vy)) # f({(i,x)). But
this together with f((i,z)) <, f({(j,y)) contradicts the antisymmetry of <,.

It remains to show Pi(qo) and Pi(q1). Clearly qf(iyxx,,) = ¢ so because P, is hereditary
and invariant under = the result follows. O

Proposition 6.4.3 Let P, be a hereditary pomset property. Then

q = po X p1, Pi(q)
{8
dqo, 1.9 X qo X q1 and q; = p;, Pi(q;) for i =0, 1

Proof The definitions of gy and ¢; so as the arguments are exactly as in the proof of the
previous proposition, except that - has to be exchanged to x and we cannot infer

f(<l,l'>) Sq f(<j7 y>)72 #] = <Z,l’> Sqo><ql <]7 y>
because i # j implies (i, ) cogxq (J,y). For the same reason the proposition just states
q=qo Xq. U

Proposition 6.4.4 Let P, be hereditary pomset property. Then

a) 5*(1)0 ' pl) g 5*(p0> : 5*(p1>
b) .(Po X P1) = 0.(0.(Po) X x(P1))

Proof

a) Suppose q € 6.(po - P1)—i-e., 9 = po - p1 and P,(q). Then by the last but one

proposition there exists pomsets qg and q; such that q = qo - q; and q; < p;, P.(q;) for

i =0, 1. This implies q; € d.(p;) for i = 0,1 and q = qo - q1 € 0.(Po) - 6«(P1)-

b) We prove each inclusion in turn.

C: Suppose q € 0.(po X p1). Then P.(q) and q < po X p1. Using the last proposition
we find pomsets qo and q; such that q < qo X q; and q; < p;, P.(q;) for i =0, 1.

This gives qo X q1 € 0.(Po) X 0+(p1). From P,(q) and q < qo X q; we then conclude
q € 0,(0.(po) X d.(p1)) as desired.

U

: Given q € 0.(04(po) X d«(p1)). Then P.(q) and q < qp X q; for some q; € 0.(p;)
and ¢ = 0,1. This implies qy < pp and q; < p1, so from the <-monotonicity of x
then

q=dqoXdq 2PoXdq =PoXP1
q € d.(po x p1) then follows from P,(q).
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Proposition 6.4.5 If P, is hereditary pomset property then 7d,(p) C d.7(p).

Proof Letaq € 7d.(p) be given. This means there is a s such that P,(s) and q = s < p.
q C s implies q — s, so because P, is hereditary we also have P,(q). By proposition
6.2.8 there is a pomset r with g < r C p. Hence q € d.7(p). O

Notice that P, being hereditary was not used in O of b) of proposition 6.4.4 and if we
had closed the right hand side of a) similarly as in b) we would obtain equality.

But we shall deal with a certain type of pomset properties where it will not be necessarily
to close in this way in order to obtain equality. For this type one can deduce/ synthesize
the property for the sequential composition of two pomsets if they both have the property.

Definition 6.4.6 Dot Synthesizable Pomset Properties
A pomset property, P,, is dot synthesizable, iff

(6.4) Vp,q € P. P.(p) and P.(q) implies P.(p - q)
O

The following proposition states a condition that ensures a pomset property to be dot
synthesizable.

Proposition 6.4.7 A pomset property P, is dot synthesizable if
for every Ipo p and Y C X, with Vz € X, \ YVy € Y. x ¢g, y we have:

P*(p|Xp\Y) and P.(ply)
(6.5) [}
P.(p)

Proof We show that p - ¢ has the P,-property if P, fulfills the condition. By definition
of p- ¢ we have (0, z) <,, (1,v) for all z € X, and v € X, and as a consequence

Vo e {0} x X,Vy € {1} x Xy 2 cdpq y

We also have P, (p) so from p = e-p = (p-q)|x,. we see P((p-q)|x,.). Similar we get
P,((p-q)|x.,)- Using (6.5) we then conclude Pi(p - q). O

With this proposition it is easy to prove that the multiset induced pomset properties are
examples of dot synthesizable pomset properties:

Proposition 6.4.8 The multiset induced pomset properties are dot synthesizable.
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Proof Given a set of multisets, D, we show that Pyj-p satisfies the condition in proposi-
tion 6.4.7 above. Let p be any lpo and Y a subset of 3(1, with Vo € X, \YVy € Y.z ¢g, v.
The latter of course implies that any (nonempty) co,-set, Z, must be contained in either
Xp\Y orY. Soif Pycp(p|x,\v) and Pycp(ply) we conclude that [p|z] must be contained
in D, and so Pycp(p) as desired. O

That the condition in proposition 6.4.7 is not necessary for a pomset property to be dot
synthesizable can be seen from the following example.

Example: Let P, be the dot synthesizable pomset property defined by: P..(p) iff
every element of p has an immediate neighbour with the same label. E.g., P,..(¢) and

Pex(a(_g\ b) but neither P,,(a) nor P.,(p) where p = a—b—a—b. If Y is the two

P

celements of X, labelled with b then Vo € X, \ YVy € Y.z ¢d, y. Also [p|x,\v] = a—a
and [ply] = b— b which both have the P,,-property. As already stated P,,(p) does not
hold wherefore the condition of the proposition is not satisfied.

Of course we cannot be sure that d,(p) is nonempty no matter whether we have to do
with hereditary or dot synthesizable pomset properties. Take for instance the pomset
property which is not fulfilled by any pomset. The next proposition states a condition
which ensures d,(p) not to be empty.

Proposition 6.4.9 Let P, be a dot synthesizable pomset property such that P,(e) and
for every singleton pomset a, P(a). Then d,(p) # 0 for every pomset p.

Proof Let a pomset p be given. The proof is by induction on the number of elements
in p. The basis p = ¢ holds by the assumption of the proposition. So assume p # . We
can then choose an = € X, minimal w.r.t. <,. Then {z} is <,-downwards closed and by
the alternative characterization of prefix then a := [p|(;;] T p. By proposition 6.2.7 we
find a p’ such that a-p’ < p. Clearly p’ must have less elements than p, so by hypothesis
of induction dq € 6,(p’)—i.e., g X p’ and P.(q). From the =<-monotonicity of - then
a-q = a-p = p. By the assumption of the proposition P,(a) and we know P,(q) so
P.(a - q) follows from proposition 6.4.7. Hence a - q € 0.(p). O

As an example of the use of this proposition consider the pomset property Py—a pomset
being a word. Using proposition 6.4.7 one from the definition (trichotomy law) easely sees
that P, is dot synthesizable. Also the other assumptions of the lemma are fulfilled, so we
conclude dy(p) # 0 for every pomset p.

Proposition 6.4.10 Let P, be a dot synthesizable pomset property. Then:

5*(po : p1) ) 5*([)0) : 5*(p1)

Proof Given q € 0.(po) - 0«(p1). Then q = pj - p; for some p; € J.(p;) and i = 0, 1.
This implies P.(p}) and p} < p; for i = 0,1, so as a consequence of the <-monotonicity of
- then pg-p] < po-pP1, and P.(p; - p}) since P, is dot synthesizable. Hence q € 6.(po - p1)-

O
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So if a pomset property, P., is both hereditary and dot synthesizable we from this propo-
sition and a) of proposition 6.4.4 see:

3+(Po - P1) = 0:(Po) - 6+(P1)

If in addition P, holds for ¢ and the singleton pomsets we from proposition 6.4.5 and the
following proposition get:

o,m(p) = mo.(p)

In the following chapters we shall only meet such pomset properties.

Proposition 6.4.11 Suppose P, is a dot synthesizable pomset property holding for e
and the singleton pomsets. Then for every pomset p:

0.m(p) C 7.(P)

Proof Suppose q € d,m(p). Then P.(q) and there is a pomset r with q < r C p. As
in the proof of proposition 6.2.8 we can find a r’ such that q -’ < p. We presume the
same of P, as in proposition 6.4.9, so there is a p’ € J.(r'). Hence P,(p’) and by the
=<-monotonicity of - also q-p’ 2 q-r <X p. P.(q-p’) follows from P,(q) and P.(p’).
Because q C q - p’ we actually have q € 7d.(p). O
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Chapter 7

BL—A Basic Process Language

As mentioned in the presentation we shall study degrees of nonsequentiality as “orthogo-
nal” to existing study of branching, and as a consequence hereof the process expressions
we shall use will be from a very basic language, BL, over the abstract set of action
symbols, A, containing a combinator for internal nondeterminism beside combinators for
sequencing and parallelism with auto-parallelism (but without communication).

BL consists of expressions of the form:

E = a individual process labelled a € A
Ey; B4 sequential composition of Fy and E;
Ey® Ey internal nondeterministic composition of Fy and E;
Ey || Eq parallel composition of Ey and Ej.

In all models to come these binary operators are associative, a fact we shall make use of
in examples together with the combinator precedence:

& < || < ;

7.1 General Semantics

In the tradition as initiated in [HMS80] our starting point will be the idea of an observer
experimenting by doing tests on a black-box containing a process.

Tests consists in pushing buttons until some bulb is lightning up indicating the termination
of the process. A direct test could be to try to push a button and a full test can then be
considered as a maximal sequence of direct tests.

Within the branching tradition a widespread technique to increase an observers capability
to distinguish nondeterministic processes is to provide the observer more sophisticated,

149



but natural means of making direct tests—e.g., in the readiness semantic where it is
directly possible to test which buttons one successfully could push. How powerful these
capabilities should be depends on the purpose and application [OH86].

In the line of this we shall look for natural direct tests which puts the observer in a
position to discriminate degrees of nonsequentiality by processes, but remains faithful to
the idea of an observer pushing buttons on a black-box.

Keeping the analogy of a human observer the weakest form of an direct test must be that
of an observer pushing buttons using just éne finger. But also simultaneously observations
are conceivable [Mil80]. Clearly some power of the direct test is gained if the observer
uses two fingers at the same time thereby enabling the observer to direct test whether
two different labelled individual processes could be started at the same time. Another
approach would be to realize the force used to push the button—reflecting how many
individual processes with equal label could be started at the same time. These two
directions for increasing the power of the direct test seems to span the possibilities for an
observer experimenting through pushing buttons by the fingers. Of course the combination
of these directions opens up for a large variety with éne button direct tests at one extreme
and finitely many button push with realized force for each, at the other extreme. It is
difficult to argue which one to choose in this spectrum and in the end it must be a
matter of application. As an example of one application consider the situation where
more processes have access to a common store. Here it would be suitable if only direct
tests with at most 6ne write in the common store is possible.

On the basis of sequences of direct test equivalences on a simple language, BL, will be
defined. We can then investigate what consequences a choice of direct tests can have.
However for an extension, RBL, of BL which allows change of atomicity, we shall later
see that the actual choice is irrelevant if the equivalences are demanded to be congruences.

We now formalize the direct tests and add some “natural” requirements.

Definition 7.1.1 A set of direct tests, G, is a set of nonempty multisets satisfying:

ACG
A— B BeG=AcqG.

The first demand says that an observer at least should be capable of doing the weakest
direct test: push 6ne button. The second demand means that an observer capable of
doing one direct test also should be able to do any weaker direct test.

Evidently our tests resembles the sequences of firing steps used to express nonsequential
behaviours of processes in Petri nets [Rei85].

It is possible to carry through more quibbling observations as the partial order observa-
tions of [DM87] and in [BC87] transitions like (a ;b || a) are possible. However one might
argue that it is difficult to give “natural” intuition supporting such observations.
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7.2 Operational Set-up

The sequence of direct test which can be performed will be build up from the direct test
relation = holding through an A € G between configurations, with each BL-expression
being a possible start configuration. Configurations are expressions from C'L, which is
almost like BL with A extended with { (a symbol distinct from those of A). Intuitively
T represents the extinct action. Formally C'L is defined to be the least set C' satisfying:

el
BLCC
Ey; B eC if Bge C and E, € BL
Eyl|EveC if By, B eC

The construction of C'L reflects the idea that control cannot pass ; before all previous
actions are extinct.

Example: a| (T;0) e CLbut f@®@a g CL and a;(f;0) & CL.

We shall often prove properties by induction on the structure of an £ € CL. Strictly
speaking we then first prove the property for expressions from BL and then look at { and
sequential/ parallel composition afterwards. This implies that e.g., E = Ey ; F; shall be
treated two times with the only difference that for the first time we can assume FE; not
to contain {. We will therefore treat these cases together except at rare occasions where
the distinction is crucial. The same applies for E = Ej || E.

So = is actually a subset of CLx Gx CL. If (F, A, E') € =g we write this as F é>G E.
One can think of this as E can evolve to E' when the direct test A is performed.

We shall follow DeNicola [Nic87] and Hennessy [Hen88a] when defining = ;. Hennessy
does this in an extended labelled transition system by means of a relation >, which
reflects the step of an internal computation, and by a relation —¢ for an external
computation step corresponding to a direct test. The slight deviation from Hennessy in
defining the relation, >, for internal steps are manily due to differences in the languages
considered.
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Definition 7.2.1 >— C CL x CL and —g C CL x G x C'L are defined as the least
relations satisfying the following axioms and inference rules.

. Ey -2¢ E
a —g T A p
Ey; By —G EO;E1
A ’ Ag ’ A1 /
EO —G EO EO —G E07E1 —G El,AOXA1€G
A Apx Al
EOHElTGEGHEl Eo || By 556 Ey || B
By || By —¢ E1 || By
Ey >— E(/)

T E>—F
Eo,E1>—>E6,E1

Ey® E, >— E

Ey® By >— F;

t|E>—FE Ey >— E|
Bt >— E o FoRs— o)
E1 ||E0>—>E1 ||E6

In this way an internal step either resolves an internal nondeterministic choice or removes
an extinct action. The idea of using > for other purposes than resolving internal
nondeterministic choices is not inconsistent with Hennessy—he also uses >— to unfold
recursive definitions.

Notice that the definition of i)G is well-defined because of the premise Ag x A; € G in
the rule for a composed action and because we assume A C G (for a ——¢ 1).

Example: Let G be a set of direct test containing a®. Then

asblla;d Sgtib||tid>—1;b]ld-Sgtib|t>—b|t-gt]t>1

The test relation, é>G, is now defined as >—>*i>G >—* and for a sequence of direct
tests s € G* and E, E' € C'L we define:

EéG E/,S:AlAQ...An

il
ElEl,...,EnECLHAl,...,AnGG,TLZO.
E&c B 2. 25 F,=F

where the case n = 0 means £ >——* F'.

With this notion of sequences of direct test it follows that any maximal sequence, s, of
direct is of the form E = 1, so we can define our basic operational preorder:

Definition 7.2.2 <g € BL x BL
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Eo g B
if
Ey ¢ t implies E; ¢ 1 for all s € G* O

Notice that as expected the equivalence of <g, %, identifies a; (b@&c¢) and a;b P a; c.

Throughout this section we will fix G and so will leave it out as a subscript of —g and
= except when dealing with certain G’s. This will also be the case in the remaining
sections whenever the direct test set G in question is clear from the context.

Given a concrete sequence of internal and external steps, written =, we define its length
as the total number of steps in the sequence. If F under this sequence evolves to E' we
also write this as £ 2 E’. This allows us to make induction on the length of a concrete
sequence.

As a first result notice that by an easy induction on the length of = (where = is a
concrete sequence for Ey = E}) one can prove:

Proposition 7.2.3 Suppose E € BL, Ey, E; € CL and Ey = E}. Then

e By;E= E): E
[ ] E() || EléE(l) || E1
[ El H EoéEl ” E6

Since we only have a combinator for internal nondeterministic choice a natural ques-
tion to raise is whether a processes reacts successful to a test iff one of the syntactic
“controlled behaviours” of it does. Such a behaviour can be regarded as a deterministic
process (€ DBL) or configuration (€ DCL)—deterministic in the sense that no internal
nondeterminism is explicit present in the form of a @-combinator, but of course their
might be indirectly as in a || a. A behaviour would in Petri net terms correspond to a
possible process/ concurrent behaviour of a Petri net system—more accurately it would
correspond to to an occurrence net of a place/ transition net [BF88|. Formally:

Definition 7.2.4 Behaviours

The set of configuration behaviours, DCL, is defined to be the ®-free expressions of C'L.
Similar DBL = DCL N BL is the set of process behaviours.

The behaviours of a configuration expression is given by the map Beh : CL — P(DCL)
defined as follows:

Beh(t) = {t}
Beh(a) ={a}
Beh(Ep ; Eqy) = Beh(Ey) ; Beh(E)
Beh(EO D El) Beh(EO) U Beh(El)
Beh(EO ” El) = Beh(Eo) ” Beh(El)
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where Beh(Ey) ; Beh(E,) denotes {Ej ; B | E} € Beh(Ey), £ € Beh(FE4)}. Similar for ||.
O

Notice that £ € BL implies Beh(E) C DBL.

Because BL C C'L we from the proposition below deduce a positive answer to the ques-
tion whether a processes reacts successful to a test iff one of the syntactic “controlled
behaviours” of it does.

Proposition 7.2.5 For a configuration £ € C'L and s € G* we have

E 2 1 iff 3F € Beh(E). F & 1
Because in general { € Beh(FE) iff E = { this proposition is immediate from:

Proposition 7.2.6 Given s € G* and configurations F and F’. Then:

3E' % E',F' € Beh(E')
)

3F € Beh(E). F 3 F'

Proof Both implication are proven by induction on the length of 2 using the following
three propositions. O

Proposition 7.2.7 Given configurations £ and F’ we have:

JE". E >— E' | F' € Beh(F')
Y
IF € Beh(E). F >—* F

Proof By induction on the structure of E.

E =1 or E=a: In both cases F cannot do any internal step so the implication holds
vacuously.

E = Ey; Ey: According to the definition of > there are two subcases:
Ey = 1: Then E' = F; and F’ € Beh(F;). Now Beh(F) = {; Beh(E;) so F =
T; F' € Beh(F) and of course D >— F".

Ey >— E}: le., E' = Ej; Ey, so F' € Beh(E') means F' = F| ; F; for some
Fy € Beh(Ep), Fy € Beh(F). By induction 3F, € Beh(Ey). Fp >—* F}. By
proposition 7.2.3 this implies F' := Fy; Fy >—* F}; F; = F'. Since F; € Beh(E;)
for i = 0,1 we also have F' € Beh(FE).

E = Ey ® Ey: By definition of >— then either E' = Fy or E' = F;. W.l.o.g. assume
E' = Ey. Then F € Beh(E') means F' € Beh(E;) C Beh(Ep) U Beh(E;) =
Beh(FEy @ E1) so we can just choose F' = F’ since F' >0 F’.
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E = Ey || E1: Again according to the definition of > there are four possibilities. If the
internal step Ey || By >— E' derives from one of the axioms for || the proof goes
similar/ symmetric as in the first subcase of E = Ej ; Ey and if it derives from one
of the inference rules for || it goes as in the second subcase.

O

Proposition 7.2.8 If £ and F’ are configurations then:

3F € Beh(E). F >— F’

Y
JE'". E >—* E'| F' € Beh(E')

Proof By induction on the structure of E.

E =1 or E=a: Then Beh(E) = {E} and F = E. Since E of this form can do no
internal step the implication holds trivially.

E = Ey; Ey: F € Beh(Ey; Ey) means F' = Fy ; Fy where F; € Beh(E;) for i =0, 1.
Eqy = 1: Since Fy € Beh(t) implies Fy = T we see that F' >— F’ implies F’' = F}.
Let E' = Ey. We have E =t ; B} >— E' with F’ € Beh(E’) as desired.
Ey # 1: Now Fy € Beh(Ey), Fy # t implies Fy # 1. Inspecting the definition of
> we see that F' >— F’" must be due to Fy >— F{, F' = F{; F}. By hypothesis
of induction there exists E such that Ey >—"* E{ and F{] € Beh(E}). Then also
E >—* Ej; Ey and F' € Beh(E]) ; Beh(E;). Choosing E' = E| ; E; we are done.

E=FEy®E;: F € Beh(E) means F' € Beh(Ey) or F' € Beh(E;). Suppose w.lo.g.
F € Beh(Ey). Then by induction 3E’. By >—* E', F’ € Beh(E’). By definition of
>— then also Fy & F, >— Ey >—* E’ and thereby £ >—* E'.

E = E; || Ey: Has similar/ symmetric subcases to those of £ = Ej ; Ej.

By an easy induction on the structure of F one can prove:

Proposition 7.2.9 For configurations £ and F” we have:

3F'. E - E',F' € Beh(E')
)

3F € Beh(E). F - F

7.3 Denotational Set-up

The well-known trace models (not necessarily maximal) e.g., [OH86, Hoa85] are based on
sets of sequences of actions from A (words) and using the shuffle operator when dealing
with ||. These and related models can be viewed as abstractions of computations trees
canonicical associated with the process expressions. In the trace models for the equivalence
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corresponding to the smallest set of direct tests the abstraction would consist in taking
the set of words which constitute the paths from the root to the leaves of the computation
tree as illustrated in:

Computation Set of

tree words
[ ]
a/al \ b
allb®a;b— o e o +——{abba}
bl bl la
[ ] [ ] [ ]
[ ]

a,/ \,b
a;b®b;a — e e +—— {ab,ba}
bl la
[ [ ]

With these models in mind it offers it self for the generalized traces, to look for models
based on sets of sequences of direct tests, i.e., subsets of G*. However because immediate
tests are directed towards discovering concurrency as mirrored in pomsets and in order
to clear the way for the more complicated model in the next chapter we shall devise
corresponding models in the pomset framework. So the idea is to obtain a similar picture
as above using pomsets in stead.

Example: If we intuitively think of p as associating pomsets to expressions and dy, gives
the linearizations of pomsets we expect:

Set of Set of
pomsets pomsets
¢ 5 a—b
allbda;b2 {b, &{ }
b—a
a—b

) . & a—b, sw | a—0,
o (28] i)

To make this picture precise and generalize to an arbitrary set of direct tests, G, we shall
at first look for pomsets which only contains multisets from G. From G C M and the
definition of multiset induced pomset properties we know that Py g are the pomsets we
are looking for. -

For arbitrary pomset properties, P, and P., we denote P, NP, by P, . and similar for
the d,-closure we for a pomset p denote d.(p) N P, by .. (p).

Notice that 0, . (p) alternatively may be written as {q € P | q < p, P.(p) and P.(p)}.

Next it seems natural to seek a pomset property reflecting the general nature of when the
multisets of a pomset are in sequence, i.e., pomsets of the form A; - A, -...- A,. Pomsets
of this form can be considered as “layered” in the sense that they may be viewed as “a
linear order on top of a set of completely unordered pomsets (the individual multisets,

A;’s)”. One way to formalize this property is the following:
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Definition 7.3.1 P,,4-Property for Pomsets

A pomset p is said to have the P,,4-property, P,.q(p), iff for all z,2’,y,y" in X, we
have:

x Vo <p,z2=>y<,%
it co, then and
Y Ve.y<pz=>2<,% o
a—b a—b a—
Example: CZ(» d has the P,,4-property, C>= d and 4 has not.

Proposition 7.3.2 The P, 4-property is hereditary and dot synthesizable.

Proof Because of the universal quantification of  and y in the definition of P,,4(p) and
because the partial order just is restricted in subpomsets it follows that the P,,4-property
is hereditary.

It is also dot synthesizable as can be seen by using proposition 6.4.7: Let a lpo p and a
subset Y of X, given such that Py,q(p|x,\v),Pana(ply) and

(7.1) Vee X, \YVyeY. xcg,y

Suppose on the contrary —P,,4(p). By definition there must be z,y, 2 € X, with y co,
x <, zand y £, z. y £, z cannot mean z <, y because we then would get z <, y
contradicting y co, x, so actually:

(7.2) Y cop T <p 2 COpY

If x,y and z all are in one of the two sets X, \ Y and Y, we get a contradiction to
Pana(plx,\v) and Pynq(ply). Otherwise one element must be in one of the sets and the
remaining two in the other set. From (7.2) we see that at least one of the two elements
belonging to the same set must be concurrent to the element in the other set—a contra-
diction to (7.1). O

Proposition 7.3.3 The P, 4-property has the following alternative characterization:

(p#¢€ and Pya(p)) iff In>13A44,... A, e M A -...- A, =p

From this and the definition of P\jcG ana We immediately get:
(p # € and PycGana(P)) iff In>13A4;,... A, €G A-...- A, =p

We abbreviate PycG,and by PG- Pmcp is clearly hereditary so from the propositions 6.4.8
and 7.3.2 we get:

Corollary 7.3.4 The Pg-property is hereditary and dot synthesizable.
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With the above biimplications it is not hard to see that G* and P¢ coincide (are isomor-
phic), and as a consequence we shall often identify them in the sequel. So there is hope
that we can base our models on subsets of Pg.

It only remains to establish a connection from BL-expressions to nonempty subsets of
P¢. To this end we introduce a canonical map which give a natural association of sets of
pomsets with B L-expressions.

Definition 7.3.5 Canonical Pomset Association
The canonical associated pomsets of a BL-expression is given by the map p : BL —
PP\ {e}) \ 0 defined compositionally as follows:

p(a) = {a}
p(Eo; E1) = p(Eo) - p(E1)
o(Eo © By) = p(Ep) U p(E)
o(Eo || E1) = p(Eob) x p(E1)

Example: p((adb);(allc) = {a(c bZ Z}

We can then let denotations in our models go via this map:
Definition 7.3.6 []g: BL — P(P¢ \ {e}) \ 0 with [E]g = og(p(E)). O

So, our G-model is finite sets of Pg-pomsets partially ordered by inclusion: C.

It is easy to check that the maps of the example on page 156 are correct and that they
composed correspond to the denotational map just defined.

| together with the partial order induces a denotational preorder < over BL by:
G tog p p G y

Ey dg By iff [Eo]g € [Eie

Having models using sets of sequences from A* in mind it is not hard to come up with:

Theorem 7.3.7 []g can be defined compositionally by:

lalg

[[Eo s Bl = [Eo]g - [Eilg
[Eo @ Er]g = [Eolc U [Eilc
[Eo || Erle = dc([EolG % [E1lc)

Notice that d¢g here acts as the natural generalization of the shuffle/ zip operator for A*.

Proof At first notice that corollary 7.3.4 enables us to apply the propositions 6.4.4 and
6.4.10 in the proof. We look at the different cases:
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a: Evident by inspection of the definitions.

Ey ; Ey: Follows directly from the fact that dg distributes over pomset sequential compo-
sition (proposition 6.4.4 and 6.4.10). See also the last case.

Ey @ E;: Similar because dg is a natural generalization to sets and therefore distributes
over sets.

Ey || Ev: [Eo || Erlg = dc(p(Eo || Ev)) definition of [ ]¢
= dg(p(Ey) x p(Er)) definition of p
= 0G(0G(p(E0)) X dG(p(E1))) proposition 6.4.4
= o0c([Eo]g % [Ei]lg) definition of [ ]¢

7.4 Full Abstractness

The first proposition says that <¢ is inherited in all BL-contexts.
Proposition 7.4.1 < is a precongruence over BL.

Proof From theorem 7.3.7 we know a compositional definition of [ ] using C-monotone
operators (proposition 6.3.4), and hence < is a precongruence. O

Theorem 7.4.2 []¢ is fully abstract w.r.t. $g, because

a) < is a precongruence w.r.t. BL

b) Ey <¢ B iff Eo g Er

Proof a) is a consequence of proposition 7.4.1 and b) which in turn is a direct conse-
quence of the proposition below. O

Proposition 7.4.3 For every Ey, E; € BL we have
[Eo]c € [ErlG iff Eo < Er

Proof In the last section we saw:
(p#¢e and Pg(p)) iff In>134,,....,4,€G A -...-A,=p
from which we immediately get:
Pg(p) iff In>13A;,...,A4,€G..A1-...- A, =p

Recalling our convention to identify G* and Pg we then from lemma 7.4.4 below get for
E € BL:

(73) [Elg={41-... 4, €G |n>1,EZ 2 ={secG|EZ{
with 2 interpreted according to the convention below.

The proof is now a simple matter: [Ey]g C [Eilg iff {s € G | Ey = 1} C {s € G* |
Ey = 1} iff Ey <¢ Ei. 0
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For simplicity of the following lemmas we shall temporarily adopt the notation E LNy

to mean E = E' wherefore E % E' also means E >—* E'. For the same reason the
lemmas are formulated slightly stronger than needed where they are used.

Lemma 7.4.4 Given E € BL and multisets A;,..., A, € G. (n > 1). Then

Ay

E=Sy  2n 4 iff Ipep(E).A-...-A, =<p

Proof Before proving each implication separately notice that p € p(E) implies p # ¢
for E € BL and that every subexpression of £ € BL belongs to BL too..

If: By induction on the structure of F.

E =a: p(a) = {a} and we have p = a. Clearly A; - ... - A, = a implies that exactly
one A; = {a}, the rest of them equal to (). The result then follows from a NN

CLLT%%T

E =Ey; Ey: From p(F) = p(Ey) - p(E7) we then see p = pg - p1 where p; € p(E;) for
i =0,1. By lemma 7.4.7 Ay -...- A, =< po-p1 implies n > 2 and the existence of
al<j<nsuchthat A;-...-A; < pgand A -...- A, < pi. By hypothesis of
induction then FEj A é> T and F; ig; N 7. By proposition 7.2.3 then
EO;Elé%..%T;El. Since t; By, >— FE; we get EO;Eléf..%El%
N T as desired.

