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Stable event structures, and their duality with prime algebraic domains, represent a
landmark of concurrency theory, since they provide a neat characterisation of causality
in computations. As such, they have been used for defining the concurrent semantics of
many formalisms, from Petri nets to (linear) graph rewriting systems.

Stability however is restrictive for formalisms with “fusion”, where a computational step
may merge parts of the state. This happens e.g. for graph rewriting systems with non-
linear rules, which are used to cover some relevant applications (such as the graphical
encoding of calculi with name passing).

Guided by the need of giving semantics to such formalisms, we leave aside stability and
characterise a class of domains, referred to as weak prime domains, naturally generalising
prime algebraic domains. We then identify a corresponding class of event structures, that

we call connected event structures, via a duality result formalised as an equivalence of
categories.
© 2021 Elsevier Inc. All rights reserved.

1. Introduction

For a long time stable/prime event structures and their duality with prime algebraic domains have been considered one
of the landmarks of concurrency theory, providing a clear characterisation of causality in software systems. They have been
used to provide a concurrent semantics to a wide range of foundational formalisms, from Petri nets [1] to linear graph
rewriting systems [2-4] and process calculi [5-7]. They are one of the standard tools for the formal treatment of (true, i.e.,
non-interleaving) concurrency. See, e.g., [8] for a reasoned survey on the use of such causal models. Recently, they have
been used in the study of concurrency in weak memory models [9-11] and for process mining and differencing [12].

In order to endow a chosen formalism with an event structure semantics, a standard construction consists in viewing
the class of computations as a partial order. An element of the order is thus some sort of configuration, i.e., an execution
trace up to an equivalence that identifies traces differing only for the order of independent steps (e.g., interchange law [13]
in term rewriting, shift equivalence [14] in graph rewriting or permutation equivalence [15] in A-calculus), and the order
relates two computations when the latter is an extension of the former. Events are then identified with configurations
consisting of a maximal computation step (e.g., a transition of a CCS process, a firing for a Petri net, or a reduction for a
A-term) with all its causes. As a simple example, consider the CCS process a.c | b. The corresponding transition system is
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Fig. 1. The (a) transition system and (b) domain of configurations of the process a.c | b.
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Fig. 2. A graph rewriting system with fusions.

depicted in Fig. 1a. We can identify the states of the computation with the sets of actions executed and obtain the partial
order depicted in Fig. 1b. The fact that each computation step in a configuration has a uniquely determined set of causes,
a property that for event structures is called stability, allows one to characterise such elements, order-theoretically, as the
prime elements: if they are included in a join they must be included in one of the elements that are joined. For example, in
Fig. 1b, the events correspond to the configurations {a} (transition a with empty set of causes), {a, c} (transition ¢ caused by
a) and {b} (transition b with empty set of causes). Each element of the partial order of configurations can be reconstructed
uniquely as the join of the primes under it, so that the partial order is prime algebraic. This duality between event structures
and domains of configurations can be nicely formalised in terms of an equivalence between the categories of prime event
structures and prime algebraic domains [1,16].

The set up described so far fails when moving to formalisms where a computational step can merge parts of the state.
This happens, e.g., in nominal calculi where, as a result of name passing, the received name is identified with a local one
at the receiver [17,18] or in the modelling of bonding in biological/chemical processes [19]. Whenever we think of the state
of the system as some kind of graph with the dynamics described by graph rewriting, this means that rewriting rules are
non-linear (more precisely, in the jargon of the double pushout approach [20], left-linear but possibly not right-linear). In
general terms, the point is that, in the presence of fusions, the same event can be enabled by different minimal sets of
events, thus preventing the identification of a proper notion of causality.

As an example, consider the graph rewriting system in Fig. 2. The start graph G and the rewriting rules pq, pp, and
pc are reported in Fig. 2a. Observe that rules py, where y can be either a or b, delete edge y and merge nodes c and v.
The possible rewrites are depicted in Fig. 2b. For instance, applying p, to Gs we get the graph G,. Now, pp can still be
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Fig. 3. The possible transitions of the m-calculus process (vc)(a(c) | b(c) | cO).

applied to G, matching its left-hand side non-injectively, thus getting graph Ggp. Similarly, we can apply first p, and then
Pa, obtaining again Gg,. Observe that at least one between p, and p, must be applied to enable p., since the latter rule
requires nodes ¢ and v to be merged. Note also that in a situation where all the three rules pq, pp, and p. are applied,
since p,; and pp are independent, it is not possible to define a proper notion of causality. We only know that at least one
between p, and p, must be applied before p.. The corresponding domain of configurations, reported in Fig. 2c, is naturally
derived from the possible rewrites in Fig. 2b. B

The graph rewriting system of Fig. 2a is a (simplified) representation of the m-calculus process (vc)(a(c) | b(c) | c()).
Rules py, for y € {a, b}, represent the execution of y(c) that outputs on channel y the restricted name c. The first rule that
is executed extrudes name ¢, while the second is just a standard output. The name c is available outside the scope only
after the extrusion, and after that the input prefix c¢() can be consumed. Fig. 3 shows the possible transitions of the process,
which correspond one-to-one to the possible rewrites of Fig. 2b.

The impossibility of modelling these situations with stable event structures is well-known (see, e.g., [16] for a general
discussion, [2] for graph rewriting systems or [17] for the m-calculus). One has to drop the stability requirement and replace
causality by an enabling relation . More precisely, in the specific case we would have @ +a, @+ b, {a} ¢, {b}+c.

The questions that we try to answer is: what can be retained of the duality between events structures and domains,
when dealing with formalisms with fusions? Which are the properties of the domain of computations that arise in this
setting? What are the event structure counterparts?

The domain of configurations of the example suggests that an event is still a computation that cannot be decomposed as
the join of other computations. Hence, in order-theoretical terms, it is an irreducible. However, due to instability, irreducibles
are not necessarily primes: two different irreducibles can represent the same computation step with different minimal
enablings, in a way that an irreducible can be included in a computation that is the join of two computations without being
included in any of the two. For instance, in the example above, {a, c} is an irreducible, corresponding to the execution of
¢ enabled by a, and it is included in {a} U {b, c} = {a, b, c}, although neither {a, c} C {a} nor {a, c} C {b, c}. Uniqueness of
decomposition of an element in terms of (downward closed sets of) irreducibles also fails, e.g., {a,b,c} = {a} u{b}u{a,c} =
{a} u {b} L {b, c}: the irreducibles {a, c} and {b, c} can be used interchangeably in the decomposition of {a, b, c}.

Building on the previous observation, we introduce an equivalence on irreducibles identifying those that can be used
interchangeably in the decompositions of an element (intuitively, different minimal enablings of the same computation
step). This is used to define a weaker notion of primality (up to interchangeability) that allows us to characterise the class
of domains suited for modelling the semantics of formalisms with fusions as the class of weak prime algebraic domains.

Given a weak prime algebraic domain, a corresponding event structure can be obtained by taking as events the set
of irreducibles, quotiented under the (transitive closure of the) interchangeability relation. The resulting class of event
structures is a (mild) restriction of the general event structures in [16] that we call connected event structures. Categorically,
we get an equivalence between the category of weak prime algebraic domains and the one of connected event structures,
generalising the equivalence between prime algebraic domains and prime event structures.

Interestingly, we can also show that the category of general event structures [16] coreflects into our category of weak
prime algebraic domains. Therefore our notion of weak prime algebraic domain can be seen as a novel characterisation
of the partial order of configurations of such event structures that is alternative to those based on intervals in [21,22]. It
represents a natural generalisation of the one for prime event structures, with irreducibles (instead of primes) having a tight
connection with events. The correspondence is established, at a categorical level, as a coreflection of categories: to the best
of our knowledge, this has not been done before in the literature.

As mentioned above, weak prime domains, corresponding to possibly unstable event structures, satisfy the same condi-
tions as prime domains, corresponding to stable event structures, up to an equivalence on irreducibles. This suggests the
possibility of viewing unstable event structures as stable ones up to an equivalence on events. We show how this can be
formalised leading to a set up closely related to the framework of prime event structures with equivalence [23,24].

Various notions of transition systems and automata embodying a notion of independence or concurrency between com-
putations have been proposed and their relation with event structures thoroughly investigated. Among the early models we
recall automata with concurrency [25] and transition systems with independence [26]. Since the finite configurations of an
event structure can be seen as a transitions system, the question naturally arises as to whether these can be characterised
axiomatically as a class of suitably enriched transition systems. A positive answer for prime event structures is given in [27]
with respect to a class of (occurrence) transition systems with independence. However, the adoption there of a notion of
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independence that relates not necessarily co-initial transitions naturally led to axioms with a “global” flavour. The quest of
a characterisation in terms of local axioms, posed in [27], has brought to the notion of prime graphs in [28]. Recently, in
connection with abstract rewriting and concurrent games, a slightly different yet equivalent characterisation has been redis-
covered in [29], where prime event structures are shown to correspond exactly to a class of asynchronous graphs. Roughly,
an asynchronous graph is a transition system where some squares are declared to commute, meaning that the coinitial
edges of the square are concurrent and each one can follow the other. Here we show that a larger class of asynchronous
graphs, obtained by removing one axiom, characterises the transition systems associated with general event structures (the
correspondence being one-to-one if restricted to connected event structures).

The rest of the paper is structured as follows. In Section 2 we recall the basics of (prime) event structures and their
correspondence with prime algebraic domains. In Section 3 we introduce weak prime algebraic domains. In Section 4 we
define connected event structures, and we establish a categorical relation between weak prime domains and (connected)
event structures. In Section 5 we present a characterisation of our proposal in terms of a formalism reminiscent of prime
event structures with equivalence [23,24]. We also discuss and formalise the relation of our work with alternative charac-
terisations of the domains of event structures based on intervals and on asynchronous graphs. Finally, in Section 6 we wrap
up the main contributions of the paper and we sketch further advances and some connections with related works.

In order to streamline the presentation, the proofs of some technical results are confined to an appendix.

2. Background: domains and event structures

In this section we review the basics of event structures, as introduced in [16], and their duality with partial orders.
A thorough discussion of event structures and their relation with other models of concurrency can be found in [26], while
for a comprehensive treatment of domains in computer science the reader is referred to [30,31].

2.1. Event structures

For the sake of presentation, we focus on event structures with binary conflict. Most results can be easily rephrased
for event structures with non-binary conflict expressed by means of a consistency predicate (This is explicitly discussed
in [32]). Given a set X we denote by 2% and Zj)ﬁ‘n the powerset and the set of finite subsets of X, respectively. For m,n € N,
we denote by [m, n] the set {m,m+1,...,n}.