E=Ey®E;: p € p(F) = p(Ey) U p(E:) implies p € p(Ey) or p € p(Ey). Suppose
w.lo.g. p € p(Fy). By hypothesis of induction E, A, A T so from the rules
of >— then also Fy® F; >—>E0—A£>...Q>T.

E=FEy | Ei: p € p(E)=p(E) x p(E,) implies p = py X p1 for some py € p(Fy) and

p1 € p(E1). According to proposition 7.4.10 Ay - ... - A, < po X p; implies the
existence of multisets AV, ..., A% Al ... Al such that A} -...- A° < p; fori=0,1
and A; = AY x A} for j = 1,...,n. This means A} — Aj, so because G has the

closure property:

B—(CCeG=BegG,
the Aj-’s actually belongs to G.. Hence we can use the hypothesis of induction to

see E; NN T for i = 0, 1. By proposition 7.2.3 then Fy || F; AL A Tt
and the result follows from 1| 1 >— 7.

Only if : We shall also prove this implication by induction on the structure of F.

E = a: Since a >— and a A F implies A = a and F' = { there is exactly one A; = a
and the rest equal to (). Recalling ()(= &) neutral to - we see from a < a and
@(a) = {a} that we are done.

E = Ey; Ey: Because Ey € BL we cannot have Ey >—"* {. For purely structural reasons
we cannot for any Ej and E; have Ej ; E; = } neither, so using lemma 7.4.5 on
Ey; By A, A T we deduce n > 2 and the existence of a 1 < 7 < n such

thatEO%...gTandEligﬁ...%T. By hypothesis then A;-...- A; < py
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and A;i;...A, < p; where p; € p(E;) for i = 0,1. By <-monotonicity of - then

E = Ey & E;: Inspecting the definition of >— and A1 one easely sees that Ey® F, AL
N T implies Ey ¢ By >— F Ay A T where F' = Ey or F = E;. The
result then follows from the hypothesis of induction and definition of .

E = Ey || Ey: Then Ey || Ey A s 7. Chosing £ = 1 in lemma 7.4.6 we see that
there are AY,... A% Al ... Al € G, such that A; = A? X Ajl. for 7 =1,...,n and

E; é - T for i = 0, 1. Using the hypothesis of induction together with (6.3):
(pxa) (P xqd)=(p-P)x(qa-qd)

the desired result is then obtained similarly as in the case £ = Ej ; E}.

Notice that we only used the closure property of G in the if part of the proof.

Lemma 7.4.5 Suppose n > 1 and Fj ; E; AL A% E for Ay, A, € G and
Ey; By € CL. Then either

a) By >—*1, By =% .25 Eor

b) Eoé...gT,Elééﬁ...%Efora1§j<nor
c) Eoé...%T,E1>—>*Eor

d) By .. 2% E! El: E, = E for some E, € CL

Proof At first we prove by natural induction for arbitrary m and F, Ey; E; € CL:

Ey; By >—>™F
Y
i) Ey>—*1,E >—*F or
i) By>—"Fl, Fl.E =F

(7.4)

m = 0: Here Ey ; B3 = F and we can choose Fjj = Ej.

m > 0: Then for some H € CL we have Ey; By >— H >—™"1 F. According to the
definition of > there are two cases:

Ey=1and H = E;: Le., E; >—™"1 F and 4) holds.

Eq >— Hyand Hy;E, = H: From the hypothesis of induction used on Hy; E; >—™"1 F
we get either (Hy >—"* 1, By >—"* F') or (Hy >—" I}, I{j; £y, = F'). In the former case
i) is established because Ey >— Hy >—* t and in the latter case we get ii).

Using (7.4) we can now prove the lemma by induction on n.

n=1: If Ay =0 we have Ey; E; >—* F and we can use (7.4) to see that ¢) or d) holds.

So assume A; # () and we have Ey ; By >—* F AL F' > B for some F,F" € CL.
We consider two case according to (7.4):
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i) Here we have Ey >—"* 1, £} >—* F AL F' > F and a) holds.

it) By >—* F}, F}; By AL B> ¢ B Since Ay # 0 we must have F' = FJ ; Ey
where F{ A Fy. Using (7.4) on F{/ ; By >—* E we see F] >—* 1, E; >—"

E or Fy >—* E{,E{; By = E. In the former case we have Ey >—* F| A

F >—* 1, E; >—* E and c) holds. In the latter case Ey >—"* Fj A, F >—*
E{, E{ ; Ey = E so here d) holds.

n > 1: Then Ey; E; AL p A2 2% B From the case n = 1 we know that for
Ey; Ey AL F there are the following three main possibilities:

Ey >—* 1, E; 2% F: Then also B} =% ... 2% E and a) holds.
Ey =N T, By >—"* F: Here we get F; A2 A% Foand b) is established with j = 1.
E, 2% F{, F{; Ey = F: The hypothesis of induction used on F{; £ 22 A% B yields:
a') Fj>—"1, B =2 2% For
by FlAA 4 B A A Bfra2<j<nor
c’) Fé%...%t Ey >—* F or
) Fl2% . 2 p B E=FE
Clearly we have Ej AL T in the case a’) thereby getting b) for 7 = 1. In the
remaining cases b’), ¢’) and d’) we directly get b), c¢) and d) respectively.

O

Lemma 7.4.6 Suppose n > 1 and Ey || Ey A A% FBofor Aq,..., A, € G, and
Ey || E; € CL. Then there are Ej, E) € CL and AY,... A% Al ... Al € G. such that

Aj:A?xAjl- for j=1,...,n and
B2 . 2% Blfori=0,1and
Ey || By = E or By, By = {1, E}

Proof At first we by natural induction prove for arbitrary m and Ey, £y € C'L that
Ey || E; >—"™ E implies the existence of some E{, E] € C'L such that:
Ey >—* E{, By >—"* E] and

(7.5) By | B} = E or {E), E}} = {1, E}

m = 0: Then E = Ey || E; and we can choose E! = E;.

m > 0: This means Ey || By >— F >—™"! E. According to the definition of >—
there are four cases:

Ey =1 and E; = F: Choose E| =1, F{ = E and we are done.
E, =1 and Ey = F: Symmetric.
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FEy >— F} and F} || E; = F: Use the hypothesis of induction on Fj || E; >—""! E to
find Ej, Ef such that Fj; >—"* E{, B} >—* E| and (E| || £} = E or {E{, E}} =
{1, E'}). The result then follows because Ey >—* F| >—* E| or equally Ey >—"*
Ej.

Ey >— F] and Ey || F] = F: Symmetric to the last case.

Next we prove the lemma by induction on n:

n = 1: We have Ey|| By >—* F A H >—* E. We can now use (7.5) on Ey|| By >— F

to find Fj, F] € CL such that E; >—* F/ for i = 0,1 and (Fj || F| = F or {F}, F]} =

{1, F'}). According to this there are two subcases:

{F}, F{} = {f, F'}: Suppose w.lo.g. Fj =1 and F| = F. Choosing E} = t, E; = E and
A) = 0, A} = A; we are done because Ey >—* E| implies E, LN E| or equally

0 1

Ej A E{ and because £y} >—* F A H >—* E implies Ej A E;.

F{ || F{ = F: In this situation we have Fj || F| A, H >—* E. Looking at the definition
of L we see that Fy || Fy A H implies H = H{ || H} where F} A, H;, A! € G, for
i=0,1and A; = A} x A} (recall the convention F] = H; if A} = {)). Using (7.5)

on Hy || H >—* E we now find the desired E{ and E/| because E; >—"* F/ A,

H, > E.
n > 1: Then there must be a ' € CL and 1 < j < n such that Ey || Ey LN N
F ég; R ) By induction there are F{, F| and Ail,...,Aé» for ¢ = 0,1 such that
i At
ol =N F! and (F} || F{ = F or {F}, F{} = {1, F}). Two cases:
{F{, F{} = {f, F'}: Suppose w.lo.g. Fj =1 and F| = F. Choosing E{, = t, E] = E and
AY = 0, A}, = Ay for k=j+1,...,n we have F}, = 1 U T = E| or equally
A 0
B N E{ from which we get the result.

Fi || F{ = F: Then we can apply the hypothesis of induction once more and find the
desired Ej, F} and remaining A% for i =0,1and k=j+1,... n.

O

Lemma 7.4.7 Suppose Aq,..., A, € M, and pg,p1 # €. Then A;-...- A, < po- p1
implies n > 2 and there is a 1 < 57 < n such that

AlA] jpo andAjJrl'...'Anjpl
Proof Letq= A;-...-A,. By proposition 6.4.2 there are qy and q; such that q = qg-q

where q; = p; for i« = 0,1. Since p; # € we also have q; # ¢. The lemma then follows
from

(7.6) 4

Ay .- A, =Dpo-P1,Po,P1 F €

n22,5|1§j<nA1AJ:pO,AJHAn:pl

which we prove by induction on n:
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n = 1: The situation is A; = pg - p1- The premise cannot hold since pg, p1 # ¢ implies
that there are at least two ordered elements of pg - p1, but this contradicts A; = pg - p1
because the elements of A; are unoredered (4; € M,).

n > 1: Equally n > 2. Since py # € we can apply proposition 7.4.8 below to find a pj

such that A; - py =po and Ay -...- A, = py - p1-

If pj = we have pg = A; and Ay -...- A, = ¢ - p; = p; wherefore we can choose j = 1.
Otherwise if p{, # € we can use the induction to find 2 < j < n such that Ay-...- A; = pj
and Aj4q-...- A, =p1. Since pg = A, -pj = Ay - Ay - ... - A; we are done. O

Proposition 7.4.8 For A € M. and a pomset pg # ¢ we have

A'QIPO'pl
J
dpi- APy =Po,4 = D) - P1

Proposition 7.4.9 Suppose p-q = rg X r;. Then there exists pg, p1,do, d1 such that
pi-q = r; fori=0,1and p = py x p; and q = qo X qo.

Proof We prove it for Ipos and the proposition follows immediately.

p-q = ro X r; means that there exists a bijection f : X, x,, — X,., which also is a
morphism of Ipos.

By definition of - and x we have X, = {0} x X, U{1} x X, and X, «,, = {0} x X,, U
{1} x X,,. So define p; as p restricted to {z € X, | (0,z) € f({i} x X,,)} for i = 0,1 and
similar for gy and ¢;.

Do - qo = 1o Consider g : X,, — X,,.4, given by g(z) = f((0,z)). It is easy to see that g
in- and surjective.

g order preserving: From f being order preserving and =z <,, y = (0,2) <,,xr (¥,0)

we see f((0,2)) <,q f((0,9)). f((0,2)) is of the form (i,2) and f((0,y)) is of the form

(7,9'), s0 (i,2") <, (4, ¥). According to the definition of <,,., then
(i=0=j,2"<,y)or(i=1=j2"<,9y)or(i=0,7=1)

In the case ' <, y’ we have 2’ € X,,, so we must have 2’ € X,,. Also ¥’ € X,,,. Similar
considerations in the case @’ <, y’ leads us to:

(i=0=j,a' <, y) or(i=1=ja <,y)or(i=0,5=1)

But then g(x) = f((0,2)) = (i, 2') <poqo (5:4) = F((0,9)) = 9(y).
g is directly seen to be label preserving: ¢, (z) = lyxr, ((0,2)) = £,,(f((0,2))) =

Coo-ao(9())-

p1 - q1 = rq: similar as above.

p = po X p1: Let g 1 Xpoxp, — X, be given by ¢((i,x)) = x. This time it is easy to see
that ¢ is a morphism of Ipos.

g injective: Assume (i,x) # (j,y). We are done if x = y and ¢ # j is impossible.
So suppose on the contrary x = y,i # j. Now (i,2) € Xy xp, = ¢ € X, = (0,2) €
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FHi}xX,,) = 3(i,2") € Xyyur, - f((1,2)) = (0, 2) and similar (j, ) € X,xp, = 3(J,2") €
Xooxry- J((F,2")) = (0,x). But since i # j and thereby (i,2') # (j,2”) this is a contra-
diction to f being injective.

g surjective: x € X, = (0,z) € X, = (since f is surjective) (3(i,y) € Xyoxr - f((i,y)) =
(0,2)) = (Fi € {0,1}. 2 € X,,) = Fi € {0,1}. (i,2) € X xp,- From g((i,z)) = x the
result then follows.

q = qo X q1: Similar as the last case. ]

Proposition 7.4.10 If n > 1 and Ay,..., A, € M. and A;-...- A, =< pg X p1 then there
exists multisets Ay, ..., AY and A},..., A} such that A; = A?- X Ajl. forj=1,...,n, and
Ay AL < p;fori=0,1.

Proof By induction on n.
n=1:. A; < pg X p; clearly implies pg and p; are multisets and A; = py X p;. Chose
A? = Po and A% = P1-

n>1: A - (Ay-...-A,) =X po X p; implies by the previous proposition the existence
of pomsets qo, qi,To,ry such that qo - 19 < po,q1 -1 = pP1, 41 = qo X q; and
Ay - ... A, 2 rg xry. The last implies by hypothesis of induction that there are
multisets AJ, ..., A% and A}, ... Al with AY-...- AY <rg, A)-...- Al <r; and
AV x Al = A; for i = 2,...,n. From the case n = 1 we see that there exists A} and
Al with AY < qq, Al < q; and A; = A9 x A]. By monotonicity and transitivity of
= we now get

A(l)'(Ag""'A%)jCIO'(Ag""'A?z)qu'rOjPO

and similar for the Ail’s.

7.5 Summary

In this section we show how the different G-semantics are related and some concrete
examples of G-semantics are given.

At first notice that if G and G’ are sets of direct observations then so are GUG and GNG'.
Hence the direct observation sets forms a lattice under the inclusion relation; the meet/
glb being intersection and join/ lub being union.

This carry over to models as follows:

Proposition 7.5.1 G C G iff =g C =g

Proof

only if: Suppose G C G'. Then G = G'NG and Pg = Pg NPg. By definition of [ |g and

g therefore [Jg = []g N Pg. As a consequence 4 C d¢g and =¢ C =¢.
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if : We start out by some general observations for an arbitrary set of direct test G. If A is
any multiset let £ 4 be a B L-expression obtained by parallel composing the atomic actions,
ie., p(Ea) = {A}. From section 7.3 we know p # ¢, p € Pg iff In > 134,,... A, €
G. A -...- A, = p,soforal pe Pg)\{e} there are Ey,,..., E4, such that {p} =
©(Ea,;...; Ea,). Composing such expressions with @ one can then for any finite and
nonempty subset, P, of P¢ \ {¢} find an expression Ep with p(Ep) = P.

The proof of the implication is now by contradiction. Suppose =g C =g but G £ G.
Then there is an A € G with A ¢ G'. Of course then A € Pg and if P = g (A) we
have [Ep]g = 0c/(P) = dg(A) = [Ea]g—ie., Ep =g E4. By assumption then also
Ep =g E4. But clearly A € [Ea]g, so we must have A € [Ep]g too. A € [Ep|g
means A € dg(dg/(A)) wherefore there must be a p € P, such that A < p < A. Hence
A =p € Pg—a contradiction to A € Pg,. O

From this proposition it immediately follows that G C G’ implies []g is strictly more
abstract than [ ] (i.e., all expressions identified by [ ], are identified by [ [ and there
is some expressions identified by []g but not by []¢).

In fact the lattice of our G-models has a least and a greatest model (in the sense of their
ability to distinguish expressions). The least model is of course the one generated from
G = A and the largest the one generated from G = M. It is not hard to see that P 5 agrees
with W-—the set of pomsets which are words (see page 133). As a consequence hereof
we shall in the following (chapter) subscript with w rather than A when concerning the
minimal model/ the operational semantics obtained by the least set of direct tests.

The variation of the operational semantics arising from the different sets of direct test
manifest itself in the inference rule for a composed step: AO—XélG. For W the inference
rule totally vanish and for M it becomes

A A
EO —O>M E(/),El —1>M Ei

Eo | By 5 By | B

L.e., no restrictions.

As examples of what models we might find in between the least and largest models we
end this section by giving two almost contrasting models.

Starke [Sta81] has introduced one natural candidate for semiwords, i.e., to some extend
half a word, half a (unordered) pomset. He defines a semiword to be a pomset, p, where
all equally labelled elements are ordered: Psw(p) iff for all ,y in X, we have:

z ly()
if co, then #
Y ()

One might just as well take the opposite standpoint and define a semiwords to be a
pomset, p, where all unequally labelled elements are ordered: Pgy(p) iff for all z,y in
X, we have:
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it co, then =

Y fp(y)

Notice that both properties are hereditary and dot synthesizable. However the candi-
date of Starke enjoys a number of nice properties: If Pey(p) then there is a canonic
representative, p € LPO, of p (in the sense that p = [p| and if p = q then p = §)
and furthermore the partial order, <, on such semiwords may be characterized by p =<
q iff p = q iff ow(p) C ow(q). We shall later in the next chapter see some consequences
of a pomset having the Psy-property.

On second thoughts one soon realizes that
PSW,and = PS and Pm,and = PN

So the most general linearizations of the semiwords of Starke corresponds to sequences
of sets (of A) whereas the most general linearisations of the other type of semiwords
corresponds to sequences of multisingletons (of A).

The inference rules for the composed step for these two sets of direct tests are particular
simple:
Ey 26 Bl Ey 256 B AgU Ay C A

Eo || By 5 By | B,

and ; N
Ey “—n Ey, By "=\ B}

n+m
Ey | By —nN Ey || B4

7.6 An Adequate Logic

In this section we shall for each G-semantics of BL give an adequate logic Lg. A logic for
our process language will be a set of (logic) formulae together with a satisfaction relation
which for each process and formula tells whether the process satisfies the formula. In
the sense of Hennessy and Milner [HMS80] such a logic is adequate for a G-semantics iff
processes are identified by the G-semantics (by the equivalence, %, of <) exactly when
they satisfy the same set of formulae in the logic (Lg).

The branching aspect is on purpose left out of account and brought about partly by
having only a combinator for internal nondeterminism and partly by constructing the
operational preorders on the basis of sequences of direct tests. Pnueli [Pnu85] regards the
latter as taking the linear view and shows how a linear time logic can be appropriate in
this situation. In agreement with this we will define a process to satisfy a formula if all
the “syntactic controlled” behaviours of the process satisfies the formula. We shall in a
moment make these notions precise.

The different logics will share the same set of logic formulae, £4, but have individual
satisfaction relation F=g—odne for each logic Lg. Mainly for proof technical reasons we
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shall define £, as a subset of a larger formula language, £, and base =g on a larger
satisfaction relation for L.

The set of formulae, £, is defined in the BNF-like way:

fo=t || |A|DfAecM|Af,AcM

and £, C L is taken to be those formulae with no occurrence of the modality @

Similarly as for Hennessy-Milner logic [HM85] we for each G-semantic define a satisfaction
relation, =g, between behaviours from DCL (see page 153 )and formulae of £ using the

definitions of the operational G-semantics. The modalities @ and [A] can be considered

as generalizations of the corresponding Hennessy-Milner modalities (with A = {a}). tt (ff)
has the standard interpretation that it always (never) is satisfied by a process. A process
satisfies v/ if it is terminated (i.e., no external computation step is possible) whereas A
indicates that the process is alive. Formally:

Definition 7.6.1 =g C DCL x L is defined inductively:

Elgtt forall Ee€ DCL

E):GV iﬁVaEA.E%G
ElEcg/A  iff Jae A E 3¢

Ebc®fiff IE.ESCE and B ¢ f
E ¢ [Alf iff VE'.E ¢ E' implies E' =¢ f

where F 2 means 3F' € CL. E ¢ E'. O

Following the linear logic tradition we now for each logic, L, say that a process E (€ BL)
satisfies a formula f € £,

FE ):G f fo VE' € Beh(E) E' ):G f

The set of formulae from £, which is satisfied in a logic L by an E € BL will be denoted
Lc(E). Le
Lo(BE)={f€Ly|Eqc [}

It will facilitate the proof of the the adequacy of the different L¢ logics to introduce some

additional notions.

At first we give a syntactic map _ : £ — £ which yield the “dual” of a formula. For
each f € L define f by induction on the structure of f:

~
Q[l=
Kh
Il
B > =
~

tt
v
&

-‘ > =Rl
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Clearly 7 = f and an easy induction on the structure of f shows that f and f are dual
(for every satisfaction relation =¢) in the sense that

(7.7) e fiff FlgF
for all configuration behaviours £ € DCL. Now define
Lo={feL]|[feL}
and for every E € BL
Lg(E)={f€L,|3E €Beh(E). E' =g [}
Notice that £, are the formulae of £ whit no occurrence of the modality [A].

The following lemma display the close relationship between Lg()) and Lg().

Lemma 7.6.2 For all £y, F4 € BL we have:

Lc(Eo) € Lg(Ey) iff Lg(Eo) 2 Lg(Er)

Proof We start out by inferring for an arbitrary formula f € £, and process £ € BL:

f&Lc(E)iff Elqgf definition of £g()
iff 3E" € Beh(E). E' (g f definition of =g € BL x L,
iff AE' € Beh(E). E' =¢ by (7.7)
iff f€Lg(E) definition of L¢g()

Using the lemma below the proof is now merely logic rewriting:

L(Ey) € Lg(Er)

VieL, feLlg(Ey) = f€Lg(Er)
o o definition of £,
Vf€eLy feLs(Eo)=[f€Ls(E) O
from the above
f

Vf €Ly f & La(Ey) = f¢&Lc(E)

= & = =

Lg(Eo) 2 Lo(Er)

The adequacy of the different L£g logics can now be seen from:

Theorem 7.6.3 (Linear Logic Characterization)
For all Ey, Fy € BL:
Eo 56 By iff Lo(Eo) 2 Lg(En)

Proof Immediate from the preceding lemma and the following. O
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Lemma 7.6.4 Suppose Ey, E; € BL. Then

Ey 56 Ev iff Lg(Eo) € Lg(Er)

Proof From the definition of =g it is almost trivial to prove for ' € DCL, f € L, and
n > 1 that

(7.8) FeEc& - &f iff IF.F B, 2. F F ¢ f
(7.9) F ):G v iff F>—"1

by induction on n in the case of (7.8) and induction on the structure of £ in case of (7.9).

The if part of the lemma now follows the definition of <g and by deducing for £ € BL
andn > 1

(7.10) E&e. . 2ctif & &velgE)

as follows: E %G %G T
iff AF € Beh(E). F ¢ ... 25 1 proposition 7.2.5
iff IF € Beh(E)3AF'. F 25 ... 25 F' > —* 1 definition of =2
iff 3F € Beh(E). F ¢ & - & v by (7.8) and (7.9)
iff &---&>yeLg(B) definition of Lg()

For the only if direction let an f € Lg(Fjp) be given. We consider each possible appearance
of f in turn.

At first notice that F' € Beh(E) and E € BL implies F' € DBL, and that any F' € DBL
is capable of doing at least one action. So because Ey € BL it follows that f = 7/ is
impossible and if f = A we also have f € Lg(E1) since E; € BL.

ff is satisfied by no behaviour wherefore it should be clear that f cannot belong to L¢(E1)
because F, € BL.

If f = tt then evidently f € Lg(Ey) and if f is of the form € - - €><7 the result follows
from (7.10) and the definition of <.

Now suppose f is of the form e tt for some Aq,...,A; and 7 > 1. This means
there is a F' € Beh(FE)y) such that F' =g .- &t and from (7.8) we conclude F _A;}G

e %G F' for some F' € DCL. Using proposition 7.2.6 we get Ej %G . %G E}| for
some Ej) (with F" € Beh(E))). Since we only have finite processes in BL and therefore also

finite configurations there must be some A;,1,..., A, € G such that E] %G o %G 7.
The premise Ey $g Ei then gives Ey %G %G %G T and by (7.10) thus
. & ... &y € Lg(Ey). A simple induction on 4 then shows that this implies

& Ot e Lo(E).

We are left with the case where f is of the form € .. & A. Using (7.8) it is easy to see

170



by looking at the definition of F” =g A that

E ... HANeLgE)iff Jae A& ... SOt e Lg(E)

for E € BL and i > 1. Hence this case is reduced to the one we just have dealt with. O

From the proof it is evident that the lemma still would hold if £, only had formulae of
the form e @V , and consequently a logic with formulae of £ which only contained
A and the modality would be sufficient to obtain the linear logic characterization. So

why not be be content with this smaller formula language? Pnueli [Pnu85] argues that one
advantage of logic is the ability to deal with partial specifications. Clearly there is more
freedom to give partial specifications in the larger formula language. With little extra
effort we could even include disjunction in £, without affecting the lemma. (7.7) would
also hold if we added conjunction to £, and would therefore obtain the characterization
for this extended logic too.

Let us end this section by making the note that we easely could have obtained an alterna-
tive logic characterization of Sg by chosing as formula language £, and for each G take as
satisfaction relation |=(; € C'L x L, with definition as 7.6.1 (on £4) but with expressions
from C'L and not just DCL. We could then for £ € BL let Lg(E) be {f € L, | E |=¢ f}-
From proposition 7.2.6 and the form of the formulae of £, it should be clear that lemma
7.6.4 still would hold for the changed set-up and could therefore serve as logic characteri-
zation. The reason why we have chosen to give the linear logic characterization is twofold.
In the first place we want to show that a linear view (perhaps not surprisingly) is sufficient
to capture the G-semantics. Secondly it prepares for a later logic characterization which
we could not make so easely in the changed set-up.
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Chapter 8

RBIL—A Basic Process Language
with Refinement

It is well-known ([BC87, vGV87, Hen87b]) that a distinction between concurrency and
interleaving may be captured by adding a combinator to the process language, changing
the atomicity of actions.

To give a simple concrete example assume the processes £ = Topneg ; Topneg and F' =
Topneg || Topneg when run accesses a nonempty stack of logical values. With Topneg
having the obvious effect on the stack £ and F' will run without problems leaving the
stack as it was. If however Topneg is refined to Pop ; Pushneg (again with the effect as
suggested by the name) in E and F getting £’ and F’ respectively the things change.
There will be no difference between E and E’, but when F’ is run the value of the top
element may have changed and in the case where the stack consists of one element stack
underflow may occur.

We look at the different semantics for BL introduced in the previous chapter 7 and
investigate the consequences of adding a combinator allowing an expansion of an individual
action into a process.

Formally define a BL-refinement to be a mapping o : A — BL.

For each BL-refinement ¢ we introduce a combinator, [g], into our language, with the op-
erational meaning that E[o] behaves operationally just like E with all a-occurrences sub-
stituted by o(a). We denote this extended language by RBL. The combinator precedence
will be the same as for BL except that [g] binds stronger than the binary combinators.

In spite of we have not given a more explicit formulation of substitution yet, we shall look
at an example which illustrates not only the idea of substitution but also a consequence
for the preorders.

Example: Let o(a) =a;a, o(b) =b, and Eq = al||b, E1 = a;b®b;a. The “substituted”
expressions Fy and Fy of Fy[p|o and E;[p|o respectively will then be

Fo=a;a|lband Fi =a;a;b®b;a;a
Clearly Ej 5, E1 but Ej a:b‘]}W T and Fy %W. Hence 5, will not be a precongruence for
RBL!
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Though the example illustrates that <, will not be a precongruence for RB L we cannot use
it to conclude the same for < in general since many of the G-semantics would distinguish
EO and Eh e.g., EO gs El-

Our question is here: What is the precongruence associated with $g for RBL, <
largest precongruence contained in $g)? In the next section we give the different opera-
tional G-semantics and derive some results. We then pursue the question for <, in the
succeeding section through different considerations, gradually arriving at a model fully
abstract with respect to <j,. From the model considerations it then turns out that <j,
equals $¢ for every G-semantics.

<g (the

8.1 Operational Set-up

We shall give different operational semantics for RBL similar as in the chapter with
BL. In fact the extended labelled transition system will be the same except that the
configuration language RC'L now is the least set C' satisfying:

Tel
RBLCC
EO;E1€C ifEOGC’andEleRBL
E0||E1€C if By, B, € C

and the definition of >— is augmented in order to cope with [g]:

alo] >— o(a)

E>—F

(Eo; Er)[e] >— Eole] ; E1[0] Elo] >— E'[d]

(Eo @ E1)[o] >— Eqlo] ® E1o]

(Eo || E1)[o] >— Eolo] || E1le]

Notice that there is no rule to deal with a case like F[¢'][o]. This is not necessary because
the [g]-inference rule allows “substitution” of [¢/] in E' by internal steps before starting
with [g].

Example: Suppose ¢'(b) = c¢;d and o(c) = e. Then

(a |l 0)[¢][o] >— (ale] || b[e])a]
>— (al¢] || ¢; d)[o]
>— ald'][o] || (c; d)[o]
>— a[d'][o] || cle] ; dlo]
>— ald][a] || e; dlo] —=¢



Notice that the “substitution” not necessarily has to follow a unique route. E.g., above it
is also possible with: (a[¢'][|b[¢'])[e] >— al¢lle] || ble'][e] >— al¢][e] || (¢;d)[o] >— ...

The definitions of éG, =¢ and <g are generalized to RBL in the obvious way. We keep
the convention to leave out the subscript G in — ¢ and =g except for certain G’s.

Proposition 7.2.3 extends smoothly to RBL with one addition:
Proposition 8.1.1 Suppose E € RBL, E >—* E'" and Ey, B, € RCL, Ey = Ej,. Then

e By;E= K\ E

o Ey|l B = Ey|| B,

[ ] El HEOéEl ”E6

o Elg] >—" E'd]
We will now make it more precise what we mean by substitution. The substitution
s “performed” by a compositionally defined mapping o : RCL — CL, using {p} :
BL — BL which (also compositionally) performs a single substitution in a refinement

free expression. Because of their syntactic nature we write them postfix. The definitions
of o and {p} are in full:

To=1
ac =a a{o} = o(a)
(Eo; Ey)o = Eyo ; Eqo (Eo; Ev){o} = Eofo}; Er{o}
(Eo ® Er)o = Ego © Ero (Ey ® E1){o} = Eo{o} ® Ei{o}
(Eo || Er)o = Ego || Evo (Eo || Ev){e} = Eo{o} || Er{o}
Elolo = (Eo){o}

Notice that o when restricted to RBL yield a map o : RBL — BL. Because configura-

tions only contains expressions like E[p] when E € RBL we then do not need a case for
{0} similar to o =t and we conclude that the definitions are well-defined.

Example: Suppose ¢'(a) =b; ¢, o(b) = a; b and otherwise ¢'(e) = g(e) = e. Then
(a || 0)[¢Tlolo = (b;c | b){o} =asbsc|asb

The rest of this section is devoted the proof of the following proposition which essentially
states: £ € RBL behaves operationally as if the refinements were substituted in advance:

Proposition 8.1.2 Suppose E € RBL. Then for s € G*:

E2tiff Eo 2t
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Proof The proposition follow directly from:

Ee€RCL,E= F
(81) U
FEo = Eo
and
E € RCL,Eoc = FE'
(8.2) |
JE" ¢ RCL,E = E'" E'c = F'

which both are proven by induction on the length of 2 using the following two lemmas
in the inductive step of (8.1) and lemma 8.1.6 in the inductive step of (8.2). O

Lemma 8.1.3 For £ € RCL we have: E >— E’ implies Fo >—* E'o

Proof Induction on the structure of E.

E =17 or EF=a: Then F >— and the implication holds vacuously.

E = Ey; Ey: From the definition of >— we see that there are two cases:
Eq =1 and E' = E;: We have (1; Ey)o =1; Eyo >— Ejo0 =FE'.
Ey >— Ej and E' = Ej; E;: By induction Eyo >—* E{o, so from proposition
8.1.1 then Fo = Eyo ; Eyo >—" Elo; Ey0 = F'o.

E=FEy® E;: W.lo.g. assume £ >— Ey = E'. Clearly Eoc = Eyo ® E10 >— Eyo =
Eo.

E = Ey || Ey: Similar and symmetric to the case E = Ey ; F.

E = F[p]: In each case when the internal step derives from an axiom one easely from
the definition of o and {o} show F[g]lo = FE’o. Since E'c >—° E’c the result
then follows. It remains to look at the case where the internal step derives from
the inference rule. Here we have F' >— F’ and E' = F’[p]. By hypothesis of
induction Fo >—"* F'g. Since Fo € BL we can use (8.3) below to get (F[g])o =
Fo{o} >—* F'o{o} = F'[ploc = E'o as desired.

We used
(8.3) n>0,E € BL,E >—" E' implies E{o} >—"* E'{o}

which is proved by induction on n and in the inductive step one prove (8.3) for n = 1
by induction on the structure of E. The arguments are identical to the ones used above
except that the things get easier because £ € BL and we therefore do not have to deal
with o and the cases E = 1 and E = F[g]. O

Lemma 8.1.4 For E € RCL we have: E 2 £ implies Ko A Eo

Proof By induction on the structure of E.
E = 1: Trivially true.
E = a: The only possibility is A = @ and E' = . We have aoc = a —— 1 = fo.
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E = Ey; Ey: According to the definition of A, we can only have Ej ; E; A B if
Ey A, E{ and E' = E|; E;. By hypothesis of induction Eyo A, Ejo. Using the

. A
inference rule for ; we get Fo = Eyo ; Eyo — Ejo; Eyo = F'o.

E=FEy® E;: A, is not defined for expressions of this form so the implication holds
trivially.

E = Ey || E1: There are three potential ways the step could have been produced. If only
one part, Fy or Fq, is involved the argument follow the case F = Ej; E;. Otherwise
we have E' = E| || B} where A = Ay x A; € G and E; i, E! for i = 0,1. By
hypothesis of induction we then get Fo = Eyo || E1o A, Elo || Eijoc = F'o.

E = F[p]: There are no axioms or inference rules for 4, when E is of this form.

O

In the statement and proofs of the lemma to follow we shall make extensive use of some
special subsets RBL and RC'L of the process expressions and the configuration expressions
respectively. The idea is that £ € RBL C RBL if no internal step can bring any
refinement combinator of F “inwards” in E. Similar if £ € RCL. Looking at the
rules for internal steps dealing with the refinement combinator one soon realize that the
refinement then only can appear in the scope of a @-combinator or the right hand side of
a ;-combinator. This leads to the following inductive definition.

Definition 8.1.5 RCL is the least subset C of RCL which satisfies:

cCLCC
Ey,;E1€C if BEge C and Ey; € RBL
Eoo By eC if Ey,E, € RBL
Ey||EieC ifEy,E €C

RBL is RBL N RCL, i.e., RBL is the process expressions of RCL or equally those
expressions of RC'L that contains no f. O

Example: afo] ® (b;c[o]) € RCL but alo] || (b;c)]o] ¢ RCL because a[g] >— p(a) and
[0] can be moved in over b; c.

Lemma 8.1.6 If £ € RC'L then
a) Fo >— E' implies 3E” € RCL. E >—* E" E"0 = E'
b) Eo - E' implies 3E” € RCL.E % F' E'c = E/.
Proof
a) Using lemma 8.1.7 we find a I € RCL fulfilling £ >—* F and Fo = Eo. So
Fo >— FE'. Since F' € RCL we can use lemma 8.1.9 to find a E” with F >— E”

and F"c = F'. Together we now have E >—* F >— E" and "0 = E'.
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b) Given Fo A, F'. Asin a) we find a F' € RC'L such that E >—"* [ and Fo A F
Because F' € RCL lemma 8.1.10 then yields F A, E" for a E" with E'c = E'.
Collecting the facts we have £ >—* F A E" e EA E" and E'o = E'.

O

The next lemma states that the refinement combinators can be brought entirely “inwards”
by internal steps.

Lemma 8.1.7 Given £ € RCL(RBL) there exists a ' € RCL (RBL) such that
E >—*F and F'oc = Fo.

Example: E =ald] || (b;c)[e] >— ( )Nl (b5 ¢)[e] >—" o(a) || (o(b) ; clo]) = E" € RCL
and Eo = o(a) || (o(b) ; (cl]o)) =

Proof By induction on the structure of E.
E =1: Then F € RCL. But also ' := E=1€ CL C RCL.
E = a: Just choose B/ =a € BL C RBL C RCL.

E = Ey; Ey: Here we must have Ey € RCL(RBL) and E;, € RBL. By hypothesis of
induction there is a E) € RCL(RBL) such that Ey >—* E| and Ejo = Eyo.
Let E' = Ej; Ey. From proposition 8.1.1 then E; ; Fy >— E’ and of course
E' € RCL(RBL). Also E'c = E}o ; Ey0 = Eyo ; Eyo = Eo.

E = Ey® Ey: Clearly we can choose E' = E here.
E = Ey || Ey: Similar arguments as in the case E = Ey ; Ej.

E = Flg|: E can only be of this form when F' € RBL. By hypothesis of induction
F >—* F' for a I’ € RBL with F'oc = Fo. Since F' € RBL we can use the
following lemma to find a £’ € RBL such that F'[g] >—* E' and F'[gloc = F'o.
From proposition 8.1.1 then E = F[g] >—* F'[g] >—* E’. We also have E'c =
F'lplo = (F'o){o} = (Fo){e} = F[o]Jo = Eo as desired.

O

We need a measure, h, for the inductive proof of the next lemma. Intuitively h measure
the number of internal steps necessary to move a refinement combinator [g] from outside
“entirely inwards” in an expression £ € RBL—i.e., if h(E) = n then there is a E’ such
that F[g] >—" E' € RBL. h(E) = 3 in the example above. Formally h : RBL — IN*
is given by:

Notice that we do not have to define h for expressions of the form FE[g] because they
cannot belong to RBL.
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Lemma 8.1.8 If £ € RBL then there is an E’ € RBL such that

Elo) >—* E' and E'c = E|p|o

Proof By induction on h(FE).
h(F) = 1: There are two cases:

E = a: Then E[p] >— p(a). Choose E' = p(a). Since E' € BL C RBL by definition of
BL-refinements we have E'c = E' = p(a) = a{o} = Fo.

E = Ey® E;: Then E|p| >— Eylo] ® E1[go] =: E' € RBL and the result follows from
the compositional nature of o and {p}.

h(E) > 1: Again there are two cases:

E = Ey; Ey: Then h(Ey) < h(E) and of course Ey € RBL, so we can use the hypothesis
of induction to find an E such that Eylo] >—* E|, and Ejo = Ey[o]o. Choosing
E' = Ej; E1|o] we get from proposition 8.1.1 (Ey; E1)[o] >— Eo|o]; E1[o] >—" £’
and E'oc = Ejo; E1|olo = Ey|olo; Ei[olo = (Eoo; Evo){o} = (Eo; Ey)o{o} = Eloo.

E = Ey || E1: Here both h(Ey) and h(F;) are less than h(E) so we can apply the hypo-
thesis of induction on both and obtain the result with similar arguments as in the
last case.

O

Lemma 8.1.9 Assume F € RCL. Then

Eo>— F'

U
3E". E>— E" E's = E'

Proof By induction (from the definition of RCL).
EeCL: Then Eo = F >— E' € CL. Hence also E'oc = E’ and we can chose B = E'.

E=FEy;E|, Ey € RCL and E, € RBL: We have Eoc = Eyo ; E10 >— FE'. According
to the definition of > there are two subcases to consider:
Eoo =t and E' = Fyo: Ego = implies Fy = 1. Letting E” = F; we get Ey; By =
t;FE, >— FE"and "0 = Fyo = F'.
Eoo >— E| and E' = Ej ; Eyo: By hypothesis 3E]. By >— E{, Ejo = E;. With
E" = E{; Ey we get Ey; By >— E" and E"o0 = Ejo ; Eyo = E|; Eyo = F'.

E=FEy® E, and Ey, Ey € RBL: Here the situation is Fo = Fyo @ Ey0. Inspecting the
definition of >— we see that there only is two possibilities. Assume w.l.0.g. that
E’" = Eyo. Since Ey & E; >— FEj the result then follows if we let £ = Ej,.

E =Ey || Ey and Ey, E; € RCL: Similar/ symmetric argument as in the case £ = Ey; Ej.
O

Lemma 8.1.10 Suppose F € RCL and A € G. Then
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Eo -
¢
3" E -2 B E'o = B

Proof By induction (from the definition of RC'L).

E€CL: Then FEo=E -2 E' ¢ CL, so E'c = E' and we choose E" = F'.
E=Ey:; By, Ey€ RCL and E; € RBL: We have Eo = Eyo ; Eyo 25 E'. Since there

only is one rule for A, and expressions of this form we deduce E' = Ej; E10 where
Eyo A, E}. Because Ey € RC'L we can use the hypothesis of induction to find an
E{ such that Ej A, E{ and Ejo = E|). From the same rule we then get Ej; F4 A,
E{; E;. Choose E" = E{f ; Ey and we have E"o0 = Ejo ; Eyo = E|; Ey0 = E' as we
want.

E=Fy® FE, and Ey, E; € RBL: This means Eo = Eyo & E;0, but there is no rule for
A, and expressions of this form wherefore the implication holds trivially.

E = Ey|| By and Ey, E; € RBL: Here we have Eoc = Eyo || Eyo. Three inference rules
shall be taken into consideration. The ones with only one of Eyo and Fo involved
in -2 goes similar/ symmetric as in the case E = Ej ; E;. If both are involved
we have £/ = Ej || By where A = Ay x Ay and for i = 0,1, E;o LN E! and
A; € G. Since Ey, Fy € RCL the hypothesis of induction can be applied to get
for each ¢ an E} such that E; N E! and E!c = E!. Since A € G then also
Ey || Er Ao E{ || EY. Choosing E"” = E{ || EY this reads FE A, E” and we see
E'c = Ejo || Efo = E| || E} = E' and we are done.

O

8.2 Denotational Set-up

As mentioned in the introduction to this chapter we will start out by searching a model
for <¢,. To this end [ ]w is extended to RBL by letting

[E]lw = [Eo]w for E € RBL

The induced denotational preorder <,, then also extends to RBL and it follows from
proposition 8.1.2 and proposition 7.4.3 that <, = <\, on RBL.

In the case of <, it is much harder (than in the previous chapter) to see intuitively that

< should have a pomset based model at all—and if so what it should look like. But
following the pattern from the previous chapter we shall be looking for a model in which
the denotation of F is expressible as d.(p(F)) for a suitable pomset property P,—but

which?

Playing with examples, one soon realizes that a refinement combinator is quite a powerful
tool in distinguishing expressions, because much of the information represented in p(FE)
may be reflected by suitable refinement combinator [g], in the sense of “overlapping”
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occurrences of g-images of concurrent elements in p € p(F) (as indicated on page 172 in

the example of <, not being a precongruence for RBL). So clearly fewer identifications

should be made. Through examples like:

a—c—b—d,

c—a—b—d,

ool {1Zh -

/
a—c
d

§C
~w

a—0b :
@le):0ld o |c2a, s 71—y

— — - ’
Saic;ild” ) . ¢
~ : )
a—=
>

c—d

one might be led to the conjecture that d(p(E)) ordered under inclusion could be a model
for <y,. However, this is not the case, as can be seen by looking at the example:

Example:
a—b
N
Ey=(a;d)]lc o Je *d{ s
ale: )~ Ya b (T W)
el
c—d L
§C
v a—b
c\d,
Bi=Ey®ab|c;d- ?42 s §(p(Er))
a—b
c—d
The inequallity follows from:
a—0b a—0b
p = c—d € 6(@(E1))a c—d g 5(@(E0))

We do not intend to prove operational that Ey <y, £y and Ey <y, Ey (it will follow easily
from the denotational characterization to be developed), but invite the reader to find
convincing arguments for this fact.

So, presumable p should not belong to the denotation of £ in a model for <j,. Intuitively,
an argument could be that no single linearization of a refinement version from p<p> can
reflect the full structure of p, in the sense that if the images of a and d overlap in such a
linearization (reflecting a and d being concurrent) then the image of ¢ must precede that
of b, and vice versa. Following this intuition one may look for a property expressing when
the full structure of a pomset may be reflected in a single linearization of a refined version
of it (in the “overlapping” sense).
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Based on our example, we suggest the following formalization of this property—expressed
as a slight modification of the P,,4-property.

Definition 8.2.1 P,.-Property for Pomsets
A pomset p is said to have the P,.-property, B,.(p) iff for all z,2’,y,y" in X, we have:

r <, Vey<p,z=2<p%
it  cop, then  or
/
Y <,y Vo <,z2=>y<p,% O

Example: Z\ d has the P,.-property, Z d has not.

P,. has an alternative characterization (used extensively in the following), the proof of
which is trivial:

Proposition 8.2.2 A pomset p = [p] has the P,-property iff for all z,2’,y,y" in X,

r <, r <,y
it  cop then or
y<py y <p '

Proposition 8.2.3 The P,.-property is hereditary and dot synthesizable.

Proof With the alternative characterization the proposition is proved with similar ar-
gumentation as the P,,4-property was proved in proposition 7.3.2 to be hereditary and
dot synthesizable. O

After these manceuvres we now give the denotation of an expression £ € RBL, [E],,
in the model we informally arrived at, that is, finite sets of P,.-pomsets partial ordered
under inclusion.

Definition 8.2.4 [],. : RBL — P (P, \ {e}) \ 0 is defined by [E], = dor(p(Ec)). O

As usual the induced denotational preorder is denoted <,

Returning to the example on page 180 using d,, in stead of § we now get:

a—b
Bo=(a;(bld) e o Je d| o
@al(c;lld) %/Z dor (9(E0))

~W
a—b

c\d,
o Ja b | 6.
E1:E0®a;b|lc;d'—> Cé:d Héor(p(El))
a—b
c—d
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where the equality follows from:
a—b —b a—b

Sr(olB0) = i) U8 7 1) = o) U8, {02 ) = 6ot

For each BL-refinement o we associate the corresponding P (P)-refinement p(o), by letting
(p(0))(a) = p(o(a)). Notice that p(p) is e-free.

Theorem 8.2.5 [ ], has the following compositional definition:

[aor = {a}

[Eo; Erlor = [Eolor - [Erlor
[Eo @ Er]or = [Eo]or U [E1]or

[[EO H El]]or - 501"([[ 0]] [[El]]or)
[Eldlor = dor([Elor<p(0)>)

Proof Similar to that of theorem 7.3.7, but also using the compositional nature of o.
The case E[p| is more difficult, so we use some lemma’s proved in the sequel.

[E]o]lor = dor(p(E[0]0)) definition of [ ],
= 0o (p((Eo){0})) definition of o
= Jor((p(E0))<p(0)>) lemma 8.2.7 and Eo € BL
= Jor((0or (p(E0)))<p(0)>) lemma 8.2.6
= dor([E]or<p(0)>) definition of [ ] O

Lemma 8.2.6 Let P be a set of pomsets and g an e-free P(P)-refinement. Then
or((0or (P))<0>) = bor(P<0>)

Proof Clearly it is enough to prove d,,((dor(P))<0>) = dor(p<e>) for a single pomset
p. Each inclusion is proven separately.

To see dor((0or(P))<0>) C dor(P<0>) let q € J,r((dor(P))<0>). Then F,.(q) and there
exists a @' € (dor(P))<0> such that q < . Therefore q' € p’<p> for some p’ € §,.(p)
and we have p’ =< p. But by the nature of <p> this implies Vr’ € p'<p>3dr € p<p>.r' <r
(see proposition 6.2.2 and proposition 6.2.3). Hence there exists a r € p<o> such that
q = d =<r. Since P,.(q) we have q € d,.(p<o>).

Jor (00 (P))<0>) 2 0or(P<e>): Suppose q € d,-(p<e>). This means P,.(q) and q <
[p<m,>|, where <m,> is a g-consistent particular refinement for a representative, p, of p.
So it is enough to find an p’ € d,,(p) such that q < [p'<m,>], where 7, also is consistent
with o.

By proposition 6.2.3 q = [p<m,>] implies the existence of a representative, ¢, of q such
that q == <Xp<ﬂ'p>7 §q7€p<7rp>> and Sq 2 §p<7"p>'

Define p' := (X, <,s, ,), where <,/ is the reflexive closure of <,» C X,* defined by:

T <py
(8.4) iff
V(z, "), (y,v) € X, (x,2") <, (y,¥)

182



That is, we order elements z,y in p" if and only if all elements from 7,(y) are causally
dependent on all elements m,(z) in g.

To see that p’ in fact is a Ipo notice that <, by definition is reflexive, clearly also transitive
and the antisymmetry is seen from (8.4), the e-freeness of 7, (a consequence of p being
e-free) and the antisymmetry of <,.

X, = X,y and ¢, = {,y so p’ = p follows by proving <, O <,. By definition z <,
If v <, y then x # y, so by the construction of p<m,> we have V(z,z'), (y,y
Xpemp>- (2, 7") <pemy> (y,y) and from <, D <p<m,> this implies ¥(z,2’), (y,y

Xy (z,2") <4 (y,y'). By definition of <, then z <, .

P xZ.
"€
€

)
)

If p’ have the P,.-property it then follows that p’ € d,.(p).

Assume that p’ does not have the P,.-property. That is X, contain elements z1, 3, y1, Y2
such that:

T <p' Y1 L1 Ly Y
(8.5) cop (8.6) and
To <y Y2 Ty Ly Y1

From the definition of p’, the e-freeness of ¢ and (8.6) it then follows that there exists
x, oh, yi, y5 such that:

(21, 21) Zq (Y2, ¥5)
(8.7) and

(22, 25) £q (Y1, 91)
From (8.5) then:

(z1,77) <q (Y1, 91)
(8.8)

(22, 23) <q (Y2, 2)
But from (8.7) and (8.8) it follows that:

(w1, 21) coq (w2, 75)

and we have a contradiction to the fact that ¢ has the P,.-property.

It remains to prove q < [p'<m,>] for some g-consistent p.ref., m,, for p’. Since X, =
X, m, is also a p.ref. for p’ and we know that it is p-consistent. For the same reason
Xp/<7Tp> - Xp<7Tp> - X(] and Slmllarly gp/<ﬂ'p> — gq.

Next we show <, O <y or~. Assume (z,2') <pr > (y,9'). By construction of p'<m,>
this implies © <, y or (z = y,2" <;, () ¥'). In the former case (8.4) directly gives
(z,2") <4 (y,y’) and in the latter case we have (z,2") <p<r,~ (2,%') from the construction
of p<m,>. Since <4 O <per,> this implies (z,2") <, (z,y’). Hence <; 2 <per .

Collecting the facts we can use proposition 6.2.3 again to conclude q < [p'<m,>| as
desired. O

Lemma 8.2.7 po(E{o}) = (p(E))<p(0)> for E € BL.

Proof By induction on the structure of E.
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E = a: p(a{o}) = p(e(a)) = (p(0))(a) = {a}<p(0)> = p(a)<p(0)>

E = Ey; E1: p(E{o}) = p(FEo{o}) - p(E1{0}) definition of p and {o}
= (p(Eo)<p(0)>) - (p(E1)<p(e)>) hypothesis
0

= (p(Ep) - p(E1))<p(0)> proposition 6.3.3
= p(E)<p(0)> definition of p
E=FEy® E; and E = Ey || Ey: Similar.
O
8.3 Full Abstractness
The connection between [ ], and [ ]w is indicated by:
Proposition 8.3.1 [E]w = ow([E].:) for E € RBL.
Proof [E]w = dw(p(Fo)) definition
= dw(0or(p(E0))) since dy © 0y = Ow
= ow([E]or) by definition O
Furthermore:

Proposition 8.3.2 <, is a precongruence.

Proof Similar to proposition 7.4.1, but with the additional case of <p>, which also is
C-monotone (proposition 6.3.4). O

And in fact:

Theorem 8.3.3 The denotation [ ], is fully abstract w.r.t. < on RBL.

Proof We show that <. is the largest precongruence contained in 5, or equivalently
the largest precongruence contained in <,y

By proposition 8.3.2 4, is a precongruence and the containment is seen as follows:

Eo <y Er = [Eolor C [Er]or by definition
= dw([Eo]or) € dw([Er]or) Ow is C-monotone
= [Eo]w C [Er]w proposition 8.3.1
= Fy <y By by definition

To show that <. is the largest precongruence contained in <, is harder, so we have
deferred the crux of the matter to lemma 8.3.4 below, from which we see Fy 4, E;
implies that there exists a BL-refinement g such that Ey[o] 4w Ei[o]. This means that
any preorder contained in <, larger than .. would not be a precongruence w.r.t. this
combinator: [g]. O
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In the following we will need a special type of refinements—fission refinements—which
splits an atomic action into two. In this way the original action is no longer atomic. Our
notation is inspired by Hennessy [Hen87b].

For each k € INT we shall in the sequel denote the “standard” finite set, {1,...,k}, by
k. Now let a finite multiplicity function, m, be given. Because m is finite we can define
n(m) =max{k | k=1or Ja € A.m(a) =k} € N".

Since A is infinite, but countable, there exists an injective function h : A x {S, F'} X

n(m) — A. Le., Ya,d' € AVi, i € {S, F}VEk, k' € n(m).

(8.9) (a,i, k)Y # (d',i' k') = h({a,i, k)) # h({d,i', k)

For convenience we shall abbreviate h({(a,1, k)) by a;, .

With such a function we associate a BL-refinement, o, by defining for all a € A:

o(a) =as, ;ap, ... AS,my 3 Vo

and call it a m-fission refinement.
The corresponding e-free P(P)-refinement, (ambiguously denoted) o, has

o(la) ={as, - ap, ..., S,y aFn(m)}

and is also called a m-fission refinement.

We shall refer to ag, and ap, as a fission pair of the m-fission refinement p. ILe., the pair
ag, and ap, is a fission of a.

If 7, is a p-consistent p.ref. for a Ipo p we can define two functions &, 77 : X, — Xp<r,>
as follows: z§" (respectively z7’) is that element (z,2) where 2/ € X, (,) and Cy () (2') =
as, (respectively ap, ) for some k € n(m), a = {,(x). We will drop the superscript, m,,

when it is clear from the context. Due to the construction of p<m,> and the definition
of o from h (fulfilling (8.9)) we have:

( ) Ts=Ys <=L =Y <= ITfF=Yr

( ) £p<7rp>($5) = as, < €p<7rp> (xp) = ap,

( ) l(x)=a< 3k € M lper,>(T5) = ag,

(8.13) lpery>(x) =ag, =y € X ys =2

(8.14) lp<my>(T5) = b= Ja € Ak € n(m). b = ag, (namely: a = {,(r))
(8.15)

(8.16)

x <p Yy = IF <p<7rp> Ys

Ts <p<7rp> TR

Suppose p is a lpo with m, < m (i.e Va € A. my(a) < m(a)). Then there clearly are
o-consistent p. refinements, m,, injective in the sense:

Vo,y € Xy x # y = [my(2)] # [mp(y)]

We call such a , for a p-consistent particular fission refinement for p
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Notice that as a consequence of (8.9) and m, being injective we have for p<m,>:

(817) Vx, y € Xp<7rp>' T = y <~ €p<7rp>(x) = p<7rp>(y>

We say that a Ipo ¢ is p-reflecting under the p. fission ref. 7, if and only if any pair of
concurrent elements from p have overlapping Start/ Finish (fission pairs ) occurrences
in g, formally: iff ¢ = (Xp<r,>, g, lp<n,>), <q 2 Spem,> (50 q X [p<m,>] € p<o>)
and for all z,y € X,;:

x Ts <qYFr
it co, then and
) Ys <q TR

With this notation we can then say for pomsets q' and p’ that q' is p’-reflecting under
the fission refinement ¢ iff there are representatives p and ¢ of p’ and ¢ respectively
together with a g-consistent p. fission ref., 7, such that ¢ is p-reflecting under ,

Lemma 8.3.4 Given Ey € RBL. Then there exists a refinement combinator, [g], such
that

VEy € RBL. [Eqlor £ [ErJor = [Eolo]lw Z [Er[ollw

Proof Let m be the finite multiplicity function which is the lub for {mp | p € [Eo]or}
(finite set). Choose a m-fission refinement p. The associated refinement combinator,
[0], is the one we are after. To see this let an arbitrary E; € RBL be given such that
[Eo]or € [E1]er- The proof is by contradiction. Assume on the contrary [Ey[o]]w C
[Ev[ollw- [Eolor € [E1]or only if there is a p € [Ep]or such that p & [Ei]or- P € [Eo]or
implies P,.(p) and by definition also mp < m. By lemma 8.3.6 there is a w € dw(p<0>)
which is p-reflecting.

Now w € dw(p<o>) and p € [Ey]o implies w in dw([Eo]or<o>) which, because &y o
dor = Ow, equals dw (0o ([Eo]or<o>)). By theorem 8.2.5 and proposition 8.3.1 then also
w € [Ep[o]]w and so w € [E1[o]]w by the assumption. Reversing the arguments we find a
q € [E1]or such that w is a linearization of a pomset, r, of g<p>. Because w is p-reflecting
we then deduce from lemma 8.3.5 that p < q. Since P,.(p) and [E}], is do-closed then
p € [E1]o—a contradiction. O

Lemma 8.3.5 Let a fission refinement ¢ be given and suppose w’ is p’-reflecting. If
w’' < r € q<p> then p’ < q.

Proof To see p’ < q we at first elucidate the situation. w’ being p’-reflecting implies
there are representatives w of w’ and p of p’ together with a p-consistent p. fission ref.,
Tp, such that

w = <Xp<7rp>, §w7€p<7'(p>>7 <w 2 §p<7rp>

We also have w' < r € q<p> Therefore there is a p-consistent p.ref., m,, and a morphism
of Ipos f: g<my> — w.

We shall find a morphism ¢g : ¢ — p. Define
(8.18) g(z) =y iff Jy € X,. y" = f(x§)
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Tq Tp

This gives sense since X, =, Xg<ng> S, X = Xprmp> S Xp.

To see that (8.18) actually defines a function g : X, — X, we shall prove that there for
a given = € X, is one and only one y € X, such that ys = f(xg). At first we notice from
[ being label preserving and /., = £~ that:

(8‘19) Vz € Xq<7rq>' €q<7rq>(z) = €p<7rp>(f(z))

one: T, is p-consistent, so by (8.14) ly<r,~(75) = ag, for some a and k. From (8.19) then
lper,>(f(25)) = ag, and by (8.13) there exists a y € X, with yg = f(zg).
only one: Follows directly from (8.10).

Before continuing we prove

(8.20) f(zs) = g(x)s, flzp) =g(z)F

The first equation holds by definition of g and the second is seen from the first as follows:
f(xzs) = g(x)s implies lper ~(f(rs5)) = lpen,>(9(x)s) which by (8.19) is the same as
lycry>(Ts) = lpen,>(g()s). Because m, and 7, both are p-consistent we from (8.14)
get lyer,>(Ts) = as, = lper,>(9(x)g) for some a and k, so by (8.11) and (8.19) then
lpcry>(f(xF)) = lpar,>(9(x)r). Now m, is also a g-consistent p. fission ref. for p, so we
conclude f(zp) = g(z)p from (8.17).