Definition 2.1 (Event structure). An event structure (s for short) is a tuple (E, -, #) such that

e E is a set of events;
o -C Zﬁn x E is the enabling relation, satisfying X e and X C Y implies Y +e;
e # C E x E is the conflict relation.

A subset X C E is consistent if —(e#e’) for all e, e’ € X.
An Es (E,, #) is often denoted simply by E. Computations are captured by the notion of configuration.

Definition 2.2 (Configuration, live event structure). Let (E,\, #) be an Es. A configuration of E is a consistent subset C C E
that is secured, i.e., such that for all e € C there are eq,...,e, € C with e, =e such that {e1,...,ex_1} e for all k e [1,n]
(in particular, @ F eq). The set of configurations of an Es E is denoted by Conf(E) and the subset of finite configurations by
Confsn(E). An Es is live if conflict is saturated, i.e., for all e, e’ € E, if there is no C € Conf(E) such that {e, e’} € C then e#e/,
and moreover for all e € E it holds —(e#e).

Remark 2.3. In live Es, the fact that conflict is saturated corresponds to inheritance of conflict in prime event structures.
Moreover, the absence of self-conflicts implies that each event appears in some configuration (intuitively, it is executable).
In the rest of the paper, we restrict to live Es, hence the qualification “live” is omitted.

In this setting, two events are concurrent when they are consistent and enabled by the same configuration. Since the
enabling predicate is over finite sets of events, we can consider minimal sets of events enabling a given one.

Definition 2.4 (Minimal enabling). Let (E,F, #) be an Es. Given a configuration C € Conf(E) and an event e € E we write
C o e and call it a minimal enabling for e, when C U {e} € Conf(E) (hence C U {e} consistent and C e), and for any other
configuration C' C C, if C’ e then C' =C.

The classes of stable and prime Es represent our starting point and play an important role in the paper.
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Fig. 4. A stable non-prime event structure and its domain of configurations.

Definition 2.5 (Stable and prime event structures). An s (E,F,#) is stable if X+e, YFe, and XUY U {e} consistent imply
XNYkFe. ltis prime if Xteand YFe imply XNY Fe.

For stable Es, given a configuration C and an event e € C, there is a unique minimal configuration €’ C C such that
C’ o e. The set C’ can be seen as the set of causes of the event e in the configuration C. This gives a well-defined notion
of causality that is local to each configuration. In a prime Es, for any event e there is a unique minimal enabling C F e,
thus providing a global notion of causality. In general, in possibly unstable Es, due to the presence of consistent or-enablings,
there might be distinct minimal enablings in the same configuration.

Example 2.6. A simple example of unstable Es is the one associated with the running example discussed in the introduction
(see Fig. 2). The set of events is {a, b, c}, the conflict relation # is the empty one and the minimal enablings are @ - q,
At b, {a} o c, and {b} kg c. Thus, event ¢ has two minimal enablings and these are consistent, hence {a, b} - c. The
corresponding configurations are reported in Fig. 2c.

Observe that, instead, if we add a conflict between a and b then {a, b} and {a, b, c} are no longer configurations (see
Fig. 4). The event structure is trivially stable since no event has distinct minimal consistent enablings.

The class of Es can be turned into a category.

Definition 2.7 (Category of event structures). A morphism of Es f : E;y — E is a partial function f : E; — E» such that for all
Cy € Conf(E1) and eq, e} € E1 with f(eq), f(e}) defined

o if f(e1)#f(e)) then ej#e);
o if f(e1) = f(e}) then e; =e] or eq#e];
e if C1 1 e1 then f(C]) () f(E]).

We denote by ES the category of Es and their morphisms and by sES and pES, respectively, the full subcategories of stable
and prime Es.

2.2. Domains

A preordered or partially ordered set (D, C) is often denoted simply as D, omitting the (pre)order relation. We denote
by =< the immediate predecessor relation, i.e., for x, y € D, we write x <y whenever xC y and for all ze D if xCzC y
then z € {x, y}. A subset X C D is consistent if it has an upper bound d € D (i.e.,, x © d for all x € X). Given x,y € D, we
write x~y when {x, y} is consistent. A subset X C D is pairwise consistent if x~y for all x, y € X. A subset X C D is directed
if X ¢ and every pair of elements in X has an upper bound in X. We say that D is complete if every directed subset has
a least upper bound in D.

A subset X C D is an ideal if it is directed and downward closed. Given an element x € D, we write | x to denote the
principal ideal {y € D | y C x} generated by x. Given a partial order D, its ideal completion, denoted by IdI(D), is the set of
ideals of D, ordered by subset inclusion. The least upper bound and the greatest lower bound of a subset X C D (if they exist)
are denoted by |_| X and [] X, respectively.

Definition 2.8 (Domains). A partial order D is coherent if for all pairwise consistent X C D the least upper bound | _| X exists.
An element d € D is compact if for all directed X € D, dC | | X implies d C x for some x € X. The set of compact elements
of D is denoted by K(D). A coherent partial order D is algebraic if for all x e D we have x = |({ xNK(D)). We say that D
is finitary if for all a € K(D) the set | a is finite. We refer to algebraic finitary coherent partially ordered sets as domains.

Note that every domain has a bottom element, which is given by L =| |¢, and that in every domain all the non-empty
subsets have a meet. In fact, if # = X C D, then [[] X = |_|L(X) where L(X) ={y | Vx € X.y C x} is the set of lowerbounds
of X, which is pairwise consistent since dominated by all x € X. And it is also easy to see that the finite joins of compact
elements are compact.
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For a domain D we can think of its elements as “pieces of information” expressing the states of evolution of a process.
Compact elements represent states that are reached after a finite number of steps. Thus algebraicity essentially says that
infinite computations can be approximated with arbitrary precision by finite ones. More formally, when D is algebraic, it is
determined by K(D), i.e., D >~ IdI(K(D)).

For an Es, the configurations ordered by subset inclusion form a domain. When the Es is stable, if a minimal enabling
is included in the join of different configurations, then it is necessarily included in one of the configurations. In order-
theoretical terms, minimal enablings are prime elements, and thus they represent the building blocks of computations.

Definition 2.9 (Primes and prime algebraicity). Let D be a domain. A complete prime is an element p € D such that for all
pairwise consistent X C D, if p C |_| X then p C x for some x € X. The set of complete prime elements of D is denoted by
pr(D). The domain D is prime algebraic (or simply prime) if for all x € D we have x =|_|({ xNpr(D)).

Prime domains can be also characterised as coherent finitary distributive complete partial orders [16]. Note that complete
primes are compact (since each directed set is pairwise consistent). Since we will only use complete primes, the qualification
“complete” will be omitted.

Prime domains are the domain theoretical counterpart of stable and prime Es. For a stable Es (E, #, ), the partial order
(Conf(E), C) is a prime domain, denoted Ds(E). Conversely, given a prime domain D, the triple (pr(D), #, ), where p#p’
if =(p~p’) and X p when ([ pNpr(D))\ {p} C X, is a prime Es, denoted Es(D).

This correspondence can be elegantly formulated at the categorical level [16]. We recall the notion of domain morphism.

Definition 2.10 (Category of prime domains). Let D1, D, be prime domains. A morphism f : Dy — D3 is a total function such
that for all consistent X; € D1 and dy, d} € D4

1. if dy < dj then f(d1) =< f(d));
2. f(U X =UfX);
3.if X1 £ ¢ then f([]X1) = [ f(X1).

We denote by pDom the category of prime domains and their morphisms.
The correspondence is then captured by the result below.

Theorem 2.11 (Duality). There are functors Ds : SES — pDom and Es : pDom — sES establishing a coreflection. It restricts to an
equivalence of categories between pDom and pES.

3. Weak prime algebraic domains

We argued before that in order to properly capture the semantics of computational formalisms with fusions the re-
quirement of stability needs to be omitted. In this section we show that domains arising in absence of stability can be
characterised by resorting to a weakened notion of prime element.

We start recalling the notion of irreducible element.

Definition 3.1 (Irreducibles). Let D be a domain. A complete irreducible of D is an element x € D such that, for all pairwise
consistent X C D, if x=|_| X then x € X. The set of complete irreducibles of D is denoted by ir(D) and, for d € D, we define
ir(d) = | dnir(D).

Observe that complete irreducibles in a domain are compact. In fact, if i is a complete irreducible, by algebraicity,
i=|]JiNK(D) whence i € | iNK(D). Conversely, we have the following.

Lemma 3.2 (Irreducibility and compactness). Let D be a domain and d € K(D). Then d is a complete irreducible iff for all x, y € D,
x~yandd=xuyimpliesd=xord=y.

Since in this paper we will refer only to complete irreducibles, the qualification “complete” will be omitted. Irreducibles
in domains have a simple characterisation.

Lemma 3.3 (Unique predecessor for irreducibles). Let D be a domain and i € D. Then i € ir(D) iff it has a unique immediate predeces-
sor.

The unique predecessor of an irreducible will play an important role, hence we introduce a notation.

6
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Definition 3.4 (Immediate predecessor). Let D be a domain and i € ir(D). We denote by p(i) the (unique) immediate prede-
cessor of i.

We next observe that any domain is actually irreducible algebraic, namely it can be generated by the irreducibles.
Proposition 3.5 (Domains are irreducible algebraic). Let D be a domain and d € D. Then it holds d = |_|ir(d).

We next observe that every prime is an irreducible and, if D is a prime domain, then also the converse holds, i.e.,
irreducibles coincide with primes.

Proposition 3.6 (Irreducibles vs. primes). Let D be a domain. Then pr(D) C ir(D). Moreover, D is a prime domain iff pr(D) = ir(D).

Quite intuitively, in the domain of configurations of an Es the irreducibles are minimal enablings of events. For instance,
in the domain depicted in Fig. 2c the irreducibles are {a}, {b}, {a, c}, and {b, c}. For stable Es, the domain is prime and thus,
as observed above, irreducibles coincide with primes. This fails in unstable Es, as we can see in our running example: while
{a} and {b} are primes, the two minimal enablings of ¢, namely {a, c} and {b, c}, are not. In fact, {a,c} C {a} u {b, c}, but
neither {a, c} € {a} nor {a,c} C {b,c}.

The key observation is that in general an event corresponds to a class of irreducibles, like {a, c} and {b, c} in our example.
Additionally, two irreducibles corresponding to the same event can be used, to a certain extent, interchangeably for building
the same configuration. For instance, {a, b, ¢} = {a, b} U {a, ¢} = {a, b} U {b, c}. We next formalise this intuition, i.e., we inter-
pret irreducibles in a domain as minimal enablings of some event and we identify classes of irreducibles corresponding to
the same event.