As the next step we show g to be bijective.

g injective: x # Yy = x5 # Ys by (8.10)
= [(xs) # f(ys) [ injective
= g(x)s # g(y)s Dby (8.20)
= g(x) #9(y) by (8.10)

g surjective: Given y € X,,. By (8.14) then /. ~(ys) = ag, for some a and k. Since f is
surjective and label preserving there is an 2’ € X <~ with f(2') = yg and lyer~(2') =
as,. From (8.13) we see that there must be an « € X, with z¢ = 2.

In proving g to be a morphism of Ipos it remains to show that ¢ is label and order
preserving.

g label preserving: Suppose x € X, and ly(x) = b. Then from (8.12) lger > (v5) = bg, for
some k, and therefore bg, = lper,~(f(2s)) = lpar,>(9(x)s) by (8.19) and (8.20). Using
(8.12) again we obtain £,(g(z)) = b = {,(x).

g order preserving: Assume x <, y. In the case x = y the result follows from the
reflexivity of <,. In the case z <, y we have

(8.21) 9()r <w 9(y)s

because z <,y = Tp <g<m,> Ys by (8.15)
= f(zp) <y f(ys) [ is order preserving
= 9(z)r <w g(y)s by (8.20)

We cannot have g(y) <, g(z) since it by (8.15) and (8.16) would imply g(y)s <p<r,> 9(%)F
which in turn from <,.. - C <, would imply g(y)s <. g(v)r—contradicting (8.21).
g(x) co, g(y) can also be excluded since we then from the fact that w is p-reflecting would
get g(y)s <w g(x)r—again contradicting (8.21). Hence we are left with g(z) <, g(y) as
the only possibility and we are done. O
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For a pomset p, let in the sequel M,, C X,, denote the set of minimal elements of p (w.r.t.

<p)-

We state and prove the lemma referred to in the proof of lemma 8.3.4.

Lemma 8.3.6 Let p be a pomset with the F,,.-property and mp < m, where m is some
finite multiplicity function over A. Also let p be a m-fission refinement. Then there exists
a linearization w of p<p> (i.e., w € dw(p<pe>)) which is p-reflecting under p.

Proof If p=c¢ it is trivial that w = ¢ will do, so we can assume p # ¢ in the following.
Since mp < m there is a p-consistent p. fission ref., <m,>, for p. The result is then a
consequence of the corresponding statement for Ipos:

Let m, be a p. fission ref. for p # ¢. Assume the minimal elements M, of p listed in
some arbitrary order are: xy,...,z,. Then there exists an p-reflecting linearization
w of p<m,> isomorphic to a lpo of the form:

rig ... Tpg v

The proof is by induction on the size of X,.

The basis, X,, a singleton, is clear.

So assume |X,| > 1. From proposition 8.3.7 we can find an element x; € M, such that z;
is dominated in X, by all successors of M,. Consider now the Ipo, p/, obtained by deleting
x; from p.

Notice that M, \ {z;} is a subset of the minimal elements of p’, hence we may list M, as
follows:

LlyeweyLie1, Liglye 5Ly Y15+ -5, Yk
Clearly my = | x,, Is a p-consistent p. fission ref. for p’, so because the P, property is

inherited to p’ we can use the inductive hypothesis to find a p’-reflecting linearization w’
of p'<m,y> isomorphic to a Ipo of the form

/
i+ Ti—1g " Lit1g "+ " Tps - Y1g- -+ Ykg U

Since z; is minimal in p there are no other elements before z;5 and z;r in p<m,>, and so
Tig- Tip-w' is isomorphic to a possible linearization of p<m,>. By the way x; was chosen,
the elements concurrent to z; are exactly M, \ {x;}. Then 2,5 and z; are concurrent to
T18s -y Tic1g, Titlgs - - - » Tng 1N p<m,>, from which it follows that

/
1 Tisg - Tpg TiF " Yig: -+ Ykg VU
must be isomorphic to a linearization, w, of p<m,>, which quite easily is seen to be

p-reflecting as desired. O

Proposition 8.3.7 Let p be a nonempty lpo with the P,.-property and M a subset of
the minimal elements M, of p. Then there is an element z of M dominated by all the
successors of M.
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Proof By induction on the size of M. The basis where M = {z} is evident, and for the
inductive step choose an x € M. By hypothesis of induction we can find a y € M \ {z},
which is dominated by the successors of M \ {x}. If y is dominated by the successors of
too, we can choose z = y. Otherwise, since p has the P,.-property, and minimal elements
are mutual concurrent, the successors of ¥y must dominate x. But the successors of y are
also the successors of M \ {x} and we can choose z = x. O

8.4 Summary

Let us sum up the abstractness results we have proved in this chapter. If we let ¥ denote
the equivalence associated with an operational preorder <, and if we extend [ ] to RBL in
the same simple way as [ Jw were extended in section 8.2, we get the following immediate
corollary:

Corollary 8.4.1 For all £y, E; € RBL:
Eozw Ev iff  [Eolw
Ey 56 Ev iff  [Eole = [Ei]g
EO %\CN El Z[f [[EO]]OT = [[Ell]w’

It follows from Py = Pand, Pana(P) = Por(p) and definitions that [ ]y is as abstract as
[Jor on BL. The following two expressions:

Ey = a;blc

Ey = (allo);b@as(b]c)
show that [ ]yit is strictly more abstract than [ ], (identified by []p, but not by []or).

Furthermore, from the full abstractness results, the fact that Py = Pg = Py(= Piw) =
P,., and the examples in the summary from the last chapter we get:

Corollary 8.4.2 For all £y, E; € RBL:
(Eo sw E1) = (Eo s E1) = (Eo S En)

and none of the implications hold in the other direction except of course in the last
implication if G equals w.

At this stage, it seems very natural to ask what would have happened, if we had chosen
to look for a denotational characterization of the RBL congruence associated with the
different operational G-sequences rather than action-sequences, i.e., a characterization
of <g on RBL. Operationally it seems hard to say anything directly. However, from
<G € Sy follows 5 C <y, so Sy, is at least as large as the largest precongruence contained
in $g. <\ 1s a precongruence by definition and by <y, € <¢ it then follows that <y, is the
largest precongruence contained in <g, i.e., S¢ = <y,. From the last corollary but one we
then obtain the full abstractness result:

Corollary 8.4.3 For all Ey, E, € RBL:
Ey g Ev iff Eo sy B1
Eqy %% Ey Zﬁ [[EO]]OT' = [[El]]or
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8.5 An Adequate Logic for RBL without Auto-Par-
allelism

Along the lines of section 7.6 we would in this section for RBL like to find an adequate
linear logic L; for £¢. Unfortunately it seems insurmountable to devise such a logic for
the full RBL language. We shall therefore confine ourselves to search for an adequate
logic for the sublanguage, RBL', of RBL where processes have no auto-parallelism (see
[vGV87]). That is the same action may not occur on both sides of a ||-combinator as in
e.g., a;bl c¢;a. Similar BL' will be the sublanguage of BL with no auto-parallelism.

Formally let L(E) denote the sort/ label set/ set of actions of an E € BL. Then BL'
is those expressions of BL where all subexpressions of the form Ej || By fulfills L(Ey) N
L(Ey) = 0. A BL'-refinement will be a mapping ¢ : A — BL’ with the additional
requirement:

a# b= L(e(a)) N L(o(b)) = 0
RBL'is those E € RBL where Eo € BL' and if [g] is a refinement combinator of E then

0 is a BL'-refinement. Due to the restrictions on the expressions of BL' and RBL' the
congruence and full abstractness results to follow should be modified accordingly.

The decisive importance of BL" and RBL’ is that the canonical pomset association map,
©, when used on expressions of BL' yield pomsets with the Psy-property (i.e., semiwords)
we encountered in section 7.5. Recall that in a Psy-pomset all equally labelled elements
are ordered. Consequently one can speak of the i*" occurrence of a label a € A. The
corresponding element of p will be (i, a) € X, where p is the canonic representative of p
we mentioned in section 7.5. For more details on this matter see Starke [Sta81]. From the
results there a stronger version of the alternative characterization of < on Psy-pomsets
appears: If p,q € Pgy then

p=qiff X;=X;and <32 <,

Another of the Psy-pomsets characteristics is that:
if pe P, qePsy and p <X q then p € Psy.

Combining this with the fact that p(E) € Psy when £ € BL' we see that the denotational
maps of the different models when restricted to BL’ respectively RBL' only yield Psy-
pomsets. We can therefore choose to work with canonic representatives in stead.

To this end denote the set of Ipos which are the canonic representatives of some Pesy-
pomset by SW and call SW the set of semiwords (over A). For p,q € SW the partial
order then becomes:

pRqiff Xp=Xgand < 2 <,

and the pomset operations inherits to SW via the canonic representatives. E.g., p x ¢ :=
p X g where the x-operator under " is the Ipo parallel composition introduced in section
6.1. In order to insure this to be well-defined p and ¢ must be disjoint. This will be
assumed henceforth when writting p x ¢q. Because as we noticed in section 7.5 the Psy-
property is both hereditary and dot synthesizable it follows that all the purely denotational
results carry over to BL' and RBL' (see also section 6.4).
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On the operational side nothing changes except that C'L and RCL are changed accord-
ingly. But due to the nature of the process expressions we now focus on there is no point
in regarding set of direct tests larger than S C Psy. We shall therefore assume

ACGCS

The full abstractness results of course holds for BL'. It is however not so obvious that
<¢ will be fully abstract with the semiword version of [Jor- That this is the case can
be seen by passing through section 8.3 with semiwords in mind and observing that the

BL-refinement used in lemma 8.3.4 actually is a BL'-refinement. The result for <f, and

<g is also reported in [NEL89]. There a simpler BL' refinement without & is used in the
lemma corresponding to lemma 8.3.4 (this only works for semiwords—see the conclusion
of that paper). Furthermore direct definitions of the different semiword operations is
given—especially the definition of the refinement operator is not strait forward.

We will now introduce the linear logics. For BL' and < we can use the logic Lg from
section 7.6. Since G C S it will do with modalities @ and where A € S.

For RBL' a stronger modal language is needed. We shall also denote this language by £
and define it to be the formulae obtained from:

fo=tt| v |AQFIWFISFEYS

where A can be any element of S.
Ly C L is defined to be those formulae with no occurrence of the modalities (A] and @

For each G the satisfaction relation is as in section 7.6 except for the modalities [A] and
. The intuition behind |4] is a kind of semi-deadlock. I.e., a process satisfies |A)f if it
either is what Stirling [Sti85] calls a-deadlocked for some a € A or it satisfies f. Dually a
process satisfies [A]f if it is able to perform every a € A and it also satisfies f. Formally:

Definition 8.5.1 =g C DCL' x L is defined:

El=gtt forall Ee DCL

E):GV iﬁVaEA.E%G
ElEg/A  iff Jae A E 3¢

EEgMf iff AC{aeA|E2¢} and E =g f
EEcWf iff Gac A E#g) or B f
Eec®fiff 3B EAGFE and E' =¢ f

E ¢ [Af iff VE'.E ¢ E' implies E' =¢ f

As in section 7.6 we say that a process E' € BL' satisfies a formula f € Ly,

F ):G f iﬁ VE' € Beh(E). E' ):G f
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With the syntactic substitution ¢ : RBL' — BL' it is then possible to extend =g further
to RBL' as follows: EE € RBL' satisfies a formula f € Ly,

Ec [ iff Eo g f

For E € RBL' we define:
LG(E)={f€L | Eg [}

and in order to prove the adequacy of L w.r.t. 5z on RBL' we shall also introduce for
E € RBL"
Lc(E)={f €L, |3E € Beh(Eo). E' =¢ f}

where Ly is {f € L | f € L;} and _: L — L is the syntactic map of section 7.6 extended
to this larger formula language by:

=7 = Q7
That is the formulae of £, are:
fo=t 7| AIAf [ Df
Similarly as we proved lemma 7.6.2 we here for Ey, £y € RBL' get:
(8.22) Lg(Eo) C Le(B) iff LG(Eo) 2 LG(EY)

We are now ready to give the theorem from which that adequacy of Lf; follows:

Theorem 8.5.2 (Linear Logic Characterization) For all Ey, £y € RBL":

Ey g By iff LG(Eo) 2 LG(E)

Proof Immediate from (8.22) and lemma 8.5.17 at the end of the section which states:
(8.23) Lg(Eo) C Lo(Ey) iff Eo <g B

O

Lemma 7.6.4 corresponding to (8.23) for BL was proved through operational argumenta-
tion. This is not so easely done here, but if we introduce a satisfaction relation based on
semiwords we can utilize our knowledge of the models characterizing <¢. For this purpose
we introduce some additional concepts and conventions for semiwords.

As for the proof of lemma 8.3.6 M, will for p € SW denote the minimal elements of X,
w.r.t. <,. Suppose a € A is the label of an element of X,,. Due to the nature of p € SW
the first occurrence of an element of X, labelled with a will then be (1,a) € M,. That
is (1,a) is the unique element of M, labelled a (see page 190). For A C A or equally
A € S we can therefore make the convention to identify A with the uniquely determined
set {(1,a) | a € A} such that it is sensible to write e.g., A C M, (or a € M, for that
matter). Obviously we then have:
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Corollary 8.5.3
a) M,=0if p=e¢
b) M, = {a} (= a)

M, ifp#e
) Mp'q_{Mq ifp=-c¢

d) My, = M, UM,

With the conventions we can if A C M, define the complement semiword, A" of Ain p
to be the semiword ¢ where ¢ is p|(x,\4). The construction of A" could of course be done
directly from A and p.

a—a

Example: Suppose A = {a,b} and p = b7c>>‘b. Then M, = {a,b,c} and A" =
c
a/\
c—»c/'b

On second thoughts one realize the truth of
Corollary 8.5.4
2) = p, PP ¢
b) A C M, implies A" = A" . ¢
c) AC M,, B C M, and p disjoint to g implies
AUBC M., and A x B”* = A" x B
It is also easy to observe that A C M, and A C M, implies:

(824) Zp j Xq Zﬁ Xp \ A= Xq \ A and §p|(Xp\A)2 2 §q|(Xq\A)2
Proposition 8.5.5

a) p=q= M, C M,
b) p < qand A C M, implies A” < A’
Proof
a) Assume on the contrary that there exists a x € M, such that x ¢ M,. Since X, = X,

and z € M, we have x € X,. Hence = ¢ M, implies there is a y € X, with y <, . But
then from <, O <, also y <, z—a contradiction to x € M,.

b) From a) and the hypothesis of the implication we see A C M,. Hence A? is well-defined.
p = g gives us X, = X, and <, D <,. b) is then immediate from (8.24). O
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With the ability to regard elements of S as minimal elements of a semiword and with the
notion of complement semiwords we can define the semiword satisfaction relation =gV

Definition 8.5.6 =g C SW x L is defined inductively by:

pEYtt  forallpe SW
plzzng uf p=e
PES L iffpFe
IZSW Af iff ACM, andp = f
pEY Ofiff AcGAC M, and A" Y f

Y is extended to P(SW) x Ly by letting:
PEG fiff pePpkgf

At first we want to establish a connection between the operational based satisfaction
relation =g (restricted to RBL' x Ly) and the semiword based |=g". g is therefore
extended to C'L’' by keeping it’s compositional definition, but adding p(t) = € for the
extinct action. Naturally p(FE) = {p} when E € BL’ so we shall often identify p(FE) with
p in such situations. To get the connection some lemmas are needed.

Lemma 8.5.7 Suppose E, E' € DCL'. Then:

a) E>—* E' implies p(F) = p(F')

¢) Elg v iff E>—" 1

)
b) p(E) =¢ iff E>—"1
)
d){a€A|E:>G} M E)

Proof
a) Induction in the structure of E using the fact that ¢ is neutral to - and x on SW.

b) The only if part follows by a trivial induction on the structure of £ and the if part is
just a special case of a)

¢) (7.9) on page 170.

d) By induction on the structure of E.
E=f{a€AlfS¢}=0=M = Myg).
E=b {a€eA|E=Zg}={b} =M, = Myp).

E = Ey ; Ey: We consider two subcases:
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Eq >—* {: From lemma 7.4.5 and proposition 7.2.3 it then follows that {a € A |
E %6} ={a € A | Ey 2} which by hypothesis of induction equals Mx,).
Now from b) Ey >—"* 1 implies p(Ey) # €, so corollary 8.5.3 gives Mg, =
M (Ey)-p(E1)- By definition of o then also Mg, = Myg).

Eo >—* {: Similar we see {a € A | E &g} ={a € A| E, ¢} and p(Ey) = ¢, so
the result follows in the same way but using the hypothesis on F; instead.

E = Eqy|| Ey: This time we see {a € A | E g ={a € A | Ey2gtU{a € A| E; 2¢}
from lemma 7.4.6 and proposition 7.2.3. The rest then follows along the lines above.

O

Lemma 8.5.8 For £ € DCL"
A ;- . —0(E) /
a) E =g E' implies A C M) and A™7 = p(E')

b) AC M,y and A € G implies IE'. F éG E'

Proof
a) B é>G E' only if there are F and F” such that E >—* F —% F' >—* E', so from a)
of the preceding lemma we see it is enough to prove

E i>G E' implies A C M) and A7 o(E")

By induction of the size of E 25 E' one easely shows a € A implies E g, 50 A C
{a € A| E2¢}. By d) of the preceding lemma therefore A C M.

We now know that A% is well-defined and it make sense to prove
E i)G E'" implies A7) = o(E")

by induction on the size, m, of £ i>GmE’ . Only the inductive step is interesting. We
consider the different rules one by one.

E = ai>Gm+1E’: Clearly A = a and E' = t. Now @ = ¢ and p(a) = a, so a?F) = ¢ =
p(E").

E=Ey; B.-5¢,, By By = E' where Ey—, E): By induction A" = o(E/). So
by corollary 8.5.4 ¢) A = APFIOE) 700 oy = (B - o(By) = o(E).

E=E| Eli>Gm+1E’: There are three ways Ej || E1i>Gm+1E’ could be obtained, and
each case is proved essential as above but this time using corollary 8.5.4 d).

b) By induction on the structure of E.
E =1: € ¢ G by definition of G so A # ¢ (= () and we cannot have A C Mg = 0.

E =a: My = a and we must have A = a. From a —¢ T the implication follows with
E' =1.
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E = Ey; E: We divide in two subcases.

©o(Ey) # e By corollary 8.5.3 then A C M (Ey)-p(Ey) implies A C© Myg,). The
hypothesis of induction then gives us a Ejj such that Ej é>G E|. Choosing E' =
E} ; E; this subcase is settled with proposition 7.2.3.

©(Lp) = €: Using corollary 8.5.3 we see that A C M,g,). By hypothesis of induction
there exists a F’ such that F; é>G E'. From b) of the preceding lemma FEy >—*
when p(FEy) = . Applying proposition 7.2.3 then Ey;Fy >—"* t;E, >— E éG E'
and so E éG E'.

E = Eo || Ex: Mogm) = M) xp(i) = Moz UM(e,), 50 A = AgU A, where A; © Mg,

With

for + = 0,1. Because G has the property A — B, B € G implies A € G, we see
Ap, A1 € G.. The subcases:
Ag = ¢ or Ay = e: Similar to the first subcase of E = Ej ; Ej.

Ay # € # Ay Then Ay, A; € G and by hypothesis of induction JE!. E; %G E! for
i = 0,1. This also means there are Fy, Fj such that Ey >—"* Fj Ao, F§. Similar
for Fy. By proposition 7.2.3 Ey || By >—"* Fy || F1 and because Ao U A; = A € G,

or equally by convention Ag x A; = A € G, we get Fy || Fy i)G Fy || F{. With
E' = F} || FY this all together reads E é>G E.
O

the previous two lemmas the connection between the two satisfaction relations can

now be stated and proved:

Lemma 8.5.9 If f € £, and F € RBL' then

Elc [ iff p(Eo) =G f

Proof At first we prove a restricted/ modified version of the proposition:

If E€ DOL' and f € L, then

(8.25)

feLg(E) iff p(B) Y f

The proof of this will be by induction on the structure of f.
f=ttor f=1ff: Evident.
f=v: Elgv iff Va € A. E % definition of =g

iff Mysy) =10 lemma 8.5.7
iff p(F)=¢ corollary 8.5.3

iff p(F) =g v definition of ="

f=A: With the last case we see: E =g A iff E g v iff o(B) EE v iff o(E) Fg

A.

f =[Ag: By hypothesis of induction E |=¢ g iff p(F) &' g and from lemma 8.5.7

{a e A| E 3G} = M), so the result follows by the similarity of the definitions
of =g and =g,
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f= @: Follows directly from lemma 8.5.8, hypothesis of induction and the definitions
of =g and =g,
With (8.25) the lemma now follows:

feLg(E) iff 3B € Beh(Eo). E' =g f  definition of £
iff 3 € Beh(Eo). p(E') =¢ f (8.25) above

iff Ip € p(bo).p R f (8.26) below
iff p(Eo) =g f by extension of =& to sets

In the deduction we used
(8.26) VE € BL'. o(F) = {p(F') | E' € Beh(E)}

which follows by induction on the structure of F using the compositional nature of p. O

It is appropriate here to recall the note at the end of section 7.6 where it was pointed out
that an alternative logic characterization of <G (on BL') could be obtained from £, by
pretending definition 8.5.1 of =g was for CL’ x £, and not just DCL’' x L,. The reason
was that for f € £, and E € CL’ one would have:

F ):G f fo JE' € Beh(E) E' ):G f

For the extended logic language here this would not be true. Just consider £ = a &b and
f = (At where A = {a,b}. Then E [=¢ f, but for all E’ € Beh(E) = {a,b} E' £¢ f-

With the last lemma we can now concentrate fully on properties of the semiword based
satisfaction relation.

Lemma 8.5.10 Suppose f € L, and p,q € SW. Then

p E& f.p < q implies ¢ =Y f

Proof Induction on the structure of f.
f =t ft, 7, A: Either trivial or follows directly from € < p iff p =«.

f= g: Then A € M, and p =g g. By induction ¢ =¢" g and from proposition 8.5.5
a) M, C M,, so A C M, and we get the result.

f= @g: This implies A C M, and A" =& g. By proposition 8.5.5 b) it follows from
p =< ¢ that A” is well-defined and A” < A?. By hypothesis of induction then
A’ =&’ g. Using proposition 8.5.5 a) we have A C M,, so ¢ actually satisfies

@g = f as desired.
O

Lemma 8.5.11 If p € SW then p € max<(do-(¢)) implies M, = M,

Proof Assume p € max<(d,.(q)).
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C: The assumption implies p =< ¢, so this inclusion follows from proposition 8.5.5.

D: Given z € M,. Suppose x & M,. We show that this leads to a contradiction by finding
ar € 0y(q) such that p < r. Define r to be (X, <,,¢,), where <, = <\{(y,z) | y <, =}.
By a moments reflection one sees that <, defines a partial order. p < r follows by definition
and p < r from x € M, and x € M,. Since we only have removed relations leading to x
we see from o € M, and p = ¢ that r < ¢ must hold. It remains to show that r has the
P,.-property. Let y,v/, z, 2 € X, be given such that

y <,y
(8.27) coy
2 <, 2

We shall then show y <, 2’ or z <, y'. From p < r and (8.27) we see y <, ¢/, z <, 2/
and since relations are removed from <, to obtain <, iff they lead to x, we conclude

x £y, 7.
If y co, z then P,,(p) implies y <, 2’ or z <, y'. Since x # ¢/, 2/ we must then also have
y<,z orz<,vy.

It remains to consider y ¢o, z—i.e., either y <, z or z <, y. Suppose y <, z. Since
z <, 7 the transitivity of <, yields y <, 2’ and from x # 2’ we then conclude y <, 2.
Similar for z <, y. O

Lemma 8.5.12 Suppose A € S and P C SW has the property Vp € P. A C M,,. Then
max<{A” | p € P} C {A” | p € max< P}.

Proof Given A" € max<{A” | p € P}. Le., ¢ € P and there is no p € P such that
A" < A" or by (8.24):

/Hp e P Xq \ A= Xp\A, Sq‘(Xq\A)Q D) Sp‘(Xp\A)Q

So if p € P and ¢ < p we must have <;|(x,\4)2 = <p|(x,\a)2- Hence the partial order of
any maximal element r of P (r € max< P) above g (¢ = r) agrees on X, \ A, wherefore
A’ = A" and we are done. O

With P = {Z) b, a l;} and A = a it follows that the right hand side of the inclusion

in the lemma may be different from the left hand side.
Lemma 8.5.13 If A C M, and P = {p € 6,.(¢) | A C M,} then §,,(A") = {A" | p € P}.

Proof
C: Given r € 6,.(A"), i.e., P,(r) and r < A" Let p= A-r. Then A” = r and we have
A" < A" or equally by (8.24):

Xq \ A= Xp \ A, Sq‘()(q\A)2 2 Sp‘(Xp\A)Q

Then X, = X, and because the elements of A in p are below all other elements of X, we
conclude p < ¢q. The P,.-property is dot synthesizable so from P,.(A) and P,.(r) follows
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P, (A-r),ie,p=A-1 € d,(q). Since A C My, = M, then p € P and this implication
is settled.

D: p € do(q) implies P,,(p) and p < ¢. Since A C M, we get A” < A”. The P,,-property
inherits to A", so A” € §,,(A). O
If A C M, we from the last two lemmas see that:

(8.28) mgx(éor(zq)) C {Zp |pe mjax{p €0or(q) | AC M,}}

Since A C M, we by lemma 8.5.11 also have:

(8.29) m<ax{p € or(q) | AC My} = max (Jr (7))
Combining (8.28) and (8.29) then:

Corollary 8.5.14 If A C M, and ¢ € SW then

mjax((sor(zq)) C{A"|pe mélx((sor(Q))}

. ) —b
That the converse inclusion does not hold can be seen as follows. Let ¢ = Z d and

= ?Z Z Then p € max<(dor(¢)) and @ = cZ» Z, but @ ¢ max<(d,-(a?))

I
——
O
'
Q, o
.

Lemma 8.5.15 Given f € £, and p € SW. Then
p g f implies 3q € dor(p). ¢ G f
Proof The lemma follows by proving the stronger

p =& f implies 3¢ € max( dor(P))- 4 FG

by induction in the structure of f.

f=tt,ff, 7, A: Either trivial or follows from max<(d.-(p)) = {e} iff p=e.

f= .g Then A € M, and p g g. By hypothesis of induction there is a ¢ €
maX<( +(p)) such that q Fg' g. By lemma 8.5.11 we have M, = M,, so also

Ig
f= @g‘ Here we must have A € G, A C M, and A" =& g. Using the hypothesis of

induction we get a ¢’ € max<(6,,(A")) such that ¢ =¥ g. By corollary 8.5.14 then

¢ € {4 q € max<(dor-(p))}. Le., there is a ¢ € max<(d,-(p)) such that Al =¢
and thereby A" =¥ g. Because ¢ E max<(d,.(p)) and A C M, we can use lemma

8.5.11 to see A C M,. Hence q =g &g and g e max<(d,.(p)) as desired.
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Lemma 8.5.16 Suppose p € SW and P,.(p). Then there is a f, € Ly such that:

a) pEw fp

b) q Fg" fp implies p < ¢

Proof The proof is by induction on the size of p (i.e., of X,).
In the basis X, = () we can only have p = ¢. Choose f, = 5/. By definition ¢ =5}’ ¥/.

For the inductive step we can assume the proposition to hold for all semiwords of size less
than the given p. Now consider M,. Because P,.(p) we by proposition 8.3.7 know there
is a a € M, such that

(8.30) Vee My, z<,y=a<,y

Denote @ by p’. Then the size of p’ is less than the size of p and we can apply the
hypothesis of induction to find a f, € Ly such that p’ =" f and ¢’ g f, implies
p' = ¢. Since M, # 0 (when X, # ) we can define:

fo= @fp/, where A = M,

Clearly P =3 f,. So let a ¢ be given such that ¢ =g f,. This means A C M, and
q¢ =a? =" fp. From the hypothesis of induction we know p' < ¢’ or equally @ < @.
This means by (8.24):

(8.31) Xg\{a} = Xp\{a}  and  (832) <glix\iap2 2 Splix,\(apy?

From a € M,, a € M, and (8.31) follows X, = X, so we just have to prove <, D <, in

order to obtain p < ¢. By the reflexivity of <, is suffice to show x <, y implies * <, y
for given x,y € X, (= X,,). We distinguish three cases:

x,y # a: Follows from (8.32).
r #a,y=a: le, z <,a. But this contradicts a € M,, so we can exclude this case.

x =a,y # z: Then z <, y reads a <, y wherefore y & M,. Because M, = A C M, this
also implies y ¢ M,. Hence there is a z € M, such that z <, y. By (8.30) then
a <,y as we wish.