We start by observing that, in a prime domain, any element admits a unique decomposition in terms of downward closed
sets of irreducibles (or, equivalently, of primes).

Lemma 3.7 (Unique decomposition in prime domains). Let D be a prime domain and X, X’ C ir(D) downward closed sets of irre-
ducibles. If|_| X = |_] X’ then X = X'.

The result above no longer holds in domains arising in the presence of fusions. For instance, in the domain in Fig. 2c,
X = {{a}, {b}, {a, c}}, X' ={{a}, {b}, {b,c}} and X" = {{a}, {b}, {b, ¢}, {a, c}} are all decompositions for {a, b, c}. The idea is to
identify irreducibles that can be used interchangeably in a decomposition.

Definition 3.8 (Interchangeability). Let D be a domain and i,i’ € ir(D). We write i <> i’ if i~i’ and for all X C ir(D) such that
X U {i} and X U {i’} are downward closed and consistent we have |_|(X U {i}) = (X U {i'}).

In words, i <> i’ means that i and i’ produce the same effect when added to a decomposition that already includes
their predecessors. Hence, intuitively, i and i’ correspond to the execution of the same event with different and consistent
enablings.

We next give some characterisations of interchangeability.

Lemma 3.9 (Characterising <>). Let D be a domain and i, i’ € ir(D). Then the following are equivalent

1L isei;
2. i~i’ and for alld € K(D) if p(i), p(i’) Td thend Ui =d ui’;
3. i~"andiup() =p@)ui’.

The interchangeability relation is clearly reflexive and symmetric, but not transitive in general: in the domain of Fig. 5,
using the characterisation in Lemma 3.9(3) one can easily see that i <> i; and i <> i’ but not i <> i, simply because it is
not the case that i~i’. More interestingly, in the domain of Fig. 6, we have i <> iy, i1 <> i3, i2 <> i/, hence i <* i’. However,
despite the fact that i~’, it does not hold i <> i’, since p(i) Ui’ # i U p(i’). This shows that the intuition that interchangeable
irreducibles correspond to the execution of the same event with different and consistent enablings is still not properly
captured. Since i and i’ represent the execution of the same event and they are consistent, one would expect that they are
interchangeable.

The next definition formalises two additional properties that a domain must enjoy to provide <> the intended meaning.

Definition 3.10 (Interchangeable domain). Let D be a domain. We say that D is interchangeable when

1. for all i,i' € ir(D), if i <* i’ and p(i)~p(i’) then i < i’;
2. for all i,i, j, j’ €ir(D), if i <*i"~j <* j, p(i)~j, and p(j)~i then i~j.

7
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Fig. 5. Interchangeability need not be transitive.
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p() up(’)
iu i]
/ > e
| \ h / \ . / i/
[ p() up(ir) I p(i1) Up(iz2) [ p(iz) Up(’) ]

\
p() ‘\p(u) P(lz)/y p()
\ ) /

Fig. 6. A domain that is not interchangeable, since Definition 3.10(1) is violated.

Fig. 7. A domain that is not interchangeable, since Definition 3.10(2) is violated.

The latter axiom is graphically illustrated below.

i * i — j, % j
T - -~
p(i) p()

Property (1) is motivated by the discussion above. It intuitively asks that whenever i and i’ represent the execution of
the same event and they are consistent, then they are interchangeable. Property (2) can be read as follows: if i,i’ and j, j’
represent the same events and i’, j/ are consistent, the only source of inconsistency between i and j is in their enablings.
In other words, either i and j are consistent or it must be that p(i) is inconsistent with j, or i is inconsistent with p(j).
A situation in which this property fails is illustrated in Fig. 7.

We define weak primes: they weaken the property of prime elements, requiring that it holds up to interchangeability.

8
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Definition 3.11 (Weak prime). Let D be a domain. A weak prime of D is an element i € ir(D) such that for all pairwise
consistent X C D, if i [ | X then there exist i’ € ir(D) and d € X such that i <> i’ and i’ C d. We denote by wpr(D) the set
of weak primes of D.

Clearly, since interchangeability is reflexive, any prime is a weak prime. Moreover, in prime domains interchangeability
turns out to be the identity and thus also the converse holds.

Lemma 3.12 (Weak primes in prime domains). Let D be a prime domain. Then < is the identity and wpr(D) = pr(D).

We argue that the domain of configurations arising in the presence of fusions are characterised domain-theoretically as
interchangeable domains where irreducibles are weak primes, i.e., that the domain is algebraic with respect to weak primes.

Definition 3.13 (Weak prime algebraic domains). Let D be an interchangeable domain. It is weak prime algebraic (or simply
weak prime) if for all d € D it holds d = |_|({d Nwpr(D)).

Observe that weak prime domains are assumed to be interchangeable. This hypothesis will actually play a role only
when relating weak prime domains and event structures in Section 4.2. However, in order to simplify the presentation we
preferred to assume it since the beginning.

In the same way as prime domains are domains where all irreducibles are primes (see Proposition 3.6), we can provide
a characterisation of weak prime domains in terms of coincidence between irreducibles and weak primes.

Proposition 3.14 (Weak prime domains, again). Let D be an interchangeable domain. Then D is weak prime iff all its irreducibles are
weak primes.

Proof. Let D be an interchangeable domain. We know, by Lemma 3.5, that D is irreducible algebraic. If all irreducibles are
weak primes, then clearly D is also weak prime algebraic. Conversely, if it is weak prime algebraic, then for any irreducible
i eir(D), we have that i =|_|({iNwpr(D)). Since i is irreducible, this implies i € | i Nwpr(D) C wpr(D), as desired. O

We finally introduce a category of weak prime domains by defining a notion of morphism.

Definition 3.15 (Category of weak prime domains). Let Dy, D, be weak prime domains. A weak prime domain morphism
f:D1— Dj is a total function such that for all consistent X; C Dq and dy,d} € Dy

1. if dy < dj then f(dy) < f(d));

2. f(UX) =1L f);
3. if di~d; and d; nd) < d; then f(d; nd}) = f(d1) N f(d)).

We denote by wDom the category of weak prime domains and their morphisms.

Compared with the notion of morphism for prime domains in Definition 2.10 (from [16]), we still require the preservation
of < and u of consistent sets (conditions (1) and (2)). However, the third condition, i.e., preservation of m, is weakened to
preservation in some cases. General preservation of meets is indeed not expected in the presence of fusions. Consider, e.g.,
the s in Example 2.6. Take another s E’ = {c} with # - ¢ and the morphism f : E — E’ that forgets a and b, i.e., f(c)=c
and f(a), f(b) undefined. Then the natural extension of f to configurations would not preserve meets: f({a,c})n f({b,c}) =
{cn{c}={c} # f{a,c}m{b,c}) = f(¥) = . Intuitively, the condition di md} < d; means that d} includes the computation
modelled by d; possibly apart from a final step, hence di nd} coincides with di; when such step is removed. Since domain
morphisms preserve immediate precedence (i.e., single steps), the same happens for f(d;), which models a computation
included in f(d}), possibly apart for the execution of a final step. The meet f(dy) N f(d}) is f(dy) without such step, and
thus it is expected to coincide with f(dy ndy).

Note that condition (3) above can be equivalently stated by asking that if dy~d| and dy nd} <d; then f(dynd)) =
fdy)n f(d)). In fact, if dy nd} =d; then d; C d}. Hence, by monotonicity f(di) E f(d}), and thus f(d; nd}) = f(d1) =
f(d1) ™ f(d}), as desired. In the following we will often use this form of the condition.

In general we only have

Fxoe[]f&xD

In fact, for all x; € X1, we have [] X1 C x1, hence f([1X1) C f(x1) and thus f([7]X1) E [ f(X1). Still, when restricted to
prime domains, also the converse inequality holds and our notion of morphism boils down to the original one, i.e., the full
subcategory of wDom having prime domains as objects is pDom.

9



P. Baldan, A. Corradini and F. Gadducci Information and Computation 281 (2021) 104770

Theorem 3.16 (pDom as a subcategory of wDom). The category of prime domains pDom is the full subcategory of wDom having prime
domains as objects.

4. Weak prime domains and connected event structures

In this section we show that, relaxing the stability assumption, we can generalise the duality result described in the
previous section, linking weak prime domains and suitably defined classes of Es.

4.1. From event structures to weak prime domains

We show that the set of configurations of an Es, ordered by subset inclusion, is a weak prime domain where the compact
elements are the finite configurations. Moreover, the correspondence can be lifted to a functor. We also identify a subclass
of Es that we call connected Es and that are the exact counterpart of weak prime domains (in the same way as prime ES
correspond to prime algebraic domains).

Definition 4.1 (Configurations of an event structure, ordered). Let E be an Es. We define D(E) = (Conf(E), C). Given an ES
morphism f : E;{ — E, its image D(f) : D(E1) — D(E>) is defined as D(f)(C1) ={f(e1) | e1 € C1}.

We need some technical facts, collected in the following lemma. Recall that in the setting of unstable Es we can have
distinct consistent minimal enablings for an event. The following notation will be useful.

Definition 4.2 (Connected enablings). Let E be an Es, C,C’ € Conf(E) and e € E. When Chge, C'Fge, and CUC' U {e} is
*
consistent, we write C A C’. We denote by £ the transitive closure of the relation ~~.

Note that, whenever C g e and C’ ¢ e, requiring C U C’ U {e} consistent amounts to require C U C’ consistent, since
conflict is binary.

Lemma 4.3 (Properties of the domain of configurations). Let (E,*, Con) be an Es. Then

1. D(E) is a domain, K(D(E)) = Confgn (E), join is union, and C < C" iff C' = C U {e} for somee € E\ C;
2. C e Conf(E) is irreducible iff C = C’ U {e} and C’ \-q e; in this case we denote C as (C’, e);

3. for C € Conf(E), we have ir(C) = {{C’,e’) |’ € C A C'CC A C'tqe'}; moreover p({C’,e")) =C’;
4. for (Cq,e1), (Ca,e2) €ir(D(E)), we have (C1,e1) <> (Ca,e2) iffe =e1 = ey and Cq A Co;

5. D(E) is interchangeable.

Concerning point 1, observe that the meet in the domain of configurations is C n ¢’ = (J{C” € Conf(E) |C" € C A
C” C ('}, which is usually smaller than the intersection. For instance, in Fig. 2, {a,c} n{b, c} =@ # {c}. Point 2 says that
irreducibles are configurations of the form C U {e} that admits a secured execution in which the event e appears as the
last one and cannot be switched with any other. In other words, irreducibles are minimal enablings of events. Point 3
characterises the irreducibles in a configuration. According to point 4, two irreducibles are interchangeable when they are
different minimal enablings for the same event.

Proposition 4.4 (The domain of configurations is weak prime). Let E be an Es. Then D(E) is a weak prime domain. Moreover, given
two Es Eq1 and E, and a morphism f : E1 — Eo, its image D(f) : D(E1) — D(E>) is a weak prime domain morphism.

Proof. We know that D(E) is a domain (Lemma 4.3(1)) and that it is interchangeable (Lemma 4.3(5)).

In order to show that D(E) is a weak prime domain, we exploit the characterisation in Proposition 3.14, i.e., we prove
that all irreducibles are weak primes. Consider an irreducible I, which by Lemma 4.3(2) is of the shape I = (C,e) with
C o e, and suppose that I C| | X for some X € D(E). In particular, this means that e € |_| X and thus there is C’ € X such
that e € C’. In turn, we can consider a minimal enabling of e in C’, i.e., a minimal C” C C’ such that C” g e, and we have
that I” = (C”,e) is an irreducible I” C C’. Since I and I” are consistent, as they are both included in |_| X, then C A" and
by Lemma 4.3(4) I < I”.

We prove that for an Es morphism f : E1 — E», its image D(f) : D(E1) — D(E;) is a weak prime domain morphism.
¢ Cq < C} implies D(f)(C1) < D(f)(C))
Since D(f)(Ci) ={f(d;) | d; € C;} and by Lemma 4.3(1) C; < C} iff C; = C; U {eq} for some event ey, the result follows
immediately.

10
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{a.c} {b,c} {a.c1} {b, c2}

T T T |

{a) {b}

\ / {a} \ / {b}
[ ]
Fig. 8. Non-connected Es do not uniquely determine a domain.

e for X1 CD(E1) consistent, D(f)(_| X1) =LID(f)(X1)
Since D(f) takes the image as set and | | on consistent sets is union, the result follows.

o for Cy,C} € D(Ey) consistent C; M Cy < Cy it holds f(C;mC)) = f(Cr)m f(CY)
Since C1 M Cj < Cy, by Lemma 4.3(1) we have that C; = (C; 1 C})U{eq} for some eq ¢ C; M Cj. Clearly eq ¢ C}, otherwise
we would have C; C €} and thus C; 1 C} = Cy. Therefore in this case, the meet coincides with intersection, C; M Cj =
C1NCy=Cq\{eq}. Since for the events in C; U C}, by definition of event structure morphism, f is injective, we have
that f(Cqy) N f(C})) = f(Cy N CY). As a general fact, f(C1) 1 f(C)) € f(C1) N f(C)). Therefore, putting things together,
we conclude

fFCEONFEH S FEDNFEC)=FECNCY=f(C1nCY)
The converse inequality holds in any domain (as observed after Definition 3.15) and thus the result follows. O

A special role is played by the subclass of connected Es that will be shown to be the counterpart of weak prime domains.

Definition 4.5 (Connected event structure). An Es is connected if whenever C g e and C’ ¢ e then C L C’. We denote by
cES the full subcategory of ES having connected Es as objects.

In words, different minimal enablings for the same event must be pairwise connected by a chain of consistency. Equiv-

alently, for each event e the set of minimal enablings, say M. = {C | C ¢ e}, endowed with the relation £ is a connected
graph. Intuitively, as discussed in more detail below, if M, were not connected, then we could split event e into different
instances, one for each connected component, without changing the associated domain.

For instance, the Es in Example 2.6 is a connected ES. Only event ¢ has two minimal enablings {a} o ¢ and {b} - ¢ and

obviously {a} A {b}. Instead, the event structure in Fig. 4 is not connected since there are two minimal enablings of event

c, i.e., {a} Foc and {b} o c and it does not hold {a} £ {b} since they are not consistent.
Clearly, prime Es are also connected Es. More precisely, we have the following.

Proposition 4.6 (Primality = stability + connectedness). Let E be an Es. Then E is prime iff it is stable and connected.

Proof. The fact that a prime Es is stable and connected follows immediately from the definitions. Conversely, let E be a
stable and connected Es. We show that E is prime, i.e., each e € E has a unique minimal enabling. Let C, C’ € Conf(E) be

minimal enablings for e, i.e., C g e and C’ g e. Since E is connected C L et c A C1 ~... A Cy A (. Then by stability
we getthat C=C1=...=C,=C". O

The defining property of connected Es allows one to recognise that two minimal enablings are relative to the same
event by only looking at the partially ordered structure and thus, as we will see, from the domain of configurations of a
connected ES we can recover an Es isomorphic to the original one and vice versa (see Theorem 4.14). In general, this is
not possible. For instance, consider again the Es E’ in Fig. 4 and the corresponding domain of configurations, which for
the reader convenience is replicated on the left of Fig. 8. Intuitively, it is not possible to recognise that {a, c} and {b, c} are
different minimal enablings of the same event. In fact, by considering the s E” with events E” = {a, b, c1, c3} such that
a#b, the minimal enablings are again @ tqa, @ o b, {a} o c1, and {b} o c2. Hence we would get an isomorphic domain of
configurations (see Fig. 8, right).

4.2. From weak prime domains to connected event structures

We show how to get an Es from a weak prime domain. As anticipated, events are equivalence classes of irreducibles,
where the equivalence is (the transitive closure of) interchangeability.

In order to properly relate domains to the corresponding Es we need to prove some properties of irreducibles and of the
interchangeability relation in weak prime domains.

Domains are irreducible algebraic (see Proposition 3.5), hence any element is determined by the irreducibles under it.
The difference between two elements is thus somehow captured by the irreducibles that are under one element and not
under the other. This motivates the following definition.

11
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Definition 4.7 (Irreducible difference). Let D be a domain and d,d’ € K(D) such that d C d’. Then we define §(d’,d) =
ir(d)\ir(d).

The immediate precedence relation intuitively relates domain elements corresponding to configurations that differ for
the execution of a single event. We can indeed show that whenever d < d’ the irreducible difference of d’ and d consists of
a set of irreducibles which are pairwise interchangeable, hence, intuitively corresponding to the same event.

Lemma 4.8 (Immediate precedence and irreducibles/2). Let D be a weak prime domain and d,d’ € D such that d < d’. Then for all
i,i’ ed(d,d

1. d=dui;
2. ifiCi theni=1i';
3.iei.

In a prime domain, an element admits a unique decomposition in terms of primes (see Lemma 3.7). Here the same holds
for irreducibles but only up to interchangeability. Given a domain D and an irreducible i € ir(D), we denote by [i]._.« the
corresponding equivalence class. For X C ir(D) we define [X].x = {[i].* | i € X}.

Proposition 4.9 (Unique decomposition up to <> ). Let D be a weak prime domain, d € K(D), and X € D a downward closed and
consistent set such that [X].+ C [ir(d)].=. Thend = |_] X iff [X]o» = [ir(d)].+.

We explicitly observe that, by the above result, if X = [ir(d)]..+ for some d € K(D) then d is uniquely determined by X.
We now have all the tools needed for mapping our domains to an Es.

Definition 4.10 (Event structure for a weak prime domain). Let D be a weak prime domain. The Es £(D) = (E, #, ) is defined
as follows

o E=[ir(D)].=;
o edte’ if there is no d € K(D) such that e, e’ € [ir(d)].»;
e X e if there is i € e such that [ir(i) \{i}].* € X.

Given a morphism f : D1 — D», its image £(f) : £(D1) — £(Dy) is defined for [i1].+ € E1 as E(f)([i1]o*) = [i2]o,
where i € §(f(i1), f(p(i1))), and E(f)([i1]-+) is undefined if f(p(i1)) = f(i1).

The events in £(D) are equivalence classes of irreducibles. Two events e, ¢’ are consistent (not in conflict) when there is
some compact element d such that e, e’ € [ir(d)].. Spelled out, this means that there are irreducibles i € e and i’ € ¢’ such
that i,i’ C d, i.e., there are minimal enablings of the events e and e’ in the same configuration. Finally, an event e is enabled
by a set X when X includes, up to interchangeability, all the predecessors of e.

Note that the definition above is well-given: in particular, there is no ambiguity in the definition of the image of a
morphism, since by Lemma 4.8(3) we easily conclude that for all iy, i}, € 8(f(i1), f(p(i1))), it holds iy < i}, (this is argued
in detail in the proof of Lemma 4.11).

Lemma 4.11 (From weak prime domains to event structures). Let D be a weak prime domain. Then £(D) is an ES. Moreover, given two
weak prime domains D1, D, and a morphism f : D1 — D>, its image £(f) : £(D1) — £(D3) is an ES morphism.

Since in a prime domain irreducibles coincide with primes (Proposition 3.6), <> is the identity (Lemma 3.12) and §(d’, d)
is a singleton when d < d’, the construction above produces the prime Es pES(D) as defined in Section 2.

Given a weak prime domain D, the finite configurations of the Es £(D) exactly correspond to the elements in K(D).
Moreover, in such Es we have a minimal enabling C ¢ e when there is an irreducible in e (recall that events are equivalence
classes of irreducibles) such that C contains all and only (the equivalence classes of) its predecessors.

Lemma 4.12 (Compacts vs. configurations). Let D be a weak prime domain and C C £(D) a finite set of events. Then C is a config-
uration in the gs £(D) iff there exists a unique d € K(D) such that C = [ir(d)]..=. Moreover, for all e € £(D) we have that C - e iff
C = [ir(i) \{i}]» for somei ce.

Given the lemma above, it is now possible to state how weak prime domains relate to connected Es.

Proposition 4.13 (From weak prime domains to connected ES). Let D be a weak prime domain. Then £(D) is a connected Es.

12
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(a) (b)

Fig. 9. A summary of the relations among classes of s and domains.

Proof. We have to show that if X g e and X' g e, then X L X'. Note that, by Lemma 4.12, from X g e and X' g e, we

deduce that there exists i,i’ € e such that [ir(i) \{i}].» = X and [ir(i') \{i'}]o» = X'. Since i,i’ € e we deduce that i <>* i/,

namely i = ig <> i1 <> ... <> ip = i’. We proceed by induction on n. The base case n =0 is trivial. If n > 0 then from

i < iy <* 1’ we have that iy € e and, if we let Xy = [ir(i1) \{i1}].+*, then X; k¢ e. By inductive hypothesis, we know that
*

X1 X Moreover, since i <> i1, the irreducibles i and i; are consistent. Hence, by definition of conflict in £(D), also

X U X1 U({e} is consistent and hence X A X1. Therefore X L X', as desired. O

4.3. Relating categories of models

We show that, at a categorical level, the constructions taking a weak prime domain to an Es and an Es to a domain (the
domain of its configurations) establish a coreflection between the corresponding categories. This becomes an equivalence
when it is restricted to the full subcategory of connected Es.