O

We can now prove the crucial lemma used in the proof of the linear logic characterization
of <¢.
~G

Lemma 8.5.17 For Ey, Fy € RBL' we have:

Ey ¢ Eu iff Lg(Eo) € Lo(Ey)

Proof
only if: Ey <g Ei implies [Ey]o, € [Ei]or by the full abstractness result of section 8.4.
Now let f € L£¢(Eo) be given. Then by lemma 8.5.9: p(Eq0) =& f which means there is
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a q € p(Eyo) such that ¢ =g f. Hence from lemma 8.5.15 p =gV f for some p € 00, ().
This means there is a p € [Ey]o, with p =&Y f. Because [Egor C [Ei],r then also
p € [E1]or and by definition of [ ], there must be a r € p(F;0) such that p < r. So from
lemma 8.5.10 r =g f and p(F)0) =g f. Using lemma 8.5.9 again we get f € Lo(EBy).
if: [Eolor € [Er]or implies Ey <& Ey so it is enough to prove p € [Ei], for a given
p € [Eo]or. Then P,.(p) and by the previous lemma there is f, € L, such that p =3 f,

and ¢ =g f, implies p < q. Clearly p =3 f, implies p Fg¥ f,. p € [Eo]or means there
is ar € p(Eyo) such that p < 7. Lemma 8.5.10 gives r =g f, because p |=¢" f,, so from

lemma 8.5.9 then f, € Lg(Ey). Hence also f, € Lg(E;) by assumption. As above we see
that there is a ¢ € p(Fy0) such that ¢ =g f,. By the way f, was chosen then p < q.
Because P,,.(p) we finally have p € [E1]o,. O

From this proof and lemma 8.5.16 (p =3V f,) it appears that L,, actually would suffice
to characterize <g and a closer look at f, shows that formulae generated by:

(8.33) fo=VIAfLAES|®fae A

would do. This can of course not come surprisingly because we from the full abstractnesss
result already know <, = <¢ for any set of direct tests G (A € G € S). It can also be

seen from the ability of (A and & to simulate the effect of the modality @ under the
satisfaction relation =g where A € G.

Example: Suppose A = {a,c} and A € G. Then

The reason why formulae from L, are used in place of just those of (8.33) is as in section
7.6 because they provide more freedom in specifications. How forcible formulae can be of
course depends on the available satisfaction relation.

Example: Suppose A and G are as in the example above. Furthermore let
Ey=(a;al|c);eand Ey = (al|c);aseda;(alc);e

Then the formula

=R

would be sufficient to distinguish Fy and Fy: Ey =g f but Ey g f. If only formulae of
(8.33) could be used then a formula like

ARV,

should be used to differentiate Ey and E;.
Notice by the way that no formulae of £, can distinguish Ey and F.
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Striving towards more freedom in specifications it is tempting when looking at the def-
inition for E g (A]f to turn the modality (A] into an atomic proposition with E =g
iff AC{a € A|E =g} and add conjunction to £, (disjunction to L, respectively).
However this would make the modal logic to strong which can be seen as follows.

Let Ey = (al|¢);alle®clla;(ale) and Ey = a;a| c;e. Then Ey £° Ey@® E; (can be seen
from the denotations) but with f = @@ Ott A <@ @tt we would have Ey © B; =y f
and Ey FEw f.

One way out would be to restrict the admissible formulae to be those where any subfor-

mula of the form f A g would have either f # & # or g # &y

We end the section with a comment regarding the logic characterization of <¢ for the full
RBL language.

Without problems the formula language could be extended to include formulae like (A)f
where A € M and not just A € S as it is now. Taking the same definition of =g but
as if it was for DCL one could similarly extend =g to RBL and obtain a logic for
RBL. Nevertheless the logic would not be strong enough to characterize < on RBL: If
Ey=a;alas;aand By =a;a;ala® (ala);(a;a)then By 6 £y but no formula of
Ly (or dually £y) would be able to distinguish Ey and E; as can be seen by an easy case
analysis. How, if possible, to characterize <G on RBL remains open.
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Chapter 9

Adding Recursion to BL and RBL

In this chapter we shall equip the process languages BL and RBL of the two preceding
chapters with constructors for recursion in order to deal with infinite behaviours. The
crucial constructors will be of the form recx. . If E is an expression with x at some places
(where an action could have been) then one can roughly think of recz. E as the process
which evolve like F until an z is meet where after it (repeatedly) can evolve like recx. E.
Example:

E=recx.(a®b;x) %E%E%T

But of course E could just as well evolve infinitely performing b’s
ELXEL L EL

With our notion of (finite) maximal sequences of direct tests we would still be able to
distinguish recursive BL processes like:

rece.(a®b;x) and recz.(c®b;x)

because they obviously can do different maximal sequences. On the other hand there will
be no way to distinguish the processes:

(9.1) rece.(a;x) and recz. (b;x)

This is satisfactory if nontermination is viewed as unimportant and only termination
matters. Taking the opposite point of view, disregarding termination, they must be
distinguished. One way to go would be to find some notion of infinite sequences. Against
this one might argue that it breaks with the principle of finite observability: no (human)
experimenter can carry out infinite sequences of direct tests. But there seems no reason to
inhibit the experimenter from recording prefixes of a (possibly maximal) sequence. The
preorder arrising when the experimenter is endowed with this capability will be denoted
L as opposed to < from the previous chapters. The associated equivalence, 3, of C will be
able to distinguish the expressions of (9.1) but in return identify

recx. (b b;x) and recx.(b;x)

which on the contrary would not be identified by £—the equivalence of <. The appropriate
equivalence depends on what view is taken. However there is the serious drawback of C
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that it is not a precongruence—not even on BL:
a®a;bCa;bbut (ada;b);c(asb);c

We will therefore also be interested in C°—the largest precongruence contained in L.
Recalling the operational semantics of BL we know that a sequence of E ; F' involving
actions from F' must contain a maximal sequence of £. The models from the previous
chapters all to some extend mirrored maximal sequences so here we already get the clue
that the previous models must be incorporated in the models which shall capture £°¢ (for
the various operational G-semantics). For the recursive RBL processes we shall similarly

look for models characterizing <¢ and £°.

There are standard ways of giving denotational semantics to recursive expressions and
from the previous chapters we have an god idea of how the models for the preorders
should look like. We will therefore in this chapter take the opposite angel and start out
by constructing the infinite models and then use the finite parts of the models as link to
the operational semantics.

9.1 General Set-up

In this section the definitions and results necessary for the remaining sections are intro-
duced. We shall assign meaning to recursive expressions as done by Hennessy in [Hen88a].
Except for borrowing his notation and some results the section is intended to be self con-
tained.

9.1.1 Denotations of Recursive Expressions

Given an infinite set, X, of variables and a signature, X, containing {2 which intuitively
represent the completely undefined process. The language of recursive expressions over
Y, RECx(X), is the least set which satisfies

X C REC(X)
f(t1,...,tx) € RECx(X) ifty,...,t, € RECx(X) and f € ¥ is of arity k
recx.t € RECy(X) ift € RECs(X) and x € X

The syntactically finite expressions are denoted FFRECs(X)—i.e., those expressions of
RECY(X) with no occurrences of recz. for any « € X. A variable x is free in ¢ if = is not
within the scope of a recy. combinator where y = z, and an expression t is called open
(closed) if t contains (no) free variables. The set of free variables of an expression t is
denoted F'V(t) and closed expressions of RECx(X) and FRECs(X) are denoted RECY;
and F'RECY respectively.

A syntactic substitution, p, is a RECx(X)-assignment, i.e., a map from X to RECx(X),
and is extended is extended to RECx(X) in the usual way, possible with renaming of
bound variables to avoid clashes. p[r — t] denotes the substitution which maps = to ¢
and otherwise is identical to p. [t/xz] is a shorthand for I[x — t] where I is the identity
substitution.
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An expression t is a approximation to w if it is in the relation =<, where the syntactic
preorder, <, is defined to be the least X-precongruence over REC(X) which satisfies:

Q=<
tlrecx. t/x] < recx.t

For every t € RECx(X), Fin(t) denotes {t' € FRECx(X) | t' < t}. Intuitively Fin(t) is
the set of syntactic finite approximations to ¢ and the meaning of ¢ can thought of as the
limit of these approximations.

Having syntactic finite approximations the notion of algebraic relations can be introduced:

A relation R over RECY is algebraic if for all t,u € RECy:

t Ru iff Vt' € Fin(t)3u' € Fin(u). t' R o’

The preorder < enjoys the following properties ([Hen88a, page 218]):

e =< is a partial order on FREC,
e { =< w implies tp < up

e Fin(¢) is directed w.r.t. <
A Y-domain, A, is a triple (A4, <4, X4) where

e (A, <,) is an algebraic complete partial order (algebraic cpo for short)

e for each f in ¥ of arity k there is an associated continuous function f4 : A¥ — A
in X A-

e (), is the least element | 4 of (A4, <x)

We shall use Fin(A) to denote the compact elements of A.

Given a ¥-domain, A, the expressions of RECx(X) are assigned a meaning using envi-
ronments over A. An environment is an A-assignment, p4, i.e., a map from X to A, and
similar as for syntactic substitution psf[a/x] is the A-assignment which maps z to a and
otherwise equals p4. The set of all environments, (X — A), is denoted ENV 4. Two
A-environments p and p’ from ENV 4 are ordered by the induced pointwise ordering:

p<p iff Ve € X. p(x) <4 p'(x)

Proposition 9.1.1 ENV, is an algebraic complete partial order and the compact ele-
ments of ENV 4 are those p4 where there exists a finite subset Y of X such that

a) Ve € X\ Y. pa(z) = L4
b) Vz € Y. pa(x) € Fin(A)
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Notice that L 4 is a compact elements so p4 € Fin(ENV 4) actually implies p(z) € Fin(A)
for every x € X.

Proof For convenience we will in this proof use f,g,... for elements of ENV4. By
Hennessy [Hen88a, page 123] (X — A) is a complete partial order. We show that the
compact elements of ENV 4 are as described above. It is then a simple matter to check
that every element is the lub of the compact elements below it.

For every compact element f there is a finite Y C X fulfilling a) and b): Let Y = {z €
X | f(z) # La}. To see that YV is a finite set assume on the contrary it is infinite. Then
Y contains a countable infinite subset Z = {z;},_py. For each i € IV define f; € ENV,4
by

flx) ifxgZ
filz) =< f(z;) fz=zand j<i

La otherwise
Clearly D = {fi},.pv is a chain fo <a fi <4 ... with lub f. Because f < f and
f is compact there is an f; in D such that f < f;, so Vo € X. f(x) <4 fi(x) and
especially f(z;) < fi(z;) = La. Hence f(z;) = Ls—a contradiction to the definition of Z
(z€ ZCY onlyif f(2) # La).
By definition Y fulfills a) and to see b) let an y € Y be given. We shall show f(y) € Fin(A).
To this end let D4 be a directed set in A such that f(y) <a V4 Da. Then we shall find
a d € D4 such that f(y) <a d. For every a € D, define f, by

fi() = {f(w) if # #y

a ifr=y

and let D be {f, | a € Da}. D is directed because D, is and D has lub fp in ENV4

where f(2) o
B T ifx#vy
fD(x>_{\/ADA lf{L':y

So f < fp and because f is compact there is an f; € D such that f < f;. Then also
f(y) < faly) = d € Da.

That f is a compact element when there is a finite Y C X fulfilling a) and b) is easier to
see: Given a directed set D in ENV 4 such that f < fp where fp is the lub of D in ENV 4.
We shall find a g € D such that f < g. f < fpimplies Vo € X.f(z) <a Va{g(z) | g € D}.
Since Yy € Y. f(y) € Fin(A) we then have Yy € Y3g € D. f(y) <4 g(y). For each y € Y
let g, be such an g. Denote {g, | v € Y} by Gy. Since y is finite then so is Gy and
because D is directed we can then find a g € D such that Vg, € Gy. g, < ¢g. Hence Vy €
Y. f(y) <a g(y). Because Vo € X \Y.f(z) = L4 we actually have Vz € X\Y. f(z) <4 g(x)
and we conclude f < g. O

Since ENV 4 is a cpo, meanings of expressions can now be given by means of the function:
Al] : RECxy(X) — [ENV,4 — A] defined as follows:

Alz]pa = pa(z)
Alf(tr, - t)lpa = fa(Alti]pa, ... Altelpa)
Alrecx. t]pa = Y Aa. At]pala/z]
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where Y is a function that yields the least fixpoint of \a. A[t]pala/z] in A and [ENV 4 —
A] is the continuous functions of (ENV,4 — A).

We select some of the results Hennessy displays:
Proposition 9.1.2 Afrecz. t]ps = Aftlrecz. t/z]|]pa for all py € ENV 4.

With this proposition it is easy to see for t,u € RECx(X) that:
t = w implies Vpa € ENV 4. A[t]pa <a [u]pa

Le., the preorder defined as on the right-hand side extends =< on RECy(X).

Theorem 9.1.3 (finite approximations) For every ¢ in RECx(X) and ps € ENV 4 the
following holds: A[t]pa = V4 A[Fin(t)]pa := Va{A[t']pa | t' € Fin(t)}.

Lemma 9.1.4 If pu, p/y € ENV 4 and pa <py( oy then Aft]pa <a A[t]p)4

From this lemma it follows the value of A[t]pa for a t € RECs (the processes of
REC%(X)) is independent of ps (FV (t) = () and this value can be taken as the meaning
of t. So A[] can be thought of as defining a map RECy, — A and we will therefore just
write A[t] when t is a closed expression.

Lemma 9.1.5 (Substitution Lemma) Atp]pa = A[t](pa o p)
where the composition of the A-assignment p and the substitution p is the A-assignment:

(pa o p)(x) = Alp(x)]pa.

We are now ready to reflect on extending preorders from closed to open expressions.

A preorder, ambiguously denoted <4, over RECYs; can be induced from the partial order,
<4, of the ¥-domain by letting for ¢,¢' € RECY:

t<a t Zﬁ V,OA € ENV 4. A[[t]]pA <4 A[[t,]]pA

Since Y and the functions of a Y-domain are continuous and especially monotone it is
self-evident from the definition of A[] that <, is a RECs-precongruence in the sense
that for closed expressions:

o forall fin X, f(t,...,tx) <a f(u1,...,u) whenever t; <qu; fori=1,... k

o t <, wuimplies recx.t < recx.u
The latter actually does not tell us anything because Afrecz.t]pa = (proposition 9.1.2

At[recz. t/x]]pa = (substitution lemma) A[t](pa o I[recx. t/x]) which from lemma 9.1.4
and FV (t) = () is seen to equal A[t]pa.

This is the motivation for extending the preorder to RECx(X). There is at least two
ways to do this. For ¢t,u € RECx(X) define:
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a) t<asu Zﬁ VpA € ENV 4. A[[t]]pA <a AIIU]],OA

b) t <y uiff for every closed (syntactic) substitutions p, Aftp] <a Afup]

Notice that for closed substitutions tp € RECx.

With similar arguments as above it is now easy to see that <, is a RECx (X )-precongruence
and one might argue that it is the most natural extension in a denotational set-up whereas
the other, </;, is more natural in an operational set-up. However we will now show
that under certain circumstances <, and </, coincide not only on RECs but also on

RECs(X).

We can then state:

Proposition 9.1.6 <, and </, defined above coincide over RECx(X) provided there
for every compact element of A is a t € FRECs such that A[t] = a.

Proof Let ¢, € RECx(X) be given. Suppose that for all closed substitutions p,
Aftp] <a A[t'p]. We show this implies A[t] <a A[t']—i.e., Voa € ENV 4. Aft]oa <a
Aft'loa. So let a 04 € ENV4 be given. From the proposition 9.1.1 ENV, is algebraic
because A is. This means 04 = \/ F where F is the directed set consisting of the compact
elements in ENV 4 below 04. From the proposition we know that for a compact element
pa € ENVy, we have pa(z) is compact in A for all x € X. By the proviso of the
proposition there then is a t, € FRECy, for each x € X such that At,] = pa(z).
Letting p be the closed syntactic substitution with p(z) = t, for all z € X we then have
paop = pa. Le. for each py € F there is a closed substitution p with ps o p = pa.
Our assumption was that for all closed substitutions p/, A[tp'] <a A[t'p’] (tp' and t'p’ are
closed), so especially Aftp]pa <a A[t'p]pa for each py € F. By the substitution lemma
then A[t](paop) <a A[t'](pa o p) for each ps € F, and since ps o p = p, this actually
reads:
Vpa € F. A[[t]]pA <a A[[t/]]pA

From this the result then follows by the deduction
Vpa € . Alt]pa <a A[t']pa

{A[t]pa | pa € F} dominated by {A[t']pa | pa € F}

Va{A[tlpa | pa € F} <aVaA{A[t']pa | pa € F}

U A[t] and A[t'] continuous (€ [ENV, — A])
A[t)(V F) <a AIET(V F)

Y
A[[t]]UA SA A[[t/]]O'A

It remains to show the other direction t <4 t' =t <, t'.

Suppose Aft]pa <a [t']pa for all ps € ENV4. Given a closed substitution p and a
pa € ENV,4 we show Aftp]pa <a A[t'p]pa. The substitution lemma directly gives us
Aftp]lpa = Aft](pa o p) and similar for ¢’ so because p4 o p just is another A-assignment
(€ ENV,) we are done. O
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This result is closely related with the notion of substitutive relations as presented by
Hennessy in [Hen83|:

A relation R over RECx(X) is substitutive if for all t,u € REC%(X):

t Ru iff for all closed syntactic substitutions p, tp R up

There Hennessy actually indicate the proposition above referring to [DNH84].

Proposition 9.1.7 When restricted to RECY; the preorder <, is algebraic provided for
all t € FRECY, A[t] is a compact element of A.

Proof We show for given t,u € RECY:
Alt] <a Alu] iff Vt' € Fin(t)3u’ € Fin(u). A[t'] <a A[u']
Each implication is proven separately.

if . If we show that Afu] is a ub for A[Fin(¢)] the implication follows because A[t] by
theorem 9.1.3 is a lub for A[Fin(¢)]. Let an arbitrary element a € A[Fin(¢)] be given. This
means there is a ¢’ € Fin(t) with A[t'] = a. By the antecedent of the implication there is
a v € Fin(u) such that A[t'] <4 A[u/]. « € Fin(u) only if v < u so AJu'] <4 AJu] and
by the transitivity of <4 then a <4 Afu].

only if: Assume A[t] < Afu] and let a ¢’ € Fin(t) be given. As above this implies
Aft'] <a A[t] and therefore also At'] <a A[u]. AJu] is also the lub for A[Fin(u)] so
actually At'] <4 V4 A[Fin(u)]. By the proviso of the proposition A[#'] € Fin(A). Le.,
A[t'] is compact wherefore A[t'] <4 a for some a € A[Fin(u)] or equally A[t'] <a Afu]
for some u' € Fin(u). O

A Y-domain is finitary if the map A[] : RECy — A when restricted to FRECY, is
surjective onto Fin(A).

Corollary 9.1.8 If a Y-domain, A, is finitary then the preorder over RECs(X) is
substitutive and when restricted to RECy; it is algebraic.

9.1.2 Contexts

When considering a language a context, C[], is normally thought of as an expression with
zero or more “holes”, to be filled by some other expression of the language. Strictly
speaking C[] is not an expression of the language, but if we think of a “hole” as a special
constant symbol, a context will be an expression of the language extended with this
constant. We illustrate the idea on the language of recursive expressions, RECx(X),
built over the signature .

We let the special constant symbol # (assumed not to be in ¥) take the role of a “hole”.
The set of RECy(X)-contexts is then simply RECs 41 (X), written RECs4(X) for
short. Notice RECy, C RECyy4. The context C € RECy,(X) filled with (the context)
t € RECx4(X), is denoted C[t] and defined by structural induction:
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{1ff#

f otherwise (any other constant)
=2x
f(Cl, L C[t] = f(Ct], . .., Cylt]) for every f € 3 of arity k > 1.
(recz.C)[t] = recz. (C[t])

Notice that, as opposed to syntactic substitution, free variables of ¢ may become bound

when filled in to C. Also observe that if t € RECx(X) then C[t] € RECx(X).

The advantage of considering contexts as ordinary expressions of an enlarged language
is that it allows us to use the syntactic precongruence < on contexts just as we do on
ordinary expressions. Recall that < is defined to be the least »-precongruence over
RECY(X) which satisfy
O=<t
tirecx. t/z] X recx.t

Clearly the least X-precongruence over RECy (X ) which satisfies the two rules above will
agree with < on RECY; so for convenience we shall make no distinction between them.

Lemma 9.1.9 If C and C' are FRECx(X)-contexts and ¢, u are RECx(X)-contexts then

a) t < u implies C[t] < Clu]

b) C < C" implies C[t] < C'[t]

Since RECx(X) C RECs4(X) the lemma of course applies for t,u € RECx(X) (or
t,u € FRECx(X)) too.

Proof a) By induction on the structure of C.
C = f # # or C = x: Here we have C[t] = C = C[u].
C=#: Then C[t]| =t 2 u = Clul.

C=f(Ci,...,Cp): Clt] = f(Cilt],...,Cklt])  definition of [t]
f(Ci[u],...,Crlu]) hypothesis and definition of <
C

[u]

b) Induction on the length of the proof of C < C’. For the basis either C = Q or C = C'.
The latter case is trivial and in the former we have C[t] = Q[t] = Q < C’[t]. In the inductive
step C < C’ can because C' € FRECsy only mean C = f(Cy,...,C;) < f(Cy,...,C;) =C
where C; X C! for i = 1,..., k. The result then follows similar as in a). O

I IA ||

Lemma 9.1.10 Suppose C is a FRECx(X)-context and ¢t € RECy(X). Then u €
Fin(C[t]) implies there is a FRECs(X)-context C' < C and a t' € Fin(t) such that
u = C'[t].

Proof By induction on the structure of C. Recall v € Fin(C[t]) means u < C[t] and
w € FRECs(X).

210



C=f+#4# or C=x: Then C[t] = C and u equals Q of C. Letting (' = uw and t' = Q €
Fin(t) we have u = C' = C'[Q] = C'[t'].

C = #: Le., u € Fin(C[t]) = Fin(t). Choose C' = # and ¢’ = v € Fin(t). Then u =t =

#[t'] = C'[t'].
C=f(Cy,...,C) for an f € ¥: Here we have C[t] = f(Ci[t],...,Ck[t]) so inspecting the
definition of < we see u < C[t] implies u = f(uq,...,ur) where u; =<; C;[t] for

i =1,...,k. By hypothesis of induction there for each ¢ = 1,... k is a t; € Fin(t)
and a FFRECx(X)-context C! = C; such that u; < C/[t]. Since Fin(¢) is directed there
isub ¢’ € Fin(¢t) for t,...,t,. By lemma 9.1.9 then u; < C/[t'] for each ¢ and because
< is a Y-precongruence we then have f(u1,...,ux) < f(C/[t'],...CL[t']). Letting
C'=f(C,...,Cp), C'is then a FRECx(X)-context with C' < C and u < C'[t'].

O
9.1.3 >-precongruences
Suppose Ly is a language constructed from a signature Y’'. Given a preorder, C, over

Lsy and a ¥ C ¥’ we denote the largest Y-precongruence over Lsy contained in C by T,
Le.,

IN

»CLC

a)

b) C>isa Y -precongruence

.

c) T/ C C* for any other ¥-precongruence, C', contained in C

Now define C¥# C L5y x Lsy by

t C2% w iff VLg-contexts C. C[t] C C[u]

Proposition 9.1.11 C># = C*, i.e., C¥¥ is the largest Y-precongruence contained in
L.

Proof We show that C*# fulfills a)—c).
a) Assume t C¥# u. With C = # we especially have ¢ = C[t] C Clu] = u.

b) Suppose f € ¥ of arity k and assume t; C¥# u; for i = 1,..., k. Let a Ly-context C
be given. We shall show C[f(t1,...,tx)] C C[f(u1,...,ux)]. Fori=1,... k define C; to
be the Ly-context C[f(u1, ..., ui—1,#,tir1,--.,tx)]. An easy induction on the structure
of C shows Ci[t1] = C[f(t1,...,tx)], Cklux] = C[f(u1,...,ux)] and C;[u;] = Ciy1[tiy1] for
i=1,...,k—1. By assumption C;[t;] C C;[u;] for i = 1,..., k. The result then follows by
the transitivity of C.

¢) Given another -precongruence ' C C suppose t =’ u. For every Ly-context C it is
easy to show C[t] C’' C[u] by induction on the structure of C using the fact that C’ is a
Y-precongruence. Since T’ C C we by definition of C*# then have t C¥# u. d
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With this lemma we easely get

Proposition 9.1.12 Let a preorder, C, over Ly be given together with signatures X! C
Y2 C Y. Assume C¥ agrees on Lyy with another preorder, =/, which is a X?-precongruence.
Then C*' equals .

Proof C¥ C C*' by definition. To see the opposite inclusion assume ¢t C> wu. By
the previous proposition 9.1.11 is enough to show C[t] C Clu| for every Lys2 context C.
So let an arbitrary Ly2-context C be given. By the assumption of the lemma ¢ o
implies ¢t T’ u. Since C' is a precongruence w.r.t. to the combinators of 2 we can then
by induction on the structure of C show C[t] C' Clu]. Then again by the assumption of
the lemma C[t] C*' C[u]. Because ' by definition is contained in C we actually have
C[t] C Clu] as desired. O

Before proceeding with the useful theorem below we need a definition:

Definition 9.1.13 Given a preorder, C, over a language £ and a subset A C L. L is
said to be A-expressive w.r.t. C iff for every t € L there exists a characteristic context
Ci[] such that

Vu € At CCu iff Cift] C Cilu]

where C€ is the largest precongruence w.r.t. to the combinators of £ contained in C. If
A = L then L is simply said to be expressive w.r.t. C.

Theorem 9.1.14 Let C be an algebraic preorder over RECY, containing the syntactic
preorder <. If FRECy is Fin(t)-expressive w.r.t C (restricted to FRECY,) for every
t € RECs, then C¥ is algebraic too.

Proof Given t,u € RECs we show

tC>u

0

Vt' € Fin(t)3u' € Fin(u). t' C= o/

f: Assume V¢’ € Fin(¢)3u’ € Fin(u).#' C* «’. In order to have ¢ C* w it is by proposition
9.1.11 enough to show C[t] C C[u] for any given F'RECx-context C. So suppose C is such a
context. Let at” € Fin(C[t]) be given. By lemma 9.1.10 there is a FRECy-context C' < C
and a t' € Fin(t) such that ¢" < C'[t']. By assumption there is a v’ € Fin(u) with ¢ C* o/
and so also C'[t'] C C'[u/] according to proposition 9.1.11. Clearly C'[v/] € FRECY, and
from «' < wu it follows by lemma 9.1.9 that C'[u/] =< C[v/] X C[u] so we actually have
C'lu] € Fin(Clu]). = C C and the transitivity of C gives t” C C'[«/]. Hence for every
t" € Fin(C[t]) we have found a u” € Fin(C[u]) such that ¢" C u”. Because C is algebraic
this implies C[t] C Clu] as we wanted.

J: Assume ¢t C* u and let a ¢’ € Fin(¢) be given. We shall find a v’ € Fin(u) such
that ¢ C* «/. Since t' € FRECs, and FRECY; is Fin(t)-expressive there (for this t') is a
FRECY; context, C, such that for all v’ € Fin(u)

Clt'| CC] iff ' C*
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Let C be such a characteristic context for ¢. We just have to find a v’ € Fin(u) such that
C[t'] C C[u']. Since ¢’ <t we by lemma 9.1.9 have C[t'] =< C[t] and because C is a FRECx-
context this implies C[t'] € Fin(C[t]). From ¢t C* u we by proposition 9.1.11 especially
have C[t] C C[u] and by the algebraicity of C we deduce there must be a u” € Fin(Clu)
such that C[t'] C «”. Using lemma 9.1.10 we find a ¢’ < C and a v/ € Fin(u) with
' <X C'[u']. By lemma 9.1.9 v” < C'[v/] X C[v/] and from < C C and transitivity of C we
obtain C[t'] C Clu'] as desired. O

Proposition 9.1.15 Given a preorder C over RECYyy extended to the open terms of
RECY/(X) in the substitutive way. Suppose ¥ C ¥’ and C identifies expressions equal
up to rename of bound variables. Then T is substitutive.

Proof Given t and © we show
tC¥u  iff  Vp (closed). tp C* up

only if: For a particular p it will by proposition 9.1.11 do to show that for any closed p’
and Y-context, C, we have (C[tp])p’ C (Clup])p’ (C might contain free variables). Let such
a context and syntactic substitutions be given. Because FV (tp) = FV (up) = () there is a
closed context C’ such that

C'ltp] = (Cltp)p" and  C'lup] = (Clup])p’

Further more C’ must be incapable of binding variables since it steems from the X-context
C.

Now ¢ C* u implies Vp (closed)VE-contexts C'. (C'[t])p C (C'[u])p. Since C’ above is closed
and C' cannot bind any variables, (C'[t])p must equal C'[tp] under C; similar for u. The
result then follows.

if: Assume tp CT* up for all closed p. Given a context, C, and some closed syntactic
substitution, p’, we show Clt]p’ C Clulp’. Since C does not bind variables we must have
(Cltp'])p = (C[t])p' and similar for u. As a particular case of the assumption we have
(C[tp])p C (Clup'])p’ and are then done. O

9.1.4 Obtaining Algebraic Complete Partial Orders

The algebraic cpos we are after can be obtained in a uniform way, so the construction of
them will be presented here in a more general set-up.

Suppose (P, C) is a preordered set and ¢ is a function ¢ : P — P(P)\ () which is extended
to P(P) — P(P) in the natural way: ¢(s) = Uy, ¢(p) for every s C P (¢(0) = 0).