Theorem 4.14 (Coreflection of ES and wDom). The functors D : ES — wDom and £ : wDom — ES form a coreflection £ 4 D. It
restricts to an equivalence between wDom and cES.

The above result indirectly provides a way of turning a general Es into a connected Es.

Corollary 4.15 (From general to connected Es). The functors C : ES — cES defined by C = £ o D and the inclusion Z : cES — ES
form a coreflection.

Proof. Immediate consequence of Theorem 4.14. 0O

Explicitly, for any event structure E the corresponding connected Es C(E) = (E’,F,#') is defined as follows. The set
of events is E' = {[(C,e)]. | C ¢ e}, where ~ is the least equivalence such that (C,e) ~ (C’,e) if (C,e) and (C’,e) are
consistent. Moreover [(C,e)].#'[(C’,e’)]. if for all (Cy,e) ~ (C,e) and (C},e’) ~ (C’,¢’) the minimal enablings (Cq,e) and
(CY,e}) are not consistent. Finally, for X C E’, X ' [(C, e)].. if there exists (C’, e) ~ (C, e) such that C' C {e” | [(C",e")]. € X}.

An overall picture of the results discussed up to now can be found in Fig. 9. The arrows from classes of event structures
to domains are restrictions of the functor D(-), while the converse arrows are restrictions of the functor £(-). The Venn
diagram stresses the fact that prime Es are exactly the Es which are stable and connected (see Lemma 4.6) showing how
the notion of connectedness naturally emerges in the framework.
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5. Related characterisations

In this section we present a characterisation of our proposal in terms of a formalism reminiscent of the prime event
structures with equivalence [23,24]. We also discuss and formalise the relation of our work with alternative characterisations
of the domains of (prime) event structures proposed in the literature, based on intervals and on asynchronous graphs.

5.1. Prime event structures with equivalence

The previous sections showed that the domains of configurations of unstable Es are weak prime domains, i.e., they satisfy
the same conditions as those of prime domains but only up to the equivalence induced by interchangeability. Symmetrically,
this suggests the possibility of viewing unstable Es as stable ones up to some equivalence on events. In this section we
consider a formalisation for such a view, leading to a set up that is closely related to the framework devised in [23,24],
which we also call prime event structures with equivalence for the space of this article, since no confusion can arise.

In Section 2.1 we mentioned that in prime Es a global notion of causality can be used in place of the enabling. We next
recall the formal definition. We also introduce a notation for direct (i.e., non-inherited) conflict that will play a role later.

Definition 5.1 (Causality/direct conflict in prime event structures). Let P = (E,, #) be a prime Es. Given an event e € E, the
unique C € Conf(P) such that C g e is called the set of strict causes of e and denoted by le, while the set of causes is
le =le U {e}. The strict causality relation < is defined by e’ < e if ¢’ € le, and, as usual, we denote by < the reflexive closure
of <. We say that e, e’ € E are in direct conflict, written e#ge’, when e#e’ and le U {e’}, {e’ U {e} are consistent.

We next introduce our notion of prime ES with equivalence. Given a prime Es P with an equivalence over the set of
events ~ C E x E, we say that a subset X C E is ~-saturated if for all e € X and e’ € E, if e ~¢’ and e’ C X then ¢’ € X.
Since the intersection of saturated sets is saturated, given a set X we can always consider the smallest saturated superset
of X, called the saturation of X and denoted X.

Definition 5.2 (Prime event structures with equivalence). A prime Es with equivalence (EPEs for short) is a pair (P,~) where
P =(E,\,#) is a prime Es and ~ is an equivalence on E such that for all e,e’,e,e} € E

1. if [Je]. C[le']. then e <¢’; if in addition e ~ ¢’ then e =¢’;
2. if e~e’ and leU le’ consistent then —(e#e’).
3. ife~e', ey ~e), and e#qe; then e'#e].

We say that (P, ~) is connected if ~ = (~ \#)*. A morphism of EPES f : (P1,~1) — (P, ~3) is an ES morphism f : Py — P
such that for all ey, e} € P1, eq ~1 €} iff f(e1) ~2 f(e}). We denote by epES the corresponding category.

An Es with equivalence is thus just an Es equipped with an equivalence on events. Condition (1) essentially says that an
event is determined by the equivalence classes of events in its causal history. In particular, as a consequence, if le C {e’ and
e ~ ¢’ then e = ¢/, which intuitively means that distinct equivalent events must correspond to different enablings of the same
event. Moreover, it implies that the set |e is ~-saturated and thus it is a configuration (see Definition 5.3 and Lemma 5.4).
Conditions (2) and (3) essentially say that equivalent events can have different conflicts only for the fact that their minimal
enablings have different conflicts. Connectedness amounts to the fact that equivalent events must be connected by a chain
of equivalences going through consistent events. We next introduce a notion of configuration.

Definition 5.3 (Configurations). Let (P, ~) be an EPES. Then Conf({P, ~)) ={C | C € Conf(P) A C ~-saturated}.

In words, a configuration of a prime Es with equivalence is a configuration C of the underlying event structure, where all
events enabled in C that are equivalent to some event already in C are also in C. Thus equivalent events may have different
minimal enablings, but whenever a configuration contains the causes of two equivalent events, their executions cannot be
taken apart.

Lemma 5.4 (Histories are configurations). Let (P, ~) be a EPES and e € E. Then |e is a configuration.

As an example, the connected Es of our running example (see Fig. 2), corresponds to the prime ES with equivalence in
Fig. 10a, where we have two distinct copies of event c, namely cq ~ cp, corresponding to the possible minimal enablings.
Graphically, causality is represented by a straight directed line. The corresponding domain of configurations is depicted in
Fig. 10b. Note that C = {a, b, ¢4} is not a configuration despite the fact that it is downward closed, since it is not ~-saturated:
event ¢, is missing, but its causes {b} are in C.
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Fig. 10. A prime Es with equivalence and its domain of configurations.

Our definition of EPEs is similar to that in [23,24]. Concerning configurations, while [23,24] identifies unambiguous
configurations where there is a unique representative for each equivalence class, here instead we saturate including all
equivalent events that are not in conflict.

We finally observe that the constructions above can be “translated” into constructions that relate directly EPEs and weak
prime domains.

Proposition 5.5 (Weak prime domain for EPES). Let (P, ~) be a EPES. Then Deq({P, ~)) = (Conf({P, ~)), C) is a weak prime domain.
Conversely, if D is a weak prime domain then Eq(D) = ({ir(D), #, ), <>*) is an EPES with conflict and enabling defined by

o i1#iy if ~(i1702);
o XHiifX2ir(i)\{i}.

The correspondence above can be translated to an analogous correspondence between EPEs and unstable Es. It is however
impossible to make such correspondence functorial essentially for the same reason why [23,24] resorts to a pseudo-
adjunction. We try to enucleate the problem by showing a correspondence between (unstable) event structures and EPES.

Definition 5.6 (From Es to EPEs and back). Let (P, ~) be an EPES, where P = (E, F, #). The corresponding Es is M (P, ~)) =
(E~,F.,#.), with . and #. defined by

o [X].F-[e]- when X e;
o [e].#._[e’]. when e #e] for all eq € [e]. and €] € [e]..
Conversely, given an Es P = (E, -, #) the corresponding EPEs is U (P) = (Q, ~), with Q = (E’, ', #) defined by

e E'={(C,e)|CeConf(E) A ecE AN Ckqe};
e XH (C,e)if CCJ(C'Ue}|(C ey e X}
o (C,e)#(C',e') if CUC' U{e,e'} is not consistent

and the equivalence is defined by (C,e) ~ (C’, e) for all C,C’ such that Cge and C’ g e.

We can easily show, exploiting Proposition 5.5, that the constructions above produce well-defined structures and map
connected structures to connected structures. Moreover, the two constructions are inverse of each other.

Proposition 5.7. Let (P, ~) be an EPEs. Then (P, ~) and U(M((P, ~))) are isomorphic. Dually, let P = (E, -, #) be an Es. Then
MU (P)) and P are isomorphic.

Observe that the construction from EPES to ES can be easily turned into a functor M : epES — ES. In fact, given a
morphism f: (P, ~) = (P2, ~2) we can let M(f)([e1]-,) =[f(e1)],.

Instead, making the converse construction from Es to EPES functorial is problematic. In fact, consider the Es of the running
example E = {a, b, c}, with @ g a, @+ b and {a, b} o c and the Es with events E' = {da’,b’, ¢’} with #qd’, o b’ and
{a’} o ¢’ and {b'} o ¢’ and the morphism f : E — E’ with f(x) =x' for x € {a, b, c¢}. Then U(E) = {(#, a), (4, b), {{a, b}, c)}
and U(E") = {(@,d), (@, b"), ({d'}, c’), ({b'}, ¢)}. Observe that, while clearly U (f)((4,a)) = (#,d’) and U(f)({@, b)) = (4, D),
when we come to U(f)({{a, b}, c)) we can define it as one of the two equivalent events ({a'}, ¢’) and ({b'}, ¢'}.

The solution offered by [23,24] is to move towards pseudo-functors, i.e., considering two EPES morphisms g, g’ : P — P;
equivalent if g(e1) ~2 g’(eq) for all e; € P; and requiring that functors are defined only up-to morphism equivalence. Indeed,
it is easy to see that the two possible choices for f above lead to equivalent morphisms.
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5.2. Relation with interval based characterisations

The correspondence between event structures and domains has been often studied in the literature by relying on the
notion of interval [21,1,16,22].

Definition 5.8 (Interval). Let D be a domain. An interval is a pair [d, d’] of elements of D such that d < d’. The set of intervals
of D is denoted by Int(D). Given two intervals [c, c'], [d, d'] € Int(D) we define

[c,c1<[d,d] if(c=cnd) A (ud=d),

and we let ~ be the equivalence obtained as the symmetric and transitive closure of <.

It can be shown that < is a partial order on intervals and thus ~ is indeed an equivalence. An interval represents a
pair of elements differing only for a “quantum” of information, intuitively the execution of an event. The equivalence ~ is
intended to identify intervals corresponding to the execution of the same event in different states.

Indeed, in [1] it is shown that for prime domains there is a bijective correspondence between ~-classes of intervals
and complete primes. In weak prime domains we can establish a similar correspondence, with <>*-classes of irreducibles
playing the role of the primes.

Lemma 5.9 (Intervals vs. irreducibles). Let D be a weak prime domain. Define ¢ : Int(D)_. — ir(D)_« by

¢(d,d'1~) = [ilor,

where i is any element in §(d’, d). Then ¢ is a bijection, whose inverse t : ir(D)_» — Int(D)_ is defined by
t([flex) = [p@), il~.

In [21,22] the domain of configurations of general event structures with binary conflict is characterised in terms of
intervals. It is shown (see, e.g., [21, Theorem 3.3.3]) that given an event structure with binary conflict, the domain of
configurations is an algebraic complete partial order where the following axioms hold

(F) for all d e K(D) the set | d is finite;

(C) for all x,y,zeK(D), if x<y, x<z, y~z and y # z then there exists yuzand y<yuzand z< yuz;
(R) for all intervals [x, y], [x, z] if [x, y] ~ [x, z] then y = z;

(V) for all x,x',y,y",x",y" e K(D) if [x, X1~ [y, y'], [x,X"]~ [y, y"], and X’ ~x" then y'~y”.

In [22] a construction of the Es corresponding to a domain is provided. Given d € K(D), let s(d) = {[c,c]~ | ¢/ Ed}.

Definition 5.10 (Event structure from a domain [22]). Given a domain D satisfying the axioms (F), (C), (R), (V), the correspond-
ing ES with binary conflict is defined as £,,4(D) = (E, #, ) where

e E=Int(D)_;
o [c,c'1~#[d,d']~ if for all [cq,c}], [dy,d]] such that [c1,c}]~ [c,c'] and [dy, d}]~ [d,d'] it holds —(c}~d});
o for XCE, X+ [c,c]~ if s(c1) € X for some interval [cq,c}]~[c,c].

The above construction produces an event structure with binary conflict that is mapped back to the original domain (see,
e.g., [22, Corollary 2.10]).

Theorem 5.11. Let D be a domain satisfying axioms (F), (C), (R), (V). Then D(E4(D)) is isomorphic to D.

We build on the above results to show that the domains satisfying axioms (F), (C), (R) and (V) are exactly the weak
prime domains.

Proposition 5.12 (Weak prime domains and intervals). Let D be a domain. Then D is a weak prime domain iff it satisfies axioms (F),
(C), (R) and (V).

Proof. Let D be a domain satisfying axioms (F), (C), (R) and (V). By Theorem 5.11, D(Eyq(D)) =~ D. Since, by Proposition 4.4,
the set of configurations of any event structure forms a weak prime domain, we conclude that D is weak prime.

For the converse, let D be a weak prime domain. By Theorem 4.14, we have that D(£(D)) >~ D and thus, since by [21,22],
the domain of configuration of an event structure with binary conflict satisfies axioms (F), (C), (R) and (V), we conclude. O
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Moreover, relying on Lemma 5.9, we can show that the event structures associated with a domain in [22] (Definition 5.10)
and in our work (Definition 4.10) coincide.

Proposition 5.13. Let D be a weak prime domain. Then £(D) and &,,4(D) are isomorphic.

Proof. By Lemma 5.9, the function ¢ : Int(D). — ir(D)_« is a bijection. Note that Int(D). and ir(D)_ are the sets of events
respectively of £(D) and £,4(D). We next show that ¢ is an isomorphism of event structures.

Let e1, e; be events in £,4(D). We show that eq#e; iff ¢(e1)#¢(e2).

If —(eq#e3), from Definition 5.10 we get that there exist [c1,c}] € e; and [c2, c}] € ez such that ¢} ~c}. Let d € D be an
upper bound, i.e., c,c) Cd. Now, ¢(ej) =[ijl.~ for ij € 8(cj, c;), for j € {1, 2}. Clearly, i1, i> € ir(d) whence [i1].x, [i2]o* C
[ir(d)].+ and thus, according to Definition 4.10, we have —([i1].,*#[i2].*), as desired. The argument can be reversed to
prove that if —=(¢(e1)#¢(e2)) then —(eq#ey).

Concerning the enabling relation, we show that X e in £,,4(D) iff {(X)F ¢(e) in £(D). Assume that X e in E,4(D).
This means that there exists [c, ¢'] € e such that s(c) = {[d,d']~ |d’ E c} € X. Now, recall that ¢ (e) = [i]..» with i € §(¢/, c). In
order to show that ¢ (X) I ¢ (e), according to Definition 4.10, we prove that [ir(i) \{i}].+ € ¢ (X). Let j € ir(i) \{i}. Clearly j €
8(j,p(j)) and thus [jl.* = ¢([p(j), jl~). Moreover, by Lemma 4.8(2) the set §(c’, ¢) is flat and thus, since j T i necessarily
j¢68(c’,c). Since j €ir(c) we conclude that j €ir(c), namely j C c. This implies that [p(j), j]~ € s(c) and thus

[jlor = £(pG), 1)
< ¢(5(0)
Ce(X)  [sinces) S X]

We thus conclude that [ir(i) \{i}].* € ¢(X) as desired.
Also in this case, the argument can be easily reversed to prove the converse implication. O

The paper by Droste [22] considers also the case of event structures that are equipped with a general consistency relation
(rather than just binary conflict). The correspondence with our approach can be extended also to this setting, as we have
detailed in [32].

5.3. Relation with asynchronous graphs

As mentioned before, a characterisation of the transition graph of prime event structures in terms of local axioms has
been given in [28]. A slightly different, yet equivalent formalisation has been rediscovered in [29]. Here we show that an
analogous characterisation can be obtained for (connected) event structures. For our development we refer to the formali-
sation in [29]. Given a graph G = (N, U, s, t), a sequence of edges w =uy;...;u, € U* is a path whenever each edge has a
target that coincide with the source of the subsequent edge, i.e., for all i € [1,n — 1], t(u;) =s(u;+1). Let us denote by P,(G)
the set of paths of length 2, i.e., P2(G) = {uq; uy | u1, uz € E}. Note that two paths of length 2 with the same source and
target can be seen as a “square” in the graph. An asynchronous graph is then a transition system where some squares are
declared to commute.

Definition 5.14 (Asynchronous graph). An asynchronous graph is a tuple A = (G, ng,~) where G = (N, U, s, t) is a directed
graph, ng € N is the origin and >~ C P,(G) x P2(G) is an equivalence relation on coinitial and cofinal paths of length 2
(i.e., if ug;up >~ vq; vy then s(uq) =s(vq) and t(uz) =t(vy)) such that the following axioms hold (in pictures, all squares
depicted are assumed to commute)

1. if uq; up >~ vq; vy and uy # vy then uq # vq;

T
S

2. if u;uq >~ vy vy and s u) > vi; v, then (ug =uf iff vi =v));

up O Y]
A / \ o | and

L,
Yu\./1' ‘u\./l'




P. Baldan, A. Corradini and F. Gadducci Information and Computation 281 (2021) 104770

3. Cube

4. Coherence axiom

Given an asynchronous graph, in the following we denote by the same symbol >~ the extension of the equivalence to all
paths by contextual closure, i.e., wq; w; wy >~ wq; w'; wy for all wy, wa, w, w’ € U* with w >~ w’. The equivalence classes
of paths from the origin can be ordered by prefix, thus leading to a partial order P(A). Then it can be shown that the partial
orders of finite configurations of prime Es exactly correspond to asynchronous graphs such that all cofinal paths from the
origin are equivalent.

Definition 5.15 (Prime asynchronous graph). An asynchronous graph A = (G, ng, ~~) is called prime if all cofinal paths from the
origin ng are equivalent.

It can be seen that the requirement of having all cofinal paths equivalent amounts to that of having all coinitial and
cofinal paths of length 2 (squares) equivalent. This is indeed how the condition is formalised in [28].

Theorem 5.16 (Asynchronous graphs/prime Es [29]). Let A be a prime asynchronous graph. The ideal completion IdI(P (A)) is a prime
domain. Conversely, each prime domain is isomorphic to IdI(P (A)) for some prime asynchronous graph A.

With respect to [29], we added the coherence axiom (4) in the definition of asynchronous graph, which is going to be
pivotal in our later characterisation of weak prime domains (Proposition 5.18). This is actually necessary already for having
a correspondence with prime domains and Es.!

The correspondence established by Theorem 5.16 generalises to connected Es and what we call weak asynchronous
graphs, i.e., asynchronous graphs where only the forward part of the cube axiom holds, while the converse implication
(indeed sometimes referred to as stability axiom) may fail.

Definition 5.17 (Weak asynchronous graphs). A weak asynchronous graph is defined as in Definition 5.14, but omitting the
stability axiom (3b). It is called weak prime if additionally all cofinal paths from the origin are equivalent.

Then we can prove that weak prime domains are exactly the partial orders generated by weak prime asynchronous
graphs (which in turn correspond to connected ES).

Proposition 5.18 (Weak asynchronous graphs and domains). Let A be a weak prime asynchronous graph. The ideal completion
IdI(P(A)) is a weak prime domain. Conversely, each weak prime domain is isomorphic to I1dI(P (A)) for some weak prime asynchronous
graph A.

Proof. First observe that in a weak asynchronous graph A = (G, ng, ~) with G = (N, U, s, t) such that all the cofinal paths
from the origin are equivalent we have that all the squares are commuting. Thus axioms (1) and (2) imply that the graph
is simple, that there are at most two different paths of length 2 with the same source and target, and that there is at most
one way of closing a square.

! In a personal communication, Paul Andrée Melliés agreed that condition (4) is necessary for the correctness of Theorem 3 of Section 2.6 of [29],
rephrased here as Theorem 5.16.
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Now, let D be a weak prime domain and consider the subset of compact elements K(D). It can be seen as an (acyclic)
graph by taking compact elements as nodes and intervals as edges, with source and target functions being the obvious ones
s([c,c']) = c and t([c,c']) = c. Then taking ¢ as origin and letting all the squares commute, we get a weak asynchronous
graph where all the paths are equivalent. In detail, as observed above, axiom (1) follows from the fact that the graph is
simple. Axiom (2) says that there are at most two paths of length 2 between the same source and target. Assume that this
is not the case, i.e., K(D) contains a substructure as below, with y1, y2, y3 pairwise distinct.

Y1 < > Y3

Then we would have that y; is an irreducible which is not a weak prime. In fact y; C y, U y3, but it is not the case that
either yq <> y, or y1 < ys.