Also let there be given a collection, II, of subsets of P—i.e., II C P(P). About II it is
assumed that

e if s € IT and p € s then also {p} € II

e cvery nonempty S C II has lub wr.t. & US in [I—.e US = Usess (IT closed
under union)
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e there is an element sy € I with ¢(si1) C ¢(s) for every s € 11

Furthermore we shall assume that ¢ and C are interrelated such that for every p € s and
s e I

a) {¢ € P|qC p} is finite
b) q € ¢(p) implies ¢ C p
¢) 3¢ € ¢(p).pCq

Finally define:

$ C P(P) to be the set {¢(s) € P(P) | s € I1}

In order to facilitate the overview it is intended to make use of symbols such that

p,q,...€ P
s,t,...e Il and S,T,...C1I
a,b,...€® and A,B,..C P

The idea is now to make ® into an algebraic cpo by ordering it under inclusion.

Lemma 9.1.16 (®, C) is a cpo with least element ¢(sy) and every nonempty subset A of
® has a lub: J A. Furthermore for every nonempty S C II we have ¢p(U.S) = (Useg ¢(s) =

JUo(S) € .

Proof Because ¢(sn) C ¢(t) for every t € Il it is a C-least element of ®. Now let a
nonempty subset A of ® be given. Of course | A is a lub for A if it belongs to ®. To see
this notice at first that by definition of ® there for each a € A exists a s, € Il such that
a = ¢(s,). Since ¢ is a natural extension we then get

UA=Ja= U ¢(sa) = o( sa)

acA a€A a€A

and because II is closed under union and A # () then U,ca 8o € II , so we conclude

UA € ®. From this it also appears that ¢(US) = U@(S) € ® for every ) £ S CII. O

We are now concerned with the compact elements of ®.

Recall that D is a directed set if it is nonempty and for all d,d’ € D there exists an ub
in D. An element a € ® is then compact if for every directed subset D and ® such that
a CUD thereisa dée D with a C d.

Lemma 9.1.17 The compact elements of (®, C) is those ¢(s), where s € IT and s is a
finite set.

Notice that by a) and b) ¢(s) must be finite too when s is.
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Proof It is standard that a finite set ¢(s) = a € ® is compact when the partial order is
C and lub is J: Let D C ® be a directed set such that a C |JD. Then for each p € a we
can select a d, € D with p € d,,. Denote the set of those d,’s by D, C D. Since a is finite
D, must be finite too and has an ub d € D because D is directed, so a CUD, Cd € D.

Now & is not a ordinary subset of P(P)—it is induced from ¢ and a IT C P(P), so it is
less standard to see that all compact elements ¢(s) € ® are such that s is a finite set—for
instance it could be that ¢ “collapsed” an infinite set into a finite. But assume on the
contrary there is a compact element ¢(s) = a € ® where s is infinite.

The idea will be to construct an increasing infinite chain D: dgy,dy,...,d;,... with a =
U D. Because a is compact and D is directed there will then be a d € D such that a C d.
Since D is increasing then also d C d' for ad € D. From d C D = a then a C a—a
contradiction.

We now construct the infinite increasing chain. Since s is infinite it contains a countable
infinite subset u = {p,}, v For each n € IN define:

th ={pi €uli<n}
sn=1{p € s|VYj>n.p; €p}

By the assumption of II each element of s is contained in II as singleton sets, and II is
closed under union, so s, Ut, € Il and d,, € ® for every n € IN. Clearly ¢, C t,41
and s, = {p € s | ppy1 Z p} N spi1 C Spy1 S0 because ¢ is C-monotone it follows that
D ={d,},. v forms a nondecreasing chain in ®.

To see that D in fact forms an increasing chain it is then enough for each n € IV to find
an m > n such that d, # d,,.

Let n be given. By a) {q € P | ¢ C p} is finite for every p € t,. From the finiteness of
t, we see that {¢ | Ip € t,,. ¢ C p} is finite too, so because u \ ¢, is infinite there must be
apm € u\t, with Vp € t,. p,, Z p. Tt follows that m > n and by definition of s, then
Vp € Sn. pm £ p, so we actually have

(9.2) Vp € sy Uln.pm L p

Using ¢) we can now find a ¢ € ¢(p,,,) with p,,, C ¢. From (9.2) and the transitivity of C
we conclude Vp € s, Ut,.q £ p. By b) we then see that ¢ € ¢(p) for all p € s,, Ut,, which,
because d,, = ¢(5,Utyn) = Upes, ur, ¢(p) implies ¢ € d,. Since ¢ € ¢(pm) € d(smUty,) = diy,
we then get d,, # d,, as desired.

It remains to show a = J D. D follows from a being a ub for D and to see C let a ¢ € a
be given. Because a = ¢(s) there must be a p € s with ¢ € ¢(p). If p € u then p = p,, for
an € IN and clearly then ¢ € ¢(p,) C d,,. If on the other hand p € s\ u we know from
a) that there only is finitely many p; € u with p; C p. Suppose p, is the last member of
u with p, C p. Then for all i > n, p; £ p wherefore p € s, and q € ¢(p) C ¢(s,,) C dp. In
both cases ¢ € d,, for some d,, € D, so because J D is a ub for D we arrive at ¢ € JD. O

Proposition 9.1.18 (®, C) is an algebraic cpo.
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Proof From the previous two lemmas we know that (®, C) is a cpo and how the compact
elements look like. So let an element a € ® be given. We shall show that a is the lub
of the compact elements below a—i.e., that a = U D,, where D, = {¢(s) € & | ¢(s) C
a, s is finite}. a being a ub for D, gives UD, C a and to see a C JD, let a ¢ € a be
given. Then ¢ € ¢({p}) for some p € s, € II, where a = ¢(s,). Hence ¢({p}) C a and
because {p} is finite, ¢({p}) is compact. Therefore ¢p({p}) € D, and ¢ € ¢({p}) C U D.,.

O

Proposition 9.1.19 Let ®; and &, be two algebraic cpos constructed as above. Then
O = {(d1(5),p2(t)) | s € II1,t € Il and t C s} also is an algebraic cpo ordered under C
(component wise) with least element (¢1 (s, ), ¢2(sm,)) and every nonempty D C & has
alubUD = (UD1,UD,y) € ®, where D; = {d; | {(d1,ds) € D}. The compact elements of
® are those (¢1(s), P2(t)) € ® where s and ¢ are finite sets.

Proof & C ®; x ®; and the result can be derived from Hennessy [Hen88a, page 123].
At the first glance the result may seem obvious, but it has to be ensured that the lub
actually belongs to ®. ¢;(U D;) = U ¢(D;) is important here. Also the compact elements
must be dealt with. O

9.2 Denotational Set-up

In this section we present two sets of models. One set will be the extension of the models
of the previous two chapters: the models corresponding to the operational G-semantics
(<g) and the F,,-model for the precongruence (<g) over RBL. For convenience we shall
denote such a extended model by M, where * can be either or or G (a set of direct tests).
M?P on the other hand will denote a model from the other set of models corresponding
to the semantics (Sg) where the experimenter records prefix’s of sequences. The domains
of the MP? (M,) models will be denoted A? (A,) and the operators corresponding to the
combinators of the different languages in question will follow the same notational scheme.

9.2.1 The Recursive Languages

In the first section we have seen different pleasant consequences of having domains where
the compact elements are denotable/ reachable. The goal will therefore be to extend the
domains of the models from the preceding chapters to deal with “infinity” while at the
same time enforcing constraints which ensures the reachability. The first subgoal is easely
attained simply by considering infinite sets of pomsets instead of finite. Recalling that
the different denotational maps were based on the canonical map, g, we get a clue for the
second subgoal. At first we look at what pomsets we can get by p. Here we shall lean on
a result of Grabowski [Gra81] which essentially states that the sets of pomsets generated
from the singleton pomsets and € by sequential and parallel composition exactly are the
N-free pomsets.

Definition 9.2.1 Py_y..-Property for Pomsets
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A pomset p is said to have the Py g..-property , Pn.g..(p) iff for all z,2',y,y" in X, we
have:

r <,
if co, co, andx <,y then y <,
y<py'

If a pomset p has the Py_g..-property we say that p is N-free.

We shall say that a P(P)-refinement, o, is N-free iff p is N-free for all p € p(a) and
a € A. Similar a particular refinement for a lpo p, m,, is N-free iff m,(z) is N-free for
all x € X,. O

a—b a—b a—b .
Example: CZ{» d and . are N-free, but c>‘> g 8 not.

Gischer [Gis88] also calls these pomsets for the series-parallel pomsets and give an al-
ternative and clear proof of the result, which (slightly modified for our set-up) can be
formulated:

Theorem 9.2.2 For all pomsets p:

Pnee(P) and p # € iff 3E € DBL. p(E) = {p}

Because p(Fy @ E1) equals the union of p(FEy) and p(E;) we immediately get:

Corollary 9.2.3 If P is a finite and nonempty set of N-free pomsets such that ¢ ¢ P
then 3Fp € BL. p(Ep) = P.

On top of the canonical map the relevant d,-closure were used top obtain the denotation.
This suggests to let the elements of A, be sets of pomsets which are obtained as the
d4-closure of a set of N-free nonempty pomsets. As already argued in the introduction to
this chapter, information of the M,-models must be incorporated when it comes to the
MP-models for the semantics concerning prefix. Using the 7-closure of pomsets to capture
the idea of prefixes of sequences it appears that elements of A? should be pairs where the
second component is an element of A, and the first component is the §,- and 7m-closure of
a nonempty set of N-free pomsets with the additional constraint that this set of N-free
pomsets shall be a superset of the other set which the second component is a d,-closure
of. The additional constraint originates in the fact that if a maximal sequence can be
recorded then so can any prefix of it. As we have seen in corollary 7.3.4 and proposition
8.2.3 the P and P,, properties are both hereditary and dot synthesizable. By proposition
6.4.5 and proposition 6.4.11 d, and 7 then commute so it make sense to talk about the
0.~/ m-closure of a set. Formally

A ={0.(t) | t CPrprees € € 1}
AP = {(6,7(5),8(t)) | $,t C Py e €1 C s # 0}

217



We shall often make use of the observation that ¢ C s = d,(t) C 0.(s) = 0.(t) C dum(s)
because 4, is C-monotone and because in general p € 7(p).

We use the results of subsection 9.1.4 of this chapter to show that A, and A? are algebraic
cpos. To this end notice that A, and AP can be written such that

A, = Dy

AL = {(#1(5), 92(1)) | ¢1(s) € 1, da(t) € P2, C s}
where

Py = {¢1(s) | s € II1} Dy = {¢a(t) | t € IIo}
¢pr =200 Oy = 0,

II) ={s CPnpe | s # ®} I ={t C Pnpee | € € 1}

Clearly si, = {e} € II; and sy, = ) € TI, are elements such that ¢;(sy,) C ¢;(s) for every
sell; and i =0, 1.

Recall that we for each pomset, p, have a associated multiplicity function mp which
for each a € A gives the number of elements in p that are labelled a. We saw that
p < q iff Ya € A.mp(a) < mg(a) defined a partial order on pomsets. Since we only are
dealing with finite pomsets a moments reflection shows that {p’ € P | 3q.p’ 2 q C p} is
finite (given a multiplicity function, m’, which only differs from 0 on finitely many a € A,
there is only finitely many m below m/, and for each such m there is only a finite number
of pomsets p with mp = m). Obviously q € ¢;(p) implies mq < myp for i = 0,1. Since
0(p) # 0 for the pomset properties we are dealing with and q € d0.(p) only differs from
p by the ordering of elements we have mq = mp here. In the case of m we have p € 7m(p)
so we conclude that there for ¢ = 0,1 exists a q € ¢;(p) such that mp < mq. With the
multiplicity preoder over pomsets and the other definitions above we from the results of
the first section get:

Proposition 9.2.4 (A,, C) and (A2, C) (component wise) are algebraic cpos with least
elements () and ({c}, D) respectively. The compact elements are those d.(s) € A, and
(0,m(s),0.(t)) € AP where s and t are finite sets. Every nonempty D C A, has a lub:
V. D =UD € A, and similar every nonempty D C A? has a lub \/? D = (U D1,UDs) €
AP where D; = {d; | (d1,d2) € D} for i =0, 1.

The next step is to equip the algebraic cpos with operators corresponding to the different
combinators of the languages in question.

In order to be in keeping with the notation we used in the previous chapters we will deviate
from Hennessy by letting RBLG(X) denote the set of recursive expressions over RBL.
Le., in terminology of Hennessy RBL{ (X ) would be RECx(X) where the signature ¥
is a,;, @, || and [g]. The set of syntactic finite expressions (FRECx(X)) will be denoted
RBLo(X). RBL{® is the set of recursive processes over RBL, i.e., the closed expressions
of RBLGF(X). We use similar notation for the recursive expressions over BL, e.g., BLg

is the set of syntactic finite processes of BL{¢(X). The recursion combinators will be
assumed to have lower precedence than the other combinators of the language in question.
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Definition 9.2.5 Assume d = (P, Q) and d; = (P;, Q;) for i = 0,1 are elements of A?.
Then the operators of the MP models are defined as follows:

= ({},0)
= ({e.a}, {a})
do,i)dl (PoUQq - Pr,Qo- Q1)
do @Y di = (PyU Py, Qo U Q1)
do [[2 di = (6.(Fo x P1),04(Qo X Q1))
dlo]f, = (6orm(P<p(0)>), dor (R <p(0)>))

The operators of the M, models are derived from those of the M? simply by projecting
the second component. lLe., if Py, P, € A, then Py ||« Py equals §,.(Fy x Py).

Proposition 9.2.6 The operators in the definition above are well-defined.

Proof We give a proof for the operators on A?. That the A,-operators are well-defined
is then easely derived.

QP: This constant equals ({e}, ®> = <5*7T({6}),5*(@)> which is a member of A? because
{e},0 C Py and e €0 C {c} #0.

ab: il;)om a € Py and € & {a} # 0 we see a2 = ({¢,a},{a}) = (0, 7({a}),d.({a})) €

For the binary operators on A? assume dy, d; € A2. Then dy = (3.7(s0), d.(ty)) for some
50, to € P e such that € € ty C sy # (). Similar for d;.

;7: From a) of proposition 9.2.7 below and the distributivity of d, over - we immediately
get: doPdy = (0,m(soUto - $1),04(to-t1)). By Grabowski p-q is N-free when p and
q are (can also be deduced from lemma 9.2.9 and the observations on page 136). So

do 2 dy € AP then follows from € ¢ ¢, - t; because € ¢ tg, t;
CsgUty- sy since t; C 59
# 0 by so # 0

@?: Immediate from the distributivity of J, over U and proposition 9.2.7.

||P: From proposition 6.4.4 and proposition 9.2.7 we directly get dy ||? di = (d.7(s0 X
s1),04(tg X t1)). Because the parallel composition of N-free pomsets are N-free
dp ||P dy € AP is then easely deduced from the assumptions of s, s1,ty and ;.

It remains to show that the [o]? operator on AP is well-defined. Let a d € AP, be given
and assume d = (0,,7(s),0,-(t)) where s, C Py and ¢ € t C s # (. Using lemma
8.2.6 for the second component and d) of proposition 9.2.7 below for the first we get
dlo]f = (dorm(s<p(0)>), dor (t<p(0)>))-

o(a) € BL for every a € A, so from corollary 9.2.3 (p(0))(a) is a set of N-free nonempty
pomsets when a € A. Hence from lemma 9.2.9 we know that s<p(p)> and t<p(p)> are
sets of N-free pomsets because s and t are assumed to be N-free too. p(p) is e-free so we
conclude that d[g]? € AP. O

The following proposition is useful not only for the proof of the proposition above but
also for other to come.
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Proposition 9.2.7 Let g be an e-free P(P)-assignment and suppose P, Q) and R are sets
of pomsets such that P O R. Then

) 6.m(P)Ubm(Q) =dm(PUQ)
¢) 0.(6,m(P) x 6,7(Q)) = d:m(P x Q)
) 0o

d) or((d0r7(P))<0>) = b0 (P<0>)

b

Proof a) At first we deduce:

(9.3) m(p-q) =7(p) U{p}-7(q)

from proposition 6.2.6 and the observations direct before that proposition. We then get:

0,m(P) U (R) - 6,7(Q)

=6(r(P)UR-7(Q)) J, distributes over - and U
=0(r(P)Um(R)UR-7(Q)) R C P and 7 is C-monotone
= d.(r(P)Un(R-Q)) by (9.3)
=0m(PUR-Q) 7 distributes over U
b) Follows from the distributivity of d, and 7 over U.
) 6.(6.7(P) X 5,7(Q))
= 0,(m(P) x m(Q)) proposition 6.4.4
= 6,7m(P x Q) 7 distributes over X
d) Sor T ((Sorm(P))<0>) O
= 0o ((dorm(P))<0>) dor and 7 commutes
= 70, ((m(P))<0>) lemma 8.2.6 (o is e-free)
= borm((m(P))<0>) dor and 7 commutes
= borm(P<0>) lemma 9.2.8 below

Lemma 9.2.8 Let P be a set of pomset and g a P(P)-refinement. Then

m((w(P))<e>) = m(P<¢>)

Proof = is a natural extension to sets of pomsets so it will do to show:

m((7(p))<eo>) = m(p<o>)

D: Immediate from p € 7(p).

C: Let a q € w((m(p))<e>) be given. Then q C r for some r € s<p> where s C p.
By definition of _<p>, r € s<p> implies there is a p-consistent p.ref. 7, for s with r =
[s<ms>]. Since s C p we can by the alternative characterization of C find a representative
p’ of p such that s = p/|x, and X, is <p-downwards closed. X; C X, so we can extend
s to a p-consistent p.ref. m, for p’. Because s = p|x, and 7, equals 75 on X, we see
S<Te> = P/ <y >|x, 0.
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We now show that X<r,> is <y<r »-downwards closed. Suppose (x,2") <p<my> (y,v)
and (y,y") € Xs<r,~. By construction of p'<m, > the former implies = <, y. The latter
similarly implies y € X,. Since X is <,-downwards closed then z € X,. Now 2’ € Xﬂp,(x)
so because m, equals 7, on X, we also have 2’ € X, (,). Hence (z,2') € X,r,>.

Using the alternative characterization of C again we conclude [s<m,>] C [p/<m,>]. From
the transitivity of C, q C r = [s<my>]| and [p'<my>] € p'<p> = p<p> we then get
q € m(p<p>) as desired. O

Lemma 9.2.9 Suppose P is a set of N-free pomsets and g is a N-free P(P)-refinement.
Then P<p> is a set of N-free pomsets too.

Proof The lemma follows from p<p> being a set of N-free pomsets when p is N-free.
To see this it is clearly enough to show that p<m,> is N-free for any g-consistent p.ref.
7w, for p (also N-free). Of course m, is N-free when p is. The proof that p<m,> is N-free
is by contradiction. Assume p<m,> = (X, <,¢) is not N-free. By construction of p<m,>
this implies the existence of (x, 2'), (y,v'), (z, 2'), (v,v’) € X such that

(x, 2"y < (z,7)
(9.4) co co and (z,2") < (v,0')
{y,9") < (v, 0)

holds, but (y,y') £ (z,2').
We consider the different cases:

(x =v,y #wv)or (z #v,y =0): If z ¢o, y then by the construction of p<m,> this implies
x, 2"y ¢o (y,y")—a contradiction to the assumption. To see = ¢o, y assume w.l.o.g.
Yy p p Y g
x =wv,y # v) holds. From y # v and the construction of p<m,> we deduce that
P
y,y") < (v,v") only can be due to y <, v. v = x then gives y <, x and so x ¢o, y.
p P P

(x =v,x # z) or (x #v,x = z): Similar as above we find z ¢o v which leads to a contra-
diction in the same way.

r# v,y # v,z # 2z From (9.4) and the construction of p<m,> we derive

T <, %
co, co, and x <, v
y<pv

Hence y <, z follows from the N-freeness of p and then (y,y’) < (z,2')—a contra-
diction to (y,v) £ (z,2')

r=v,y=v,o =2z le,r=v=y=zso this time (9.4) and the construction of p<m,>
gives:
x <7rp(x) Z
COnp(z)  COmp(z) and 2’ <ap(z) U
Y <mpa) V'

/

By the N-freeness of m, then also y' <, ) 2'. Since x = y = z the construction of
p<m,> yields (y,y') < (z,2')—again a contradiction.
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A careful examination of the cases above shows that they actually exhaust all possible
combinations of x = / # v, y = / # v and © = / # z. Each time we reached a
contradiction so the assumption, p<m,> is not N-free, was wrong. O

Proposition 9.2.10 The operators of A? and A, are continuous.

Proof The continuity of the A,-operators is easely derived from the continuity of the A?-
operators which we now deal with. Constants are continuous. For the binary operators
it is enough to show that they are left and right continuous. To this end let D’ be a
nonempty subset of A? and suppose (P, @) is a member of AP.

;> Right continuous: Let D = (P,Q)? D' = {{(PUQ-P,Q-Q') | (P',Q) € D}. Then
Dy =A{R [ (R, Ry) € D} ={PUQ-P'|(P,Q) e D} ={PUQ-P| Pl €D} =
PUQ - D} where the last equation follows from D’ # () which in turn is a consequence of
D"#0. Also Dy ={Q - Q' | (P',Q") € D'} = Q - D). We then have: VE((P,Q) £ D) =
(UD1,UD) = (U(PUQ-D1),U(Q- D)) = (PUQ-(UD}), Q- (UDy)) = (P,Q) ZVID'.
Left continuous: Here we have: \/?(D";2(P,Q)) = ({P'UQ"-P | (P, Q") € D'}, U{Q"-Q |
(P, Q) € D'}) = ((Uprgnep P') U (U, )ED/Q) PUWD; - Q) = (UDy) U (UDs) -
P,(UDs) - Q) =(UD1,UDy) £ (P,Q) (va )2 (P,Q).

@?: Obvious left and right continuous since it just is the union of the respective compo-
nents.

|I”: Right continuous: With D = (P, Q) |2 D" we have Dy = §,(P x D) and Dy =
0.(Q x D}). Because 9, is the natural extension to sets we have J Dy = 6,(U(P X D’)) =
0.(P x U D)) and similar for |J Ds. Tt follows that \V2({P, Q) |[2D’) = (§.(P x U DY), 6.(Q x
UD3)) =(P.Q) L VD"

Left continuous: Symmetric.

Only the [g]f, -operator is missing. VE(D'[olf,) = V5 {{0orm(P'<p(0)>), dor (Q'<p(0)>)) |
(P',Q") € D'} = (Udorm(Di<p(0)>),Udor (Dy<p(0)>)). Since both §,. and 7 as well as
<p(0)> are natural extensions to sets we immediately get: \/2(D'[o]?,) =

{0orm((U DY) <p(0)>), 00r (U D2)<p(0)>)) = (U D1, U Dy) ely, = (V5 D)[elt, o

Now where we have showed that A, and A? are algebraic cpos and that the different
operators are continuous on the respective domains, we are in a position to apply the
results presented in the previous section.

So for BLiF(X) we get the denotational maps:
ALl BLF(X) — [ENV4. — Ag]
AL+ BL#(X) — [EXV.y — AY)

and for RBLi(X):

Aol] : RBLES(X) — [ENV,,, — A,
AP [] : RBLEE(X) — [ENV p — A]

AP[], and AP[], will be used to refer to the first and second component of A?[] respec-
tively. Notice that if £ is a closed expression then A,[E] = A?[E], C AP[E],.
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9.2.2 The Syntactic Finite Sublanguages

In this subsection we shall lift some of the results we obtained in the preceding chapters
for BL and RBL to the corresponding syntactic finite expressions of BL¢¢ and RBLG®
respectively, namely BLg and RBLq.

When we dealt with BL and RBL the canonical map, g, associating sets of pomsets to
B L-expressions, served as basis for the denotational maps in a natural way. It appears
to be difficult to extend this idea (and p) to say BL{®, but an extension to BLq seems
manageable. How such an extension should be depends on what we are aiming at. If we
want to use p as basis for maps concerned with different kinds of maximal pomsets it
might be natural to let p(Q2) be the empty set, (), because 2 represents the process we
know nothing about. If on the other hand we also want information about possible prefixes
it might be just as natural to associate € with 2 because ¢ is prefix of any pomset. Our
MP-models consists of pairs of pomsets with the “old” denotations from the M,-models
as second component. We therefore arrive at the following:

Definition 9.2.11 The map @ : BLg — P(P) x P(P) is defined inductively:

( =

(a) = ({e, a}, {a})
( = (91(Eo) U 95(Eo) - 01(En), p5(Eo) - 5(En))
( = (p1(Eo) U @i (E1), 95(Eo) U g5(En))

O (Eo | Ex) = (91 (Eo) x 91(En), a(Eo) X 95(Er))

where O} (E) = P and ph(E) = Q if p?(E) = (P,Q), i.e., ] and @} are the projections
of ©P to the first and second Component respectively.
The ordinary canonical map g is extended to BLq by p = ¢b.

Observe that VE € BLq. ph(F) C ¢} (E).

Example: From ©P(Q;d) = ({e},0) follows
¢ ((a;0);(Q;ddc)) =({e,a,a—b,a—b—c}, {a—b—c})

and

9 ((a; (Q2;d)@b);c) = ({e,a,b,b—c}, {b—c})

The following proposition justifies to think of @] as the canonical association of pomset
prefixes of an expression.

Proposition 9.2.12

a) If E € BL then ¢} (F) = 7(p(E)).

b) If E € BLq then ¢} (E) = n(p}(F)).
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Proof By structural induction on E using (9.3) and p) = @ in the case of E = Ej ; Ej.
O

Clearly the definition of pP is designed with the denotations of the MP-models in mind.
An easy structural induction in fact shows:

Proposition 9.2.13 Given an E € BLg then p(FE) = (P,Q) implies ¢ ¢ Q C P # ()
and P, are finite subsets of Py _g...

Having generalized o to BLq we seek results like theorem 7.3.7 and theorem 8.2.5 for M,
and MP. The situation is diametrically opposite here since compositional definitions of
the denotational maps are given and we want an alternative definitions using g and ?.

Proposition 9.2.14 For any F € BLgq:

a) A[E] = 0.(p(E))
b) AP[E], = 6.(pl(E)) for i = 1,2

*

Proof a) By induction on the structure of E. In the case E = Q we have A,[E] =0 =
3:(0) = 6.(p(E)). The remaining cases goes similar as in the proof of theorem 7.3.7.

b) Since p = @5 and A,[E] equals A?[E],, a) also reads
(9-5) AL[E], = 6.(92(E))
Then b) follows from
ANLE], = 6.(91(E))
which is proven by induction on the structure of E.
E=Q: AE] = {e} = 6.({e}) = 0.(pV(E)).
E =a: AY[E] = {e, a} = 6.({e, a}) = (01 (E)).
E = Ey; Ey: Here we have:
AP[E], = AP[Eo], U AP[E], - AP[Eq], definition of AP[]
= 0.V (Fo)) Ud(9h(Ep)) - 0x (9} (EL)) induction and (9.5)

= 0. (p} (Eo) U ©h(Ep) - 1 (E1)) 0, distributes over U and -
= 0. (0 (Ep; Ev)) = 0.(ph(E)) definition of P

E =FEy® E; and E = Ey || Ey: Similar, but without use of (9.5).

From a) of the proposition, definition 7.3.6 and definition 8.2.4 we as expected see [E], =
A,[E] when E € BL.

A simple consequence of this proposition and proposition 9.2.12 is:

Corollary 9.2.15 AP[E] = (6.7(p(E)), 0.(p(E))) for every E € BL
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With the results obtained so far we are now able to show that the different models are
surjective.

Proposition 9.2.16 Every compact element of AP and A, is the denotation of a syntactic
finite expression.

Proof The result for A, is easely derived from the corresponding proof for A?. To see
this we for a given compact element a € AP just find an expression £ € BLg C RBLqg
such that A,[F] = a. So it will actually not be necessary to involve the refinement
combinators in order to denote the compact elements of A? . Recall at first that a is an
element of A? in the MP? model when

(96) a = <5*7T(3)7 5*(t>>

where s and ¢ are two sets of N-free pomsets such that e € ¢ C s # (). Also the the
compact elements were characterized to be those where s and ¢ are finite sets.

If u is an arbitrary finite and nonempty set of N-free pomset such that ¢ € u we from the
last corollary and corollary 9.2.3 deduce there exists an E, € BL with

(9.7) AL[EL] = (0 (u), 64(u))

Now let a compact element a like (9.6) be given. We deal with different cases of s and
t:

e ¢ sand t =0: Then we can find an E, € BL fulfilling (9.7). Hence E = E,; Q € BLq
and we get:
AP[E] = (0.m(s) U di(s) - {e},0.(s) - 0)  definition of AP[]
— (5.((s) U ), 0
— (Sm(), 0.(0)) = (B.m(s),6.(1)) 5 € ()
e¢sandt#(: Because ¢ € ¢t and s # () we can then find E,, E; € BL fulfilling (9.7).
Therefore E = (Eg;Q)DE, € BLg and A, [E] = AP[Es;Q]@P AL[EL] = (d.7(s), 0)®P
(0,7(t), 04(t)) = (dum(s)Ud,m(t), DUOL (1)) = (0.7 (sUL), 0.(t)) = (0.7(8), 0x(t)) where

the last equation follows from ¢ C s.
s = {e}: Because t C s and ¢ ¢ t we must have ¢ = ) in this situation and E = Q will do.

e € sand s\ {e} # 0: Then no matter whether t = () or ¢t # () we can as above find a
E’' € BLg such that AP[E'] = (0.7(s \ {e}),0.(t)). Letting E = Q @ E" we get
AL[E] = (bom({e} U (s \ {e})), 0. (0 U 1)) = (dum(s), 6.(1)).