Axiom (3a) follows from bounded completeness and the fact that if x < y1 and x < y, with y1 # y, then y1 <y1 Uy>
and y; < y1Uya.

Axiom (4) is an immediate consequence of coherence.

Finally, we have to prove that all the paths from ¢ to the same target are equivalent. We prove more generally that all
coinitial and cofinal paths are equivalent. First notice that given two paths w = y;...y, and w’ =y/ ...y, with y; =y}
and y, =y, then n=m = [[ir(yn)]o= \ [ir(y1)]o+|, by Lemma A.3. We prove by induction on n =m that the two paths are
equivalent. The base cases n =1 and n =2 are obvious. In the inductive case, consider z =y, L y}.

?
Y2
l

. > Yn =y,/1 <.

A . .
) !
y3 Y3
T i !

\ /

V1= y/l
Then, as already observed, y» < z and y/, < z. Then
V1y2222 y1y)z (1)

Moreover, since zC y, = y;, there is a path y,z...y, of length n —1 in a way that we can apply the inductive hypothesis
to prove that ysy3...yn > y2z...yn. Similarly, on the left side, we get y,y5 ... yn =~ y5z...y;. Therefore, together with (1),
we conclude that W =y1y2y3...yn = Y1Y2Z.. . Yn = Y1 VoZ . Y = Y VoY ... yp =W,

Conversely, let A = (G, ng,~) where G = (N, U,s,t) is a weak asynchronous graph such that all the paths from the
origin are equivalent. Then, in particular, all the squares are commuting and, by axiom (1), the graph is simple, i.e., we can
think of edges as a relation on nodes. This allows us to view A as a concurrent automata (Q, X, T, (llg)qeq) in the sense
of [25] as follows. Define an equivalence on edges by u = u’ if there are v, v’ € U such that uv ~ v'u’ (namely, u,u’ are
the opposite edges of a square). Then take nodes as states Q = N, equivalence classes of edges as labels ¥ = U_, transition
relation T = {(s(u), u, t(u)) | u € U} and local concurrency given by [u]_ ||, [v]le when u, v are such that s(u) =s(v) =n and
there are u’, v/ € E such that uu’ ~ vv’. The fact that ||, is well-defined uses in an essential way axioms (3a) and (4). Then
an immediate adaptation of [25, Theorem 10] to asynchronous graphs shows that P(A) is a domain that satisfies axioms (F),
(C), and (R) in Subsection 5.2. Finally, observe that axiom (V) is a “global” version of the axiom (1). The fact that the latter
implies the former can be proved by exploiting the fact that each bounded subset of P(A) is a semimodular lattice [33,
Theorem 3.1]. Hence D is a weak prime domain. O

6. Conclusions and related work

In the paper we provided a characterisation of a class of domains, referred to as weak prime algebraic domains, which is
appropriate for describing the concurrent semantics of those formalisms where a computational step can merge parts of the
state. We show a categorical equivalence between weak prime algebraic domains and a class of connected event structures.
We also prove that the category of general event structures coreflects into the category of weak prime algebraic domains.
The appropriateness of such structure is witnessed also by the fact that the characterisations of prime domains and event
structures in terms of intervals and asynchronous graphs naturally extend to this setting. The characterisation of weak prime
domains in terms of the interchangeability equivalence on irreducibles naturally suggest a presentation in terms of prime
event structures endowed with an equivalence relation, allowing us to establish a link with the work in [23,24].
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Technically, the starting point for our proposal is the relaxation of the stability condition for event structures. As already
noted by Winskel in [5] “[t]he stability axiom would go if one wished to model processes which had an event which could
be caused in several compatible ways [...]; then I expect complete irreducibles would play a similar role to complete primes
here”. Indeed, the correspondence between irreducibles and weak primes, which exploits the notion of interchangeability, is
the ingenious step that allows us to obtain a smooth extension of the classical duality between prime event structures and
prime algebraic domains.

The coreflection between the category of general event structures (with binary conflict) and the one of weak prime al-
gebraic domains says that the latter are exactly the partial orders of configurations of the former. Such class of domains has
been studied originally in [21] where, generalising the work on concrete domains and sequentiality [34], a characterisation
is given in terms of a set of axioms expressing properties of prime intervals. In our paper we also provide an in depth com-
parison with these results, based on the observation that, roughly speaking, weak primes correspond to executions of events
with their minimal enablings, while intervals can be seen as executions of events in a generic configuration. A comparison
is also drawn with the recent notion of asynchronous graph [29], an alternative representation of prime algebraic domains
based on the notion of path equivalence, which we generalise in order to account for weak prime ones. We mentioned that,
in a related line of work [27], the transition graphs of prime event structures are characterised as a class of transition sys-
tems with independence. More specifically, occurrence transition systems with independence, an acyclic variant satisfying
an extra axiom, are exactly the transition systems induced by prime event structures. An interesting question is whether
the correspondence can be extended to general event structures. Due to the non-local nature of independence, this is not a
consequence of what we proved in the paper. Surely one should omit from the definition of occurrence transition systems
with independence [27, Definition 4.1] the axiom stating that a pair of cofinal transitions can always be completed backward
to a commuting square (this is related to what we called stability axiom), but further non-trivial modifications are required.
Without getting into technical details, this is due to the fact that independence is no longer a property of events but rather
of events in contexts. For instance, in our running example in Fig. 2c, events a and c¢ are independent in configuration {b}
while they are not in the empty configuration. This is an interesting direction of further research.

The need of resorting to unstable Es for modelling the concurrent computations of name passing process calculi has been
observed by several authors. In particular, in [17] an Es semantics for the m-calculus is defined by relying on Es with names,
namely labelled Es tailored for modelling parallel extrusions. An event can have various minimal enablings but with the
constraint that distinct minimal enablings can differ only for one event (intuitively, the extruder). ES with names are not
connected Es since they can have non-connected minimal enablings (roughly, because identical events in disconnected mini-
mal enablings can be identified via the labelling). Nevertheless, a connected Es semantics could be obtained by transforming
ES with names through the coreflection in the paper. More details are reported in [32].

Concerning the appropriateness of the class of weak prime domains, length and readability concerns suggested us to
move to a different paper the results preliminarily reported in [35] and further refined in [32] showing that weak prime
algebraic domains are precisely those arising from graph rewriting systems where rules can also merge graph items, a
paradigmatic example of formalism with fusion. Indeed, we prove there that, in the same way as prime algebraic do-
mains/prime event structures are exactly what is needed for Petri nets/linear graph rewriting systems, weak prime algebraic
domains/connected event structures are exactly what is needed for left-linear graph rewriting systems: each rewriting sys-
tem maps to a connected event structure and conversely each connected event structure arises as the semantics of some
rewriting system. This supports the adequateness of weak prime algebraic domains and connected event structures as se-
mantics structures for formalisms with fusions, hinted at in the present paper with a few examples.

We believe that our results cover a long road in establishing weak prime domains and connected event structures
as a foundational concept in the event-based semantics for concurrent computational systems. Our next step will be to
look at possible more general formalisms. In particular, the paper [36] studies a characterisation of the partial order of
configurations for a variety of classes of event structures in terms of axiomatisability of the associated propositional theories.
Even if the focus in the present paper is on event structures that generalise Winskel’s ones, we believe that our work can
provide interesting suggestions for further development.
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Appendix A. Proofs and technicalities

A.1. Proofs for § 3. Weak prime algebraic domains

Lemma 3.2 (Irreducibility and compactness). Let D be a domain and d € K(D). Then d is a complete irreducible iff for all x, y € D,
x~yandd=xuyimpliesd=xord=y.

Proof. Let d € K(D). Assume that for all x,y € D, x~y and d =xU y implies d =x or d = y. Assume that d = |_| X for
some pairwise consistent X. It is easy to see that X' ={| |Y |Y € 2}7(”} is directed and moreover |_| X’ = | | X =d. Since d
is compact, there is X' € X’ such that d C X, hence d = x'. By definition of X’, this means that there exists Y € Zﬁn such that
d=]Y. Now, using the hypothesis, an inductive reasoning allows us to conclude that d € Y C X, as desired.

The converse implication is trivial: if d € ir(D) and d C x U y then, by definition of complete irreducible, d € {x, y}, ie.,
either d=x or d =y, as desired. O

Lemma 3.3 (Unique predecessor for irreducibles). Let D be a domain and i € D. Then i € ir(D) iff it has a unique immediate predeces-
sor.

Proof. Assume that i € D has a unique immediate predecessor d < i, and let X € D be pairwise consistent and such that
i=|_]X. Hence for any x € X we have x C i. Assume by contradiction that i ¢ X. This implies that for all elements x € X
we have x C d, and therefore i = |_| X C d < i, which is a contradiction. Hence it must be i € X, which means that i is
irreducible.

Vice versa, let i be irreducible and let dy,d, < i be immediate predecessors. Since D is a domain and di—~d», we can
take d =dqy udy and we know dq E d Ci. Since i is irreducible it cannot be d =i, therefore d =d; and thus d; =d;. Thus
we conclude that i has a unique immediate predecessor. 0O

Proposition 3.5 (Domains are irreducible algebraic). Let D be a domain and d € D. Then it holds d = |_|ir(d).

Proof. We first prove that for any compact element d € K(D) it holds that d =| |({ dNir(D)). The thesis then immediately
follows from algebraicity of D. Since D is a domain, | d is finite, hence we can proceed by induction on | | d|. When | |d| =
1, we have that d = L, hence |dNir(D) =¢ and indeed L =] |#. When | |d| =k > 1 consider the immediate predecessors
of d and denote them d, ..., d, <d. Since D is a domain and {d4, ..., d,} is consistent, there exists |_|{d1,...,dn} =d" and
d; Cd Cd. There are two cases

e d' =d;, for all i € [1,n], i.e,, d has a unique immediate predecessor, hence it is an irreducible and thus clearly d =
Ll dnir(D)) or

e d=d =| |{dy,...,dy}. Since, in turn, by inductive hypothesis d; = |_|({ d; Nir(D)) and | dNir(D) = Ji_; (}d;i Nir(D)),
we immediately get the thesis. O

Proposition 3.6 (Irreducibles vs. primes). Let D be a domain. Then pr(D) C ir(D). Moreover, D is a prime domain iff pr(D) = ir(D).

Proof. Let D be a domain. We show that pr(D) Cir(D). Let d € pr(D). Assume that d =|_| X for some pairwise consistent
set X. By primality, since d C |_| X there must be x € X such that d C x. We have also xC | | X =d and thus d =x € X.

For the second part, let us assume that D is a prime domain. We have to prove that pr(D) = ir(D). We already know
that pr(D) C ir(D). For the converse inclusion, let i € ir(D). By prime algebraicity i = [_|(J iNpr(D)). Since i is irreducible,
there exists p € | iNpr(D) such that i = p, hence i is a prime.

Vice versa, if D is a domain, by Proposition 3.5 we know that D is irreducible algebraic. Hence, if pr(D) = ir(D), we
immediately conclude that D is prime. O

Lemma 3.7 (Unique decomposition in prime domains). Let D be a prime domain and X, X’ C ir(D) downward closed sets of irre-
ducibles. If | | X = || X' then X = X'.

Proof. Let X, X’ Cir(D) be downward closed sets of irreducibles such that |_| X =|_| X’. Take any i’ € X’. Then i’ C |_| X.
Since the domain is prime algebraic, and thus i’ is prime, there must exist i € X such that i’ C i and thus i’ € X. Therefore
X' C X. By symmetry also the converse inclusion holds, whence equality. O

We first observe that distinct irreducibles related by the interchangeability relation are necessarily incomparable.

Lemma Al (< vs.C). Let D be adomain and i,i’ € ir(D).Ifi <> i andi C i’ theni=1'.
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Proof. Let i <+i’ and i Ci'. If i #i’ and we let X = ir(p(i’)), it turns out that X U {i} = X and X U {i’} are consistent and
downward closed. Moreover | | X U {i} =X =p(’) # ] X U{i’} =1, contradicting i <> i’. O

Lemma 3.9 (Characterising <> ). Let D be a domain and i, i’ € ir(D). Then the following are equivalent

1L isi;
2. i~i’ and for alld € K(D) if p(i), p(i’) Td thend ui=d ui’;
3. i~ andiup@i)=p@)ui.

Proof. (1 — 2) Assume that i < i’. By definition, i~i’. Let d € K(D) be such that p(i), p(i'’) C d. If we let X =ir(d) we have
that ir(i) \{i} € X and similarly ir(i") \{i’} € X. This implies that X U {i} and X U {i’} are downward closed and consistent.
Hence dui=| |Xui=|](XU{i)=IXU{i’)=]Xui=dui.

(2 — 3) Assume (2). Let p = p(i) u p(i’), which is in K(D) since p(i), p(i’) € K(D). Clearly, p(i), p(i’) © p. Therefore
iup)=iupupi)=iup=pui’=p@)upi)ui’=pi)ui.

(3 — 1) Assume (3). Let X Cir(D) be such that X U {i} and X U {i’} are downward closed and consistent sets of
irreducibles. This implies that ir(p(i)) € X and similarly ir(p(i’)) € X. Hence, if we let P =ir(p(i)) Uir(p(i’)), we have

PC X and |_| P =p@)up@@).

Therefore

| Jxutin=
=(_|x\Pyu|_|Pui=
= (] x\PyupG)up)ui=
=(_|x\Pyuiup()=
=(_|x\Pyupiui' =
= (] x\PyupG)upi)ui =

=(_]x\Pu|_|Pui'=
= Jxui'n o

Lemma 3.12 (Weak primes in prime domains). Let D be a prime domain. Then < is the identity and wpr(D) = pr(D).

Proof. Let i,i’ € ir(D) be such that i < i’.

If i and i’ are comparable, i.e., i Ci’ or i’ C i, by Lemma A.1 we deduce i =i’ and we are done.

Otherwise, let X = (ir(i) \{i}) U (ir(i") \{i’}). Note that X U {i} and X U{i’} are consistent, since, by definition of <>, i and i’
are so. Moreover X U {i} and X U{i’} are downward closed, and thus, from i <> i, we deduce |_|(X U {i}) = _|(X U {i’}). Since
D is prime, by Lemma 3.7, this implies that X U {i} = X U {i’}. Since i and i’ are incomparable, i,i’ ¢ X and we conclude
i=i. O

Theorem 3.16 (pDom as a subcategory of wDom). The category of prime domains pDom is the full subcategory of wDom having prime
domains as objects.

Proof. We just need to show that weak prime domain morphisms preserve meets on prime domains, i.e., that if Dy, D>
are prime domains and f: Dy — D3 is a weak prime domain morphism then f([7]X1) =[] f(Xy) for all X; € D; pairwise
consistent.

We first show that for dy, d] € K(D1), with dy~dj, it holds that f(dy nd}) = f(dy) N f(d}). We proceed by induction on
k=1ldiNnpr(D)|.

When k=0 we have d; = L. Since f preserves joins, we have that f(L)= f([ %) =] f®) =19 = L. Hence

fdindp) =fLndpy=fL)y=L=Lnfd)=FfL)nfdp=fdynf).

Suppose now k > 0. We distinguish two subcases. If d; is not prime then, recalling that in a prime domain, primes
and irreducibles coincide, d; is not irreducible and thus d; = e U f; with di # eq, f1 # L. It is immediate to see that
|le1Npr(D)| <k and || fi Npr(D)| < k. Moreover, since any prime algebraic domain is distributive we have d; nd| =
(e1U fyyndy = (ex ndy) U (frndy.
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Summing up
fdind)) =
= f((ey dy) L (f1nd})) [Preservation of L]
= f(exndy u f(find) [Inductive hypothesis]
= (fen)n fd) u(f(fyn f(d)) [Distributivity]
=(fle)u f(f1))m f(d)) [Preservation of L]
= fleru fyyn f(dy) =
= f(d)n fdy)

If instead d is prime then note that if di E d the thesis is immediate: by monotonicity f(d1) C f(d), thus f(d;nd}) =
f(dy) = fdy)n f(d}), as desired. Therefore, let us assume that dy Z d}. In this case d nd} = p(dy) nd}, since the set of
lower bounds of {d,d} and of {p(dy),d]} is the same. Observe that

p(d1) =dy N (p(dy) udy) (A1)
In fact, the join exists since d;~d]. Moreover, by distributivity, di 1 (p(d1) ud}) = (d1 M p(d1)) u (d1 Nd}) =p(d) L (p(dy) M
dy) =p(dy).
Therefore
fdind)) =
= f(p(d1) nd}) [Inductive hypothesis]
= f(p(d) N f(d}) [Using (A.1)]
= f(din (p(dy) ud))n f(dy) [By Definition 3.15(3)]
= f(dy) N f(pdy)udy)n f(dy) [Preservation of LI
= fdpn fdy

as desired. This extends to the meet of finite sets of compact elements, by associativity of M, and to infinite sets of compacts
by observing that, given an infinite set X, by finitariness we can identify a finite subset F € X such that [ X =[] F. The
last assertion can be proved by induction on k = min{| | d|:d € X}. In fact, let d € X be an element such that | |d|=k. If
k=1 then d = L and thus [[]X = L =[]{d}, as desired. If k > 1, then we distinguish two possibilities. If for all d’ € X it
holds d nd’ =d then [[] X =d = []{d}. If instead, there is d’ € X such that d nd’ C d then recall that the meet of compact
elements is compact and consider X’ = X U {d nd’}. We have that [[]X =[] X’. Moreover |}dnd’| <k, hence we can
apply the inductive hypothesis to X’ and get a finite subset F’ € X’ such that [] X' =[] F’. We conclude observing that
X=X =MF=(F'\{dnd})U{d,d}). Therefore we can take F = (F'\ {dnd'}) U{d,d’} and we conclude. O

A.2. Proofs for § 4.1. From event structures to weak prime domains

Lemma 4.3 (Properties of the domain of configurations). Let (E, -, Con) be an Es. Then

1. D(E) is a domain, K(D(E)) = Confgy(E), join is union, and C < C" iff C' = C U {e} for some e € E \ C;
2. C € Conf(E) is irreducible iff C = C' U {e} and C’ g e; in this case we denote C as (C’, e);

3. for C € Conf(E), we have ir(C) = {{C’,e’) |’ € C A C'CC A C'tqe'}; moreover p((C',e")) =C’;
4, for (Cq,eq), (Ca,ez) €ir(D(E)), we have (Cq,e1) <> (Cy, e3) iffe =e; = e, and Cq A Co;

5. D(E) is interchangeable.

Proof. 1. We first observe that, given a pairwise consistent set of configurations X C Conf(E), the join is the union | | X =
JX. The fact that [ J X is a configuration, i.e., that it is consistent and secured immediately follows from the fact that

each Ce X is.

Let C € Conf(E) be a configuration. For every event e € E, since C is secured, we can consider a set C. ={e1,...,ep} CC
such that e, =e and feq,...,ex_1} e for all k € [1,n]. It is immediate to see that C. € Confs,(E) and clearly C =
LleeC Ce-

From the above it is almost immediate to conclude that the compact elements of D(E) are the finite configurations
K(D(E)) = Confsp(E) and that D(E) is algebraic. Moreover, D(E) is finitary, since the number of subsets of a finite
configurations is clearly finite. Hence D(E) is a domain.
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Concerning immediate precedence, let C, C" € Confsn(E). If C’ = CU{e} with e ¢ C then clearly C < C’, since the order is
subset inclusion. Conversely, if C < C’ by definition C € C’ and it must be |C"\ C| = 1. In fact, C € C’ and C # C’, hence

C’'\C#@. Let e,e’ € C'\ C. Let us prove that e =¢’. Since C’ is secured there is a set of events D = {eq,...,e,} € C’,
such that e, =e and {eq,...,ex_1} e for all k € [1,n]. Now, if e’ ¢ D, observe that C U D is a configuration and C C
CUD c (', contradicting C < C’. Assume that, instead, ¢’ € D. If ¢’ = e;, for k <n we would have that D' = {eq, ..., ey}

is a configuration and we could replace D by D’ in the contradiction above. Hence it must be e =¢€’, as desired.

2. Let C € Conf(E) be a configuration and assume that C = C’ U {e} with C’ g e. Then C is a finite configuration, and thus
a compact element. Moreover, if C = Cy U C;, for Cq, Cy € Conf(E), then e must occur either in Cy or in Cy. If e € Cq,
since Cq is secured, there exists C; € Cq \ {e} such that C - e. Hence, by monotonicity of enabling, C; \ {e} F-e. Since
C'Fpe and Cq \ {e} € C' it follows that C; \ {e} = C’ and thus C; = C. Therefore, by Lemma 3.2, C is an irreducible.
Vice versa, let C € Conf(E) be an irreducible. It is compact, hence finite. Hence we can consider a secured execution

(e1,...,en) of configuration C. Note that for any k € [1,n — 1] it must be {eq,...,ex_1} ¥ en. Otherwise, if it were
{e1,...,ex_1} ey for some k € [1,n— 1], we