Inspecting how s and ¢ can be for compact elements like (9.6) of A? we see that all cases

are covered. O

As for RBL and BL we are able to establish a connection between RBLqg and BLq via
the map o which we together with {p} extend to RBLg as follows:

Qo =0 Qfo} =Q
ac =a a{o} = o(a)
(Eo ; E1)U = Eyo ; Ero (Eo ; El){Q} = EO{Q} ; El{@}
(Eo @ Er)o = Eyo @ Evo (Ey @ E1){o} = Eo{o} ® E1{o}
(Eo | Er)o = Ego || Evo - (Eo || Ev){e} = Eofo} || Er{e}
Elolo = (Eo){o}
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Proposition 9.2.17 For every E € RBLg we have:

8) Ao[E] = Ay [Eo]
b) AP [E] = AP [Eo]

or

Proof a) Since AP [], equals A, [] this is just a simple consequence of b).

b) The proof is by induction on the structure of E. The basis is immediate because
Qo = Q) and aoc = a. In the inductive step there are four cases:

E=Fy; E;: Then

A 18] = A L5 7, 4215 definition of 42,[]
= AP [ Eoo] B, AR [E\ o] induction
= Ap [ Eoo ; Ela]] definition of A2 []

= Agr[[(Eo Ey)o] = AP [Ec] definition of o
E=FEy®E; and E = E || Ey: Similar
E = F[p]: In this case we have:

ALLE] = (Ap [F])[a]5, definition of A7.[]
= (A2 [Fo])ol®, induction
= ( fgr[[( ){Q}]]) lemma 9.2.18 and F'o € BLg
= (A5, [(Fldo)]) = AL, [E]

Lemma 9.2.18 If £ € BLg then

a) Aor[E{e}] = (Aor[E])[e]or
b) A [E{e}] = (AL[ED)els,

Proof a) The proof is like lemma 8.2.7 for RBL but with the additional case  (see also

b)).
b) Since A, [E] equals AP [E], we from a) and the definition of [p]?. deduce
(9-8) A% [E{e}]y = 00r(AG [E],<p(0)>)

With this we then by induction on the structure of £ € BLg prove

AG [E{ 03]y = dorm (A5 [ET <p(0)>)
from which b) then follows using (9.8).
E =9 AL}, = A9, = {e} = dorm({e}<p(0)>) = dorm (A5, [0, <p(0)>).

FE = a: Then:
42 [a{o}], = A1, [o()], definition of {o}

= 0or (97 (0(a))) o(a) € BL and proposition 9.2.14
= dorm(p(0(a))) @] = o p—proposition 9.2.12

= dorm((p(0))(a)) definition of @(o)

= 5OT7T({€ a}t<p(0)>) proposition 6.3.3

= 0o, (AD, [a], <p(0)>)
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E = Ey; Fy: We get:

AP [E{o}], = Ab.[Eo{o}; Er{o}], definition of {0}
= Ab [Eo{o}], U AL [Eo{o}], - AL [E1{o}], definition of A} []
= dorm(AD.[Eo], <p(0)>)
Udor (AL [Eo]y<9(0)>) - dorm (AL [E1],<p(0)>) induction and (9.8)
= 0o, (AP [Eo],<p(0)> proposition 9.2.7 and
UAP [Eo],<p(0)> - AD.[Er] <gp(0)>) AL [Eo], © AL [Eo],
= 0oy ((AP.[Eo], U AL [ Eo], - A2 [Er],)<@(0)>)  proposition 6.3.3
= 0o, (AP [Ey ; En],) definition of A2 []

E=FEy®E; and E = Ey || Ey: Similar.
O

Proposition 9.2.19 The denotation of a syntactic finite expression is a compact element.

Proof The proof for the M? models is exemplary for the corresponding for the M,
models. Suppose F € BLq. Then

AP[E] = (0.(pV(E)), 0.(p(B(E)))  proposition 9.2.14
= (6,m(pF(E)), 0.(p(b(F))) proposition 9.2.12

By proposition 9.2.13 it then follows that AP[FE] € Fin(A?). Now if E € RBLgq, that is
« = or, then by proposition 9.2.17 AP[E] = AP[Eo] and because Fo € BLgq it follows
that AP [E] denotes a compact element in A . O

From this proposition and proposition 9.2.16 we immediately have:
Corollary 9.2.20 The different M, and MP? models are finitary.

We end this section with a proposition corresponding to proposition 8.3.1 which gives a
connection between the denotations of the M? -model and the My-model.

Proposition 9.2.21 Suppose E € RBLg. Then

a) Aw[Eo] = ow(Ax-[E])
b) AW[Ec]; = dw(AL[E],) for i =1,2

Proof As in the preceding proofs a) is just the special case of b) with i = 2.

b) The case i = 2 follows exactly as the case i = 1:
AW[E0], = dw(pl(Eo)) proposition 9.2.14

= Owlor (P (Eo)) 6w o dyr = dw (from Py = P,,.)
dw(A? [Ec],) proposition 9.2.14
dw(A? [E],)  proposition 9.2.17
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9.3 Operational Set-up

9.3.1 The Recursive Languages

The configuration languages are as earlier obtained by adding . With refinement the set
of recursive configuration expressions, RC'L¢(X), is then in the usual way defined as the
least set C' which satisfies:

el
RBL*(X) C C
EO ; E1 eC if EO € C and E1 S RBL?;C(X)
Ey || By €C if Ey,E; €C

RCLE* is the set of recursive process configurations, i.e., the closed configuration ex-
pressions of RCLF(X). RCLo(X), RCLg, CLF°(X) etc. can then be considered as
RCLEFe(X) restricted to the appropriate sublanguage.

The different extended labelled transition systems are all changed in the same way to
cope with the new situation and further the change only affects the definition of internal
steps. The following rules are added:

Q>—0Q
Qlg] >— 0
recx. E >— FElrecz. E/x]

The intuition behind the first and last rule is explained by Hennessy [Hen88a, pages 202
203] and the rule in the middle is there mainly for proof technical reasons. It can easely
be shown to have no operational effect. It is worth to notice that (modulo this rule) no
extra rules are needed for refinement to cope with recursion. From the next example one
can see how it works.

Example: Suppose £ =a @ a;z and g is a BL-refinement with o(a) = b and o(b) = a.
Then the following scenario shows a possible evolvement of F' = (recz. E)|g):

F>— (a®a;recz. E)[o] >— alg]
>— (a;recx. E)[o] >—b
>— alg]; F
>—b; I

With a slight change F' = recx. (E[g]) we instead have:

F>—"(a; F)[¢]
>—"* (b; Flo])
N Flo]
>—* (b; F[o])[o]
>—* (a; Flo][0])
)] -+

a

=

—~
IS
=
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The definition of $g remains the same, but of course it is now defined over RBL{F®
and BL¢* respectively. The new operational preorder, Cg, from the introduction to the
chapter can be formulated:

Definition 9.3.1 Tg € RBLi x RBLG* is defined
EoSg By iff Vs € G Ey= implies B =

Restricting T appropriately to the different sublanguages gives the remaining preorders.
O

Up till now we have got along with mainly structural induction. When it comes to
recursion it will be convenient with the notion of the size of a step. For an internal step
E >— FE’ the size, m, will be indicated by a relation >—,,, i.e., E >—,, E'. >
is the empty relation. Similar for external steps. m in F >—,, E’ can be thought of as
stating that there is a proof of £ >— E’ from the rules of >— with no more than m
stages. E.g., if Ey >—,, E{ then Ey || By >—,,11 E{ || E]. See [Win85] for more details.

9.3.2 The Syntactic Finite Sublanguages

Not all notions can be carried over directly to the extended languages with recursion. For
instance it is difficult to make sense in talking about the behaviours of a process of BL{¢/
RBL{* since a process now may continue infinitely. At least it is hard to see how the
map Beh should be extended to say BLG and we will not find any use for it. It will later
turn out that the different operational preorders are determinated by their restriction to
the sublanguages of syntactic finite expression, i.e., BLg and RBLg. We will therefore
now look at how the previous obtained results for BL and RBL can be lifted to BLg and
RBLg. If a proposition need no reformulation (except e.g., BL should be replaced with

BLg) will in the sequel simply be referred by writing it as: propositiong.

Both proposition 7.2.3 and proposition 8.1.1 extends directly to propositiong 7.2.3 and
propositiong 8.1.1.

As we also saw for the denotational set-up, the syntactic map, o, removing refinements will
be useful to establish connections from RBLg to BLg or when it comes to configurations,
from RC'Lg to C'Lg. We extend o from RC'L to RC Lg, in the same way as o was extended
from BL to RBLg namely by letting Qo = Q and similar for {o} we let Q{p} = Q. It
should be clear that the maps ¢ : RCLg — CLq and {p} : CLq — CLg when
restricted to RC'L and BL respectively gives the old maps.

The first important result we shall extend to RBLgq is proposition 8.1.2:
VE € RBLo. E = 1 iff Eo =

According to our convention we shall refer to it as propositiong 8.1.2. Of course some
care has to be taken because we now have to deal with one more extra case in the proofs:
2, but because of the additional rule Q[g] >— €, this only give rise to minor changes.
We briefly comment on selected parts of the results used to prove propositiong 8.1.2. In
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lemmag 8.1.4 the case E = () is trivially true and the same case is also easy in lemmag
8.1.3. Here however there is also the case E = F[p| where F' = Q. It is exactly here the
rule Q[g] >— Q is considered: Since F[plo = Qo{p} = Q{o} = Q@ >— Q this goes
through smoothly and in (8.3)q one just use Q{o} = Q. In lemmag 8.1.7 E' = Q is similar
to £ = a and in the following lemma it is even simpler.

If we go back and look at the proof of propositiong 8.1.2 we see that the proposition just
is a special case of a more general result which also implies:

Proposition 9.3.2 For every £ € RBLq and s € G*:
E= iff Fo >

The only remaining purely operational results from the preceding chapters are lemma 7.4.5
and lemma 7.4.6 which carry over totally unchanged, because €2 is not directly involved
in the rules for expressions of the form Ej ; Ey and Ey || E.

9.4 Full Abstractness

In this section we connect the denotational semantics with the operational through full
abstractness results which are obtained by lifting via algebraicity of the involved preorders
the corresponding results for the (syntactic) finite sublanguages.

9.4.1 The Recursive Languages

As mentioned in the beginning of the chapter we are after the largest precongruence
contained in the relevant preorder. There we were just concerned with the ordinary
combinators of the language in question, but of course we want the obtained preorder to
be a precongruence w.r.t. to the recursive combinators too. If this shall make sense the
operational preorders have to be extended to open expressions. This is usually done in
what might be called the substitutive way:

Ey < E1 iff for every closed syntactic substitution p, Eyp Sg Evp
Ey Cg E1 iff for every closed syntactic substitution p, Eyp Sg Evp

The largest precongruence over BLi¢(X) contained in $g will as usual be denoted <¢.
Similar for the other preorders. We can now formulate:

Theorem 9.4.1 The following denotations are fully abstract:
Gl] on BLi(X) w.r.t. <g

Agll
A, ] on RBLE(X) w.r.t. <,
[
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Proof oThe denotational preorders <, and <2 are qua induced by the denotational
maps, precongruences w.r.t. all the combinators—the recursion combinators inclusive. By
proposition 9.1.12 it is then enough to show the theorem to hold where the operational
precongruences now are understood to be the largest w.r.t. the ordinary combinators.

By corollary 9.1.8 the associated (denotational) induced preorders are then substitutive
as well as algebraic. The different operational preorders are by definition substitutive
and by proposition 9.1.15 then so are the associated precongruences. Hence if we can
manage to show that the involved operational precongruences are algebraic and agrees
with the denotational preorders on the syntactic finite sublanguages (closed expressions)
the theorem then follows.

From theorem 9.4.18 we know that <g and T are algebraic over RBLG® and therefore
also over BL . Since theorem 9.4.19 gives the corresponding results full abstractness for
the syntactic finite sublanguages it only remains to show the operational precongruences
(w.r.t. the ordinary combinators) are algebraic:
a) <g is algebraic on BLi and agrees on the finite expressions, BLq, with <g so <g
is also a precongruence w.r.t. the ordinary combinators.

¢) 5g is algebraic on BLi® and by theorem 9.4.22 BLg is {E' € BLq | L(E') C A}-
expressive w.r.t. Sg for every finite subset A of A. For every E € BLi, L(E) is
finite and if £’ € Fin(E) then L(E') C L(E). Hence BLg is Fin(E)-expressive for
all B € BLg¢ and from theorem 9.1.14 it then follows that Cf is algebraic over
BLi¢ and this case is done.

b) and d) Both g, and §,, are algebraic and by theorem 9.4.22 RBLq, is expressive
w.r.t. both preorders. Theorem 9.1.14 then gives us that <y, and L, are algebraic
over RBLGC.

O

In the above proof we have just seen that <g and S as well as <, and T, are algebraic.

With arguments similar to those in the beginning of the proof we then from corollary
9.4.21 deduce:

Corollary 9.4.2 For Ey, £y € RBLF(X) we have
(Eo Ssw Ev) = (Eo Sg Ev) = (Eo Sy Er)

and
(Eo Sw E1) = (Eo Eg Br) = (Eo Sy E1)

Using the same considerations as in section 8.4 also:

Corollary 9.4.3 For all Ey, B} € RBLF(X):

Ey 56 Ev off Ey sy Er Ey S¢ By iff Ey Sy Er
Loy 56 By uff Aor[Eo] = Ao [EA] Eo 3¢ En iff Ap [Eo] = A, [E1]
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Since A, [E] = A [E], we from this corollary and the expressions of (9.1) in the intro-
duction to the chapter get:

Corollary 9.4.4 For all Ey, By € RBLF(X):
Ey G B = Ey 5 Ea

and in general the implication does not hold in the other direction.

We shall now prove all the propositions we used to get the different full abstractness
results.

In connection with the denotational set-up for recursion we have already meat the syn-
tactic preoder <. There it was used a relation telling what processes, E, that might be
thought of as approximations to a process, F, possibly with recursion constructors, i.e.,
E < F. We saw that the denotation of F' was the limit of all its syntactic finite approxi-
mations. When it comes to the operational set-up here, < will play a similar role. Recall
that < was defined to be the least relation over RBL{(X) satisfying:

EXFE QO<FE Elrecx. E/x] R FE
EXFF=G EXFE=2EF EXF
E<XG Ey; Er = Fo; Fy Elo] < Flo]
Eoy® By X Fy@ Iy
Eo|| By 2 Fo || B

= is extended to RCLi°(X) simply by letting < be the least relation over RCL{(X)
which satisfies the rules above. Notice that in this way we may only have £ < F|g| if E
and F' comes from RBLF¢(X). It is also important to notice that t < E implies F =
and that < contains the old precongruence over RBLi(X).

Having extended < to RCL{F(X) we at first show that if F is an approximation of F'
then F' can do all the sequences E can. A stronger formulation of this is

Lemma 9.4.5 Suppose F, E' € RCLg¢. Then

E>FE' % F'implies 3F. E = F = F'

Proof As usual by induction on the size of & using the analogous lemma 9.4.9 for single
steps. d

Before proving lemma 9.4.9 consider the situation where £ = E' >— F’. We cannot
expect that F immediately can do an internal step and evolve into F' with F = F’. This
is because £’ < F can imply that some of the recursive subexpressions of E have been
“unwound” by = in order to obtain an expression equal to £’ (up to €2 at some places in
E’). By the recursion rule for >— it is possible to do one unwinding, so given £’ < E we
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would ideally like to unwind F by internal steps to a E” which equals £’ up to 2. Then
we could be sure that whatever internal (or external for that matter) step £’ could do,
E" would be able to do a similar. There is however the snag about it that the definition
of >— does not open up for unwinding in the right hand argument of the ;-combinator
and neither in the arguments of the @®-combinator. The situation is closely related with
the one in chapter 8 where we wished to “perform” the substitutions of the refinement
combinator of an expression. Thought by the experience there we define a subpreorder,
<% of < as the least relation over RC'L{;¢(X) which can be inferred from the rules:

E<'FF <G
E=<"G

E=x*E

Q<x*FE

Eo 2" Fo, By 2 F Ey =X Fyo, By 2 Fy
Ey; By 2V Fy Y Ey@Ey = oD Fy

Eo 2" Fy, By XU Fy E<*F
Ey|| By =" Fy || Fy Elo] <" Flo]

Example: (recy. E); (alrecz. (a] x)) X" (recy. E) ;recx.a || x but
(a|| recx. (a || z));recy. E A" (recz.a|| x) ;recy. E

This definition of <" deserves several remarks:

e The requirement that <" shall be over RCLi(X) has the implication that an
inference rule only may be used when for the consequent, £ <* F', it is ensured that

E,F € ROL(X)
o XM C =

e The preorder < is used in the premisses of the ;- and @-inference rule just in order
to capture the unwindings which cannot be done by internal steps.

e There is no rule for recx.. This reflects that the expressions are equal up to €2
(except of course in connection with ; and @)

By the last remark the following useful lemma is reasonable:

Lemma 9.4.6

a) T <" F (a <" F) implies F' =1 (F = a)
b) EO;EI j“Flmphes F:FO;Fl, EO ju FO and E1 jFl

C) E() @El ju F 1mphes F = F() @Fl, EQ j FQ and E1 j F1

233



d) E() || E1 ju F 1mphes F = F() || Fl, E() ju FQ and E1 ju F1

e) recr. F <" F implies F = recz. E

Proof Using structural arguments each implication is proven by a simple induction on
the number of rules used to prove the left hand side of the implication. O

In the following we need to be able to see that an internal step solely originate in an
unwinding of a recursive subexpression. We write this as £ > F'.

Formally >*%» C >— is defined to be the least relation over RCL{® which can be
deduced from recx. E >4~ Elrecz. E/x] and the > equivalent versions of the >—
inference rules.

The lemma now states:

Lemma 9.4.7 Given E, E' € RCL{* then

E = E' implies 3F. E >%* F =" E'

Before proving the lemma observe that there is an “unwind version” of propositiong*

8.1.1.

Proof By induction on the number of rules used in the proof of £’ < E. There are three
case in the basis:

E=F:Let F=Fand E >»F >* F =F'.
E'=Q < E: Then also Q <% E and we can choose F' = E as above.

E' = Glrecx. G/z] < recx. G = E: By the recursion rule for >~ it is seen that £ >4
Glrecx. G/x] = E' =" E’ so we can choose F' = F'.

Now for the inductive step there are five ways E' < E could have been obtained.

E' < E" E" < E: By hypothesis of induction there are F’ and F” such that E" >4-*
F'" =% F" and E >4* F"” =* E”. From lemma 9.4.8 below we know that F” =4
E" >4»* F' implies the existence of a F' such that F” >4%* F' =% F’. Then we
actually have £ >4->* F" >4s* [P =" [ =" ' as we want.

E' = E|; FE\,E = Ey; Ey and Ej =< Ey, E] < F;: Using the inductive hypothesis on Ey =
E{, we find a Fj such that Ey >*=* F =" Ej. The unwind version of propositiong;®
8.1.1 then gives £ = Ey ; By >*=* Fy; Ey. Since | < F; we by definition of <*
actually have E' = E| ; E] <" Fy; By and we can let F' = Fy; B.

EF' =E|® E,E =Ey® E, and E| < Ey, E{ = Ey: Then also E <" E’ so we can choose
F = FE because £ >4 F = F >* E'.

E' =E|| E{,E = Ey | Ey and E| = Ey, Ef = E;: By induction there for i = 0, 1 exists a
F; such that F; >1=* F; =" E! so if we use the unwind version of propositiong 8.1.1
we get B = Ey || By >%=* Fy || Fy. Letting F' = Fy || Fy we have F' >" Ej || E{ = E'.

E' =G'o], E = Glo] and G’ < G (and G,G’" € RBL{®): As above we find a H such that
G >4* H =" G'. By definition of <" we then have F := Hlp| =" G'[o] = E' and
of course £ >4=* F.
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Lemma 9.4.8 If £, E' € RCL{* then

E =" E' >%* F' implies 3F. £ >4* F =" F'

Proof By induction on the number of unwinding steps using:
(9.9) Ex-"E >% F = 3F FE >% F =" F'

which in turn is proven by induction on the size, m, of E/ >4, F’.
Since >4>, = () the basic case is trivial and in the inductive step we can assume (9.9)
holds for m when proving (9.9) for m + 1. The different rules are handled one by one:

E' =recx. G >4>,,.1 Glrecx. G/z] = F": By lemma 9.4.6 E =" recz. G implies £ =
recx. G. Let FF'= F’" and we use the same rule to get £ >4+ F »“ F = F".

E' = E|; B} >4, 1 F; B} = F' where E| >4, Fj: E[;E] <" E implies E = Ey; E)
where E| <" Ey and E] =< E;. We can then use the hypothesis of induction to get
an Fy with Ey >~ Fy =" F]. Then also F = Ey; By > Fy; B, =“ Fj; B = F’
and we can choose F' = Fy ; E.

E' = Ej || Ef >*>,,+1 F': There are two subcases which are handled similar/ symmetric
as the rule for ;.

E' = G'[o| >%>,41 H'[0] = F'" where G’ >, H": By lemma 9.4.6 £ =" G'[o] only if
E = G[p] and G’ <" G. Then by induction G >+ H »=" H’ for some H and we
get B >~ H[o|] =" H'[o] = F’ as desired.

O
We are now ready to prove the equivalent lemma of 9.4.5 for single steps.
Lemma 9.4.9 Given E, E' € RCLg® and A € G. Then:
e £ > F' >— F' implies 3F. E >—* ' = F’
° EiE’LF’impIiesﬂF.EéFiF’
Proof Immediate form the preceding lemma 9.4.7 and the two following lemmas. O

Lemma 9.4.10 If E, E' € RCL{ then

E =" E >— F'implies 3F. E >—* F = F’

Proof By induction on the size, m, of the internal step £’ >—,, F".

The basic case is trivial and in the inductive case the lemma can be assumed to be true
for all internal steps of size m. We now investigate all the rules.

Using the fact that <* C < and propositiong 8.1.1 the inference rules are handled exactly
as in the proof of lemma 9.4.8. E.g., ' = G'[o] >—.+1 H'[o]| = F’ where G' >—,, H'.
By lemma 9.4.6 E =* G'[g] implies E = G[p| where G’ <" G, so by hypothesis of induction
then G >—* H for some H > H'. By definition of < we have F := H[p| = H'[o] = F’
and by propositiony 8.1.1 also F = G[p| >—* H|[o] = F. We will therefore just look at
the ordinary rules for >—.
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E' =Q>—,,.1Q=F" Then E' = F’ and we can choose F = F. Then £ >—" F =
E > B = F" and since <% C < we are done.
E' =1t B >—,41 E) = F": By lemma 9.4.6 {; F; <* F implies £ = {; E; where
Ei <X E;. With ' = FE; we then get E=1; Ey, >— F=FE, = E] =F".
E =FE|® E] >— 41 F": Suppose w.lo.g. F' =E|. E)®FE, <* Foulyif F=E,& E,
where Ej < Ey and E] < E;. But then also £ >— FEy = Ej = F'.
E' = E} || E{ >—m41 F': Similar/ symmetric as the case with £’ = {; E} but with the
addinnal use of <% C <.
E' = G'lo] >—m41 F': then E' <" E means E = GJp| where G' <* G. There are five
ordinary rules according to the structure of G':
G'=Qand F'=Q: Let F = E. Since £/ <" FE implies £/ < E we then get
E>-"F=FE=F =Q[ =Q=F.
G' =aand F' = p(a): a X" G only if G = a, so we actually have £ = E" and one
can choose F' = F".
G' =Gy ;G and F' = Gio] ; Gilo]: G; Gy 2% G implies G = Gg; Gy where Gf, <"
G1 and G} = G;. Again since <% C < we by letting F' = Gylo] ; G1[o] get
F' < F and also E = (G ; G1)[0] >— Golo] ; Gi[o] = F.
G'=G,® G| and G’ = G| || G}: Similar as last case.

O

Lemma 9.4.11 Suppose E,E' € RCLy® and A € G. Then £ >" £’ AR implies
IFE-L F=F

Proof By induction on the size of the step E’ A, F'. The proof follows exactly the line
of the previous lemma, except that we do not have to use propositioni® 8.1.1. O

Up til now we have showed that if E is the approximation of F' then F' can do all the
sequences F can. Now we take the opposite angel and show that if a (possible recursive)
process is able to perform a sequence, then there is a syntactic finite approximation which
also can do this sequence.

Lemma 9.4.12 Suppose £ € RCLG*. Then
E = F = F" € RCLq implies 3E', F' € RCLg. E = E' = F' = F"

Proof By induction on the size of 2. In the basic case we have £ = I and can choose
E’" = F'" = F”. In the inductive step there as usual are two maincases:

E>—G% F=F (where = = > 2" and the length of 2 is less than that of =)
By hypothesis of induction there are G', H € RC Lq, such that G = G' = H = F".
Now F >— G »= G’ implies by lemma 9.4.14 below the existence of E', G"” € RC Lq
with E > E' >—* G = G'. We can then use lemma 9.4.5 on G” » G' & H
to find an F’ which fulfills G” = F’ = H. Collecting the facts so far we have
E-E >G"2F ~-H>=F'andso E>= E' = F' = F". For E' € RCLg, we
easely prove E' = F’ implies F’ € RC Lq so this case is settled.
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EXGEF = F’: Similar but using lemma 9.4.15 in place of lemma 9.4.14.

Before proving the lemmas for single steps it will be useful to prove:

Lemma 9.4.13 For £ € RCLF(X) we have:

a) T E off E=1

b) If E # Q then for ¢ € {;,®, ||}, E X Fy ¢ Fy implies E = Fy ¢ E; where Ey < Fj
and E1 j F1

c) If £ # Q then E < F'[g] implies E = E'[p] where E' < F'

Proof Each implication is proven by a simple induction on the number of rules (from
the definition of <) used to prove the left hand side of the implication. O

We should mention that e.g., E < F'[g] implies F'[g] € RBL{F(X), because < only is
defined on RCLF¢(X) and expressions only can be of this form when F’ € RBL{(X).
Also notice that the opposite implications of b) — ¢) does not hold in general. E.g., from
Ey || E1 X F one cannot deduce that F is of the form F' = Fj || F; where Ey < Fy and
E, < F} because F' might equal recz. G where Glrecx. G/x] = Ey || E1. The only reason
we can deduce something about E in a) when f < E' is because all recursive expressions
are from RBLGF(X) and because 1 € RBLF(X).

Lemma 9.4.14 If £ € RCLG® then

E>— F > F'¢c RCLq implies 3E', F' € RCLo. E = B >—* F' = F”

Proof If F” = the lemma follows by choosing £’ = F' = Q € RCLq. Hence we will
assume F" # ) when proving the lemma by induction on the size, m, of £ >—, F.
We assume the lemma holds for m when proving it for m + 1 by considering the different
rules.

E=Q>—,.,1Q=F > F" This can only mean F" = () so we can choose ' = F' = ().
E =FEy; Ey >—,,.1 F = F": There are two subcases:

Ey=1and F=FE;: Let ' =1; F" € RCLg and F' = F".

F = Fy; Ey where Ey >, Fy: We assume F” # Q so by lemma 9.4.13 we know
that F” < Fy; Ey implies F” = Fj/ ; EY for some F < F; and Ef < E;. By
hypothesis of induction there are E{, F{j € RC'Lq with Ey = Ey >—"* Fj = Fy.
Because F" € RCLq implies Ef € RBLqg we then have E' := E|; B} € RCLq
and F' := F|; E/ € RCLq. Also E' >—* F" and F' = E|; B/ < Ey; B/ <
Ey;Eysoas F'=F)Ef R Fy; B = F'.

E=FEy®FE, >—,,.1 = F": W.lo.g. we just consider the case where F' = Fj. Then

let B/ = F"®Q € RCLy and F = F". Clearly E'! = F' & Q < F® E, = E and
E>—F">=F" Let F' = F".
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E =Ey|| Ey >—41 F = F": The four subcases are handled similar/ symmetric to the
rules for ; above.

E = G[o] >—m+1 F' = F": There are six subcases to be dealt with.

G=Qand F =Q: Then E, F € BLq and we can choose £/ = F and " = F.

G =aand F = p(a): Again E, F € BLq.

G = Gy; Gy and F = Go[g| ; G1]o]: Since F” is assumed to be different from €2 we
by lemma 9.4.13 from F' > F" € RBLq deduce F" = F{J; F' where for i =0, 1
either F/' = Q or (F}' = G7[o] and G; = G € RBLg). There are actually
four subcases to consider, but we just treat Fyj = G{j[o] and F]' = Q because
the other follow in the same way. Choose E' = (Gj ; Q)[o] € RBLg and
F' = Gjlo] ; Qo] € RBLg. Then clearly B/ >— F" and E' < (G ; Q)[g] =
(Go; Gy)[o] = FE and also F" = Gylo] ; 2 < Gilo] ; Qo] = F'.

G =Gy @ G and G = Gy || G1: Analogous to the last case.

F = H|o|] where G >—,, H: By lemma 9.4.13 Q # F” < H[p] only if F" = H"[g]
for some H” < H. By hypothesis of induction there are G', H' € RBLgq such
that G = G >—* H' = H”. Now G' = G € RBL§® and G' € RCLq
implies G’ € RBLq and similar for H' so we obtain E' := G'[g] € RBLq
and F' := H'[g] € RBLq so as E' >—* F’ from propositiong 8.1.1. Clearly
E' < Eand F" = H"[p] < H'[g] = F".

E =recx.G >—,,11 G[recx. G/x] = F = F": Choose E' = F' = F" € RC Lg. Then of
course B/ >— F' = F' = F" and because E' <X F = G[recx. G/x] X recx.G=E
we also have E/ < E.

O

Lemma 9.4.15 If £ € RCLG® and A € G then

E -2 F»F" € ROLq implies 3E', F' € RCLo. E = E' 25 F' = F"

Proof At first the lemma is proven for the case F” # €. This will be done by induction

on the size, m, of F i>m F. As usual only the inductive step needs attention. We
consider each rule in turn under the assumption F” # Q and that the lemma holds for
m.

E=a i>m+1 T=F = F" Clearly A = a and F” = {. Choose E' = a € RCLq and

F' = T € RCLg.

E=FEy;E, Lmﬂ Fy ; By = F where Ej Lm Fy: Q # F" < Fy; By implies by lemma
9.4.13 F" = FJ ; EY where Iy = F/ € RCLq and E; = EY € RBLg. By induction
then 3B, € RCLq. Ey = E) <% F! = F!!. Letting E' = E}); E/ we have E' € RC'Lq,
and F' < E{; F; < E and using the same inference rule finally £’ = E| ; EY A,
Fy; EY = F" and also F" = FJ ; B/ < F".

E=FE | E A i1 By || F1 = F = F": The two rules where only one of the components

of E is involved are handled similar/ symmetric as above. If E i>m+1 F steams
from the remaining inference rule we must have A = Ay x A; and F" = F{' || FY
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where for i = 0,1, E; im F, = F!" and A; € G. Like above we can apply the
hypothesis of induction on each component and since Ay x A1 = A € G we can use
the same rule again to obtain the result in a similar fashion.

Now from the rules of — obviously E A F only if { occurs in F'. By structural
induction on F' an F"” € RCLg can then be found such that F' = F"” # Q. As above
appropriate E', ' € RCLq are found for . When F” = Q we have F" = F” so this

case is dealt with too. O

The two key lemmas 9.4.12 and 9.4.5 enables us to establish the important properties
which shall bring the different preorders in connection with our denotational models.

Proposition 9.4.16 <g and S extends < on RBLG*.

Proof We shall show that when < is resticted to RBLG then < C < and < C Cg. So
let B, F € RBL{* be given such that £/ < F.

<g: Assume F = {. By lemma 9.4.5 there is an F” such that F' = F’ = . From lemma
9.4.13 1 < F' only if F' = 1.

Cg: Immediate from lemma 9.4.5. d

Proposition 9.4.17 Given E € RBL{¢ then

a) E =t iff 3£ € Fin(E). E' = 1
b) E 2 iff 3F' € Fin(E). E' &

Proof By definition £’ € Fin(F) means E' < E and E' € RBLq, so the if part of a)
and b) are just special cases of the previous proposition. only if:

a) Suppose £ = t. Because T = 1 we can use lemma 9.4.12 to find E',F' € RCLq
such that £ = E' & F' = 1. + < F' only if I’ = { so this means F = E' & {. Now
E' < E € RBL{* clearly implies E' € RBL{® wherefore we from E' € RCLq deduce

E' € RBLq and thus E’ € Fin(FE).

b) Suppose E =. This means E = F for some F' € RCLY¢. Using F = € the rest goes
as under a). O

With the last to propositions it is easy to prove the main result of this section:

Theorem 9.4.18 The preorders $g and S over RBLG® are algebraic.

Proof The preorder <g is proved algebraic in exactly the same way as we now will prove
Cg algebraic. For £ we shall prove

E ¢ F iff VE' € Fin(E)3F' € Fin(F). E' o¢ F'
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if : Assume the right hand side holds and let an s € G* be given such that £ 2. We prove
F =. By proposition 9.4.17 above there is an E’ € Fin(E) with £’ =. By assumption
there is also an F’ € Fin(F) such that ' Cg F’. Hence F’' = and using the same
proposition again then F .

only if: Assume E Cg F and let a £’ € Fin(E) be given.

At first we show that for each s € G* such that E’ = we can pick an F, € Fin(F) with
F, . Suppose E' =. Applying the previous proposition we see that £ = and from the
assumption then also F' =. Using the proposition once more brings us an F’ € Fin(F')
such that F’ 2. Let F, be one of these F"’s.

Now for any H € BLq it is an easy matter to prove by induction on the structure of H
that {s € G* | H =} is finite. By proposition 9.3.2 we have {s € G* | B’ =} = {s € G* |
E'oc =}, so because E'c € BLq we conclude {F, € Fin(F) | E' =} is finite too.

Fin(F) is directed so there is an ub F’ € Fin(F) for {F, | E' =}. By proposition 9.4.16
= C L this therefore means that for every Fy, F’ can perform s. But there is exactly

one F} for each E' = wherefore we conclude £’ Cg I’ as desired. O

9.4.2 The Syntactic Finite Sublanguages

In this subsection look at how the full abstractness results for BL and RBL can be carried
over to BLo and RBLq.

Theorem 9.4.19 The following denotatons are fully abstract:
a) Ag[] on BLg w.r.t. <g
b) A,[] on RBLg w.r.t. <,
¢) AgL] on BLg w.r.t. ¢
d) AP [] on RBLg w.r.t. 5,
Proof

a) Since Ag[] is defined compositionally and the operators are monotone, <l is a
precongruence w.r.t. BLg. a) then follows from proposition 9.4.23 below.

b) By definition <, € RBLq X RBLg is a precongruence w.r.t. the combinators of

RBLq. We then just have to show <. = <. By proposition 9.1.11 this follows if
we can prove for all Ey, F; € RBLq

Ey <, Ey iff VRBLg-contexts C. C[Ey] 5, ClE1]

only if: Assume FEy 4,. E; and let a RBLq context, C, be given. By the compo-
sitional nature of A,.[.] and the monotonicity of the A, operators it follows that
d,, is a precongruence w.r.t. the combinators of RBLqg. Hence also C[E,] 4,
C[E4] or equally A,.[C[Ey]] € Au[C[E\]]. From the C-monotonicity of dy then
dw(Aor[C[E]]) € ow(Au[C[E1]]) which by proposition 9.4.23 implies C[Ey| 5,
C[E,].
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if: Assume Ey 4, E; or equally A, [Fo] € Ao-[F1]. From lemma 9.4.27 we see
there is a RBLg-context, C, such that dw(Au-[C[Eo]]) € dw(As[C[E1]]). Then also
C[Eo] Z,, C[E:] by proposition 9.4.25.

c¢) Similar as b) with 51% instead of <, and only BLq contexts are concerned. Prop-
sition 9.4.23 is used in stead of proposition 9.4.25 (§y does not appear). With
A = L(E)) the BLg-context for the if part is found from lemma 9.4.26.

d) Similar to b) using lemma 9.4.28 to find the RB Lg-context in the if part.

O

From proposition 9.4.23, propositiong 8.1.2 and proposition 9.3.2 so as proposition 9.2.17
and the theorem above we deduce the RBLg equivalent of corollary 8.4.1 of section 8.4:

Corollary 9.4.20 For all Fy, E; € RBLgq:

E() SW E1 Zﬁ AWIIEOO-]] = AW[Ela]] E() EW E1 Zﬁ Ae\, [[EQO']] = Ag\l [Ela]]
EO SG E1 Zﬁ AG [[E()O']] = AG [[Ela]] EQ EG E1 Zﬁ AI& [[EQO']] = Alé [[Ela]]
EO Sc E1 Zﬁ Aor[[E()O']] = Aor[[Ela]] EO g(é E1 Zﬁ Agr [[Eoo']] = Agr [[Ela]]

With the same argumentation as in section 8.4 then also:

Corollary 9.4.21 For Ey, Fy, € RBLq we have
(Eo sw Er) = (Eo 56 B1) = (Eo 5w E1)

and
(Eo Ew E1) = (Eo Eg Br) = (Eo Sy E1)

Theorem 9.4.22

a) BLqois {E € BLq | L(E) C A}-expressive w.r.t. <¢ for every finite subset A of A.

b) RBLg is expressive w.r.t. both 5, and G,,,.

Proof

a) Suppose A C A is finite and Ey € BLqg. Let C be the BLg-context, # ; e, from
lemma 9.4.26. Given an F; with L(E;) C A we show

Eo 56 Ev iff ClEy] S ClEA]

only if: Since Cf by definition is a precongruence it follows that C[Ey] g C[Ey].
Again by definition of Cg also C¢; C Cg.

if: C[Ey] 5 ClE]

= AGIC[EW]], € AGIC[EL]], proposition 9.4.23

= AG[EY] € AGIEN] by choice of C
= Fy Sl% £ definition of 51%
= FEy g I by the theorem above
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b)

Similar as a) but using the RBLg-context C = #[g] found by lemma 9.4.27 when

dealing with g, and C = #[g] ; e from lemma 9.4.28 when concerned with C,,. In

both cases proposition 9.4.25 is used in place of proposition 9.4.23.

Proposition 9.4.23 For every Ey, Fy € BLg:

a)
b)

AglEo] € AGlEL] iff Eo <6 Er
A%[[EOL C A%[[El]h iff Eo 56 E,

Proof

a)

This is nothing more than the extension of proposition 7.4.3 to BLg. So of course
a) holds if we can manage to extend lemma 7.4.4 to BLg obtaining lemmag 7.4.4.
We will just comment on the main spots were the proof change:

only if: One additional case: E = €): The implication holds trivially because
Qg...%FimpliesF:Q#T.

if: If E = Q then p(FE) = () and we cannot have have p € p(F). As above we can
also here take over the corresponding proof for the other cases if we use lemmag
7.4.5 and lemmaq 7.4.6.

Along the lines of the proof of proposition 7.4.3 in chapter 7 one from lemma 9.4.24
below for any £ € BLg see:

(9.10) og(pl(E) ={se G| E=}

From proposition 9.2.14 AZ[E], = dg(¢}(E)) so the proposition then follows by the
definition of C.

O

As the extended canonical map ¢ (by definition) agrees with 8 we can use lemmag 7.4.4
directly in the the proof of the next lemma. The same notation will also be used.

Lemma 9.4.24 Given E € BLg and Ay,..., A, € G. (n>1). Then

B2 2% iff 3pe Pl(E). A -...- A, <D

Proof Here we also start out by observing that any subexpression of a BLq expression
itself is from BLg.

if - By induction on the structure of E.

E =Q: ¢7(Q) = {e} and we must have p = ¢ and all Ay,..., A, equal to (). Since for for

every B, E > E clearly E% .. &
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E =a: ¢f(a) = {a,e}. There are two possibilities for p—either p = ¢ or p = a. The
former case goes as above and the latter as in the corresponding case of lemmag
7.4.4.

E =FEy; E;: ¢/(E) = ¢ (Eo) U ph(Ep) - ¢ (Ey). If p € p{(Ey) the result follows from
hypothesis of induction and propositiong 7.2.3. Otherwise p must equal pg - p1
where pg € @5(Ey) and p; € @{(F1). If py = ¢ then p = po - = po € Eh(Eoy)
and the rest follows from lemmagq 7.4.4. We can then assume to be in the situation
where Ay - ... A, <X po-p1 and p; # €. po # ¢ because pg € Eh(Fy). By
lemmag 7.4.7 then n > 2 and there exists a 1 < j < n such that A, -...- A4; < po
and Ajq ... A, < p1. Since py € Eh(Ep) we can use lemmag 7.4.4 to get
By 2 . =N T. From A -...- A, = p1 € pY(E1) we by hypothesis of induction
also have E % Y Applying propositiong 7.2.3 we finally get Ey ; E; AL
N RSN O S . 1

E=FEy® FE; and E = Ey || E1: On expressions of this form ¢ is defined like ©b so the
arguments are identical to those of lemmag 7.4.4.

only if: Also by induction on the structure of E.

E = Q: Q can only perform internal steps wherefore all A; through A, must equal () or
by the alternative notation equal e. But e-...-¢ < ¢ € {e} = {(Q).

E = a: a cannot do any internal steps and if a A, Fthen A=qand F = 7. T can do no
steps at all so we conclude all Ay, ..., A, must equal (= () except for at most one
which then only can be a. If all equals € then A;-...- A, =¢ < e € {g,a} = pl(a).
Ohterwise A; -...- A, = a € gi(a).

E =Ey; Ey: Assume Ey; F; Ay A% FPWe want to use lemmag, 7.4.5 which mentions
four ways such a sequence could be obtained. The first presuppose Ey >—"* { so
it can be excluded because Ey € BLg. The remaining three can for our purpose be
summarized in two:

EO%...%T,Elg...%Ffora1§j<n

By 2 | Anop
In the latter case we can apply the hypothesis of induction to find a p € @} (Ep)
such that Ay -...- A, <X p. As ¢/ (Ey) C ¢{(Fo; E1) this case is settled. In the
former case we can use lemmag 7.4.4 to find a py € @5(Ep) with Ay -...- A; < pyg
and by induction there is a p; € E{(E}) such that A;1;-...- A, < p;. From the <-
monotonicity of - we then deduce A;-...-A,, < po-p1 € Ph(Ey) o1 (Fo) C @ (Eo; Ev)
as we want.

E =FEy® E; and E = Ey || Ey: Similar arguments as in lemmag 7.4.4.

Proposition 9.4.25 For all £y, Fy, € RBLq:

a) ow(Aor[Eo]) C dw(Aor[Er]) iff Eo Sy En
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b) dw(Ab[Eo],) C dw(Ab.[EA],) iff Eo Sy Er

Proof a) follows with exactly the same arguments as we now show b). b) follows from
the definition of £, and the general deduction (E € RBLgq)

ow(A2[E]) = AevvﬁEa]]l proposition 9.2.21
= ow(pl(Eo)) proposition 9.2.14 and Eo € BLg
={weW | FEs=} by (9.10)
={weW | E=} proposition 9.3.2 O

Lemma 9.4.26 Given an expression Fy € BLq and a finite subset A of A. Then there
is an e € A such that for all F; € BLqg with L(E;) C A we have

AB[EN € ALIE] = AL[Ey ), € AB[E: s e,

Proof Let a Ey € BLq be given. L(E)p) is finite and containins L(Ag[Eo]) = U{L(p) |
p € A¢[Eo], U AG[Eo],} where

a € L(p) iff mp(a) #0

So since A is finite too, but A infinite, we can choose an e € A that does occur in
L(A% [Eo]) or A. Before we start out proving that this e meats the requirement observe
that for any £ € BLqy we have:

AGLE s e, = AGIE], U AGIEL, - {e, e} definition of ;¢ and eg;
= Ag[E], U AGIE], U AGIE], - {e} ¢ neutral to -
= AG[E], U AGE], - {e} AGIE], € AGIE], (in general)

Now let an ) € BLq be given such that L(E;) C A and A¢[Ey] € AG[E1]. There are
two ways how this can be:

AG[EW], € AGIEL],: Le., there is a p € A [Eo], not in A¢[E],. By the observations
above then p-e € Ai[Ey;e],. p-e & AG[E1], because L(AG[E],) € L(E) € A and
e ¢ A. p ¢ AG[E1], implies p - e & AE[E1], - {e} so from the observations above we
conclude p - e & AG[E: ; €]

AGLEW], € AG[E1] : Then let a p € Ag[Eo], be given such that p ¢ A¢[E1],. By the
observations p € AG[Ep;e],. We have p & Ag[E1], - {e} because p € AG[E1], - {e}
would imply e € L(p) € L(Ag[Eo]) contradicting the way e is chosen. Hence p ¢
A%[[El]h U A%[[El]]z e} = A%[[EO sl o

Lemma 9.4.27 Given an expression Fy € RBLg. Then there is a refinement combinator,
[0], such that

VE, € RBLq. AOT[[EO]] @ Aor[[El]] = 5W(AOT[[E0[QH]) ,@ 5W(AOT[[E1[QH])

Proof From chapter 8 we already get the corresponding result for the M,,-model, but
for the language RBL. All what can happen when 2 is added to the language is that
A, [Eo] might be empty in which case the implication holds vacuously. O
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Lemma 9.4.28 Given an expression Ey € RBLq. Then there is a refinement combinator,
o, and an action e € A such that

VEy € RBLq. A}, [Eo] € Ap[E1] = dw(AD [Eolo] ; el,) € dw(Ap, [Erle] s e])

Proof Let Ey € RBLq be given. As for A,.[] we are after a fission refinement, o, such
that any pomset, p, associated with the denotation of Ej can be reflected in a linearization
of q € p<p>, but this time with the additional requirement that e does not occcur in any
pomset which steems from a <p>-refinement of a pomset associated with the denotation
of an arbitrary £y € RBLg. Since E; can be any syntactic finite expression there are
practical no limitations on what singleton pomsets there may be in a pomset from its
denotation. We can therefore just as well pick an arbitrary e € A and seek a fission
refinement p for Ey such that

(9.11) Va € A.e ¢ L(o(a))

Let m be the lub of the multiplicity functions associated with the pomsets of A2 [Ep], i.e
m = \{mp | p € AL [Ey],UA? [Ey],} (finite because Ey € RBLg). A\{e} is (countable)
infinite because A is, so from the arguments about the existence of fission refinements it
should be clear we also can find a m-fission refinement ¢ with desired property (9.11).
Remember when dealing with fission refinements we use the same symbol for the BL-
fission refinement and the P(P)-fission refinement.

Before we continue notice as in lemma 9.4.26 (for any £ € RBLg)
A5 [Ele); ely = AL 1B, U A5 [Elell, - {e}

Now let any E; € RBLg be given and suppose AP [Ey] € AP [E;]. Assume on the
contrary dow (AL [Eolo] ; €],) € dw(AL.[E1[o] ; €],)- There are two ways how AP [Ey] <
AP [E4] can be:

A, [Eol, € AL, [Ey]y: Then there is a p € A, [Eol, with p & A2, [Ei],. Since AZ,[Ey], is
dor-closed p must have the P,-property. Because o is m-fission refinement and mp < m
we can use lemma 8.3.6 to find a w € dw(p<o>) which is p-reflecting. We then have:

w - e € ow(A7, [Eoly<o0>) - {e}

= Ow(dor (A}, [Eo],<0>)) - {e} Ow © Oor = Ow
= ow(A2 [Eolol],) - {e} definition of []?
= ow(A2 [Eolol], - {e}) dw distributes over -, 0w ({e}) = {e}
C dw(A?.[Eolol ;s €]y) from notice and C monotonicity of dy
C ow(AP.[Er]o] 5 €]y) assumption
= ow(A2 [E1lo]], U AL [E[ol], - {e}) from notice
— (AL [Erllly) U b (A2, [Erloll,) - e}

5
Because AP [E1[o]], = 0or (AL [E1],<0>) we see from (9.11) that e & L(dw(AL.[E1[o]],))-
Hence also w - e & ow(AL [E [ 0l],) and we are left with w - e € ow(A4Z,[E1[0]],) - {e}. But
then w € dw (A2 [E1]o]],) = dw(0or (A2, [E1],<0>)). This means there is a p; € A2 [E4],
and q € p;<p> such that w < q. Since w is p-reflecting we by lemma 8.3.5 get p < p;.
Because P,.(p) and AP [E1] is d.-closed this implies p € AP [E;],—a contradiction.

AP Eo], € A% [E;],: We see there exists a p € AP [Ey], such that p & AP [E;], and
P,.(p) because AP [Ep], is d,-closed (as well as m-closed). We can also here find a p-
reflecting linearization w € dw(p<p>). Notice that because of (9.11) we have e ¢ L(w).
We infer:
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w € ow(Ap ﬂ o] <0>)
C dw(m(AP [ Eo], <Q ) dw is € -montone and P C 7(P)
= dw( O,m( 1 Eo], <0>)) dw 0 Opr = Ow
C ow(A2 [E [ ol ;ely) from notice and definition of ;?
C dw(AP [Er]o] ;s ely) assumption
= Ow(A% [Exo]],) U ow (AL, [E[d]],) - {e}  as above

e ¢

L(w) excludes w € dw (AL [E;| ]]]2) {e} and we are left with w € dw (A2 [E1[o]],) =
Sorm((AL [E],)<0>)) = dwm((AL [E;],)<0>). Then there must be pomsets such that

o2
i

w =< qLC q € pi<pe> where p; € AL [E1],

w is the linearization of some pomset refined by <p> and therefore must be balanced
w.r.t. to the fission pairs of p. Because w =< q they have the same labels and so q must
be balanced w.r.t. to the fission pairs. With q E q' € p;<p> we can then use the
lemma below to conclude there is a pomset pj C p; such that q € pj<e>. Because
w = q € pj<e> and w is p-reflecting we can as in the case above conclude p <X pj.
AP [E4], is both d,.- and 7-closed, so from p} C p; € A2 [E;], and P,.(p) we then get
p € A? [E;],—again a contradiction. O

Lemma 9.4.29 Let a finite multiplicity function m over A be given together with a e-
free m-fission refinement p. Suppose p,q and r are pomsets such that p C q € r<p>. If
p is balanced w.r.t. to the fission pairs of g in the sense:

Va € AVE € n(m). mp(as,) = mp(ag,)

then there is a pomset s C r such that p € s<p>.

Proof By definition of the refinement operator, q € r<p> means there is a p-consistent
p.ref., 7., for r such that q = [r<m,.>]. Then also p C [r<m,>].

We illustrate the situation by an example. Suppose r is the representative of the pomset

a—a
b>~a

Then [r<m,>] typically may look like:

as, — ap, 7 as,—>ap
bS4 — bF4 —as,—> ap,

Evidently no matter how p is a (<, ., ~-downwards closed) prefix of [r<m,>] then for the
fission pair ag,, ap, the number of times ag, occur in p must be greater than or equal the
number of times ap, occur in p. Similar for the other fission pairs. Clearly also if these
numbers balance for every fission pair then there can be no element of p labelled say ag,
without an immediate following element labelled ap, . By the nature of fission refinement
these two elements must originate from the same element in r and then p must be the
refinement of a prefix of r.
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Now formally p C [r<m,.>| by the alternative characterization of C implies that we can
find a representative p’ of p such that

p=r<m>| x,, and Xy is <,r, > -downwards closed

Notice this implies X,; C X,r.~. It then gives sense to define Y = {z € X, | (z,2) €
Xy} and s =r|y.

At first we show Y to be <,-downwards closed thus gaining s C r. Given an z € X,
and y € Y such that x <, y. We shall show x € Y. Now y € Y means there is some 3’
with (y,y’) € X,,. Because ¢ is e-free there must be an 2’ € X, (). By construction of
r<m.> then (z,2') € X, > and from = <, y also (z,2’) <,<n> (y,v). Because X, is
<y<m>-downwards closed this implies (z,z’) € X, and by definition of Y then z € Y as
we want.

Now Y C X, so we let mg be .|y which clearly is a g-consistent particular fission refine-
ment for s. We then wish to show

r<7rr>|Xp/ = <>

To do this we show at first that X, = X, .

C: (z,2") € Xy C Xycn,» implies € Y and 2’/ € X, (). Since 7y = 7m,|y and x € Y
we have 2’ € X (,) and by construction of s<m,> also (z,2') € Xcr,>.

D: Calling in mind the observation we did on page 185 about g-consistent particular

fission refinements, we can especially for 7, make the following deductions: If z € X,
then there are exactly two elements in X, . ~ with first component x, namely x7g"
and 27 . Recall that 27 is the (x,2') € X, ~ where 2’ is that element of X ()
with label £ )(2") = ag, whereto a equals ¢,(z) and k € n(m). Similar for 27 and
we have seen 2% <,.r,~ . So 25 € X,y implies 2% € X, because X, is <, ~-
downwards closed. It follows that if there is one 2" in X,/ for some z € X, without
the corresponding z in X, then the number of ag,’s in r<m,>| x,, must be at
least one less than the number of ap’s where (.o~ (z5) = as,. Hence r<m>[x,
cannot be ballanced w.r.t. the fission pairs of g if there is one g in X, without
the corresponding z77. By the proviso of the lemma p’ = r<m.>| X, 18 balanced so
we conclude there can be no such zg’s.
We can now return to the question of X ...~ C X,. Suppose (z,2') € X;or,~. This
means z € Y and 2’ € X, (o) = Xy, |y 2) = Xr, (). © €Y implies by definition of ¥
the existence of an z” such that (z,2") € X,. If 2/ = 2” we are done immediately.
Now (z,2") € Xy C X,cp,~ only if z € X, and 2" € X, (5), so when 2’ # 2"
we get from z € X, and 2’ € X, (), that either ((z,2') = 27, (z,2") = %)
or ((z,2') = z7,(x,2") = z§). As argued above we must have (z,2') € X
in the former case because X, is <, ~-downwards closed and in the latter also
(x, 2"y € X, but this time because X, is balanced w.r.t. to the fission pairs of p.

Having proved X, = X, > it is an easy matter to show r<7rr>|Xp, = s<m,> from
the definition of s, 7y and Y. For instance w.r.t. labels we have: (z,z) € X, implies

r €Y so €r<7rr>\xp,(<xax/>) = gﬂr(x)(x/) = gm(m)\y(x/) = gws(x)(x/) = 68<ﬂs>(<x7x,>)7the
last equality from (z,2") € X,y = Xscr,>.
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Collecting the facts we have p' = s<m,> so of course p = p’ = [s<my>]. Since 7y is
o-consistent then also p = [s<m,>] € s<p>. We have already shown s C r wherefore the
proof is completed. O
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Constants

#, 209
1, see least element
T, see extinct action
A, 168
Vv, 168
ff, 168
tt, 168
Q, 204
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—G, 151

¢, 152

—, 131

. see isomorphism of lpos
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Alphabetical
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compact elements, 205
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contexts, 209

cop-set, 131

cpo, 205

DBL, 153

DCL, 153

A, 130, 149

0, 137

0y, 137

dual of a formula, 168

ENV, see environment
environment, 205
g, see pomset, empty
experimenting, 149
expressions

closed, 204

syntactically finite, 204
expressive (a relation being ~), 212
external computation step, 151
extinct action, 151

Fin, see syntactic finite approximations
Fin, see compact elements

finitary ¥-domain, 209

firing steps, 150

fission pairs, 186, 246

FV, see free variables

G, see tests, direct
ground set, 130

image finite, 141
internal computation step, 151
isomorphism of Ipos, 131

k, see standard set

L, 190

£, 130

L, 168, 191

Ly, 168

Lg, 167

Ly, 191
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labelled poset, 130
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labelling function, 130
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least fixpoint, 207
logic, 167

linear time, 167
LPO, 130
Ipo, 130

M, see multiplicity function

M, see pomset, multiset

m, see multiplicity function

M., Mg, M,,, 216

MP, ME, MP | 216

M, see minimal elements

myp, see pomset, multiplicity function of
maximal sequence of direct tests, 149, 152
minimal elements, 188

morphism of Ipos, 130

multiplicity function, 132

n, see standard set

IN, 130

N, see pomset, multisigelton
N-free pomsets, 216
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Q, 204
overlapping, 186

P, see pomset

P(), 141

P(P)-refinement, 141

P4, see pomset, P,,s-property of

Pg, 157

Pyep, see pomset, property, multiset in-
~ duced

Py oo, See pomset, Py_..-property of

P,., see pomset, P,.-property of

P, see pomset, property

Psy, 166, 190

Py, 166

©, 158

p(0), 182

P, 223
p-reflecting, 186

partial order, 130
m, 138
pomset, 131



Py _q..-property of, 216
P, .q-property of, 157
P,.-Property of, 181

balanced w.r.t. to fission pairs, 246

canonic representative of, 167, 190
canonical association of, 158
empty, 132
finite, 132
multiplicity function of, 132
multiset, 132
multisingleton, 132
parallel composition, 134
prefix of, 138
property, 133
dot synthesizable, 146
hereditary, 144
multiset induced, 133
refinement of, 141
representative of, 131
sequential composition, 134
set, 132
sets of ~s, 141
singleton, 132
sub~, 131
precedence (of combinators), 149
propositiong, 229

RBL, 172
RBL, 176
RBLF(X), RBLs, RBLq, 218
RCL, 173
RCL, 176
RCLE(X), 228
recx. _, 203
refinement, 135, 141
combinator, 172
fission, 185
m-fission, 185
operator, 141
particular, 136
consistent, 141
syntactic substitution of, 174
restriction of lpo, 131
0, see BL-refinement
0, see P(P)-refinement
p, see syntactic substitution

S, see pomset, set
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semiword, 166, 190
complement of, 193
Y], see signature
o, 174
Y-domain, 205
Y-precongruence, 211
signature, 204
smoother than, 137
standard set, 185
substitution lemma, 207
substitutive (a relation being ~), 209
subsumed by, 137
syntactic finite approximations, 205
syntactic preorder, 205
syntactic substitution, 204

tests, 149
direct, 150
trace models, 155

unwinding, 232

variables, 204
free, 204

W, 133
word, 133, 147, 155

X, see variables
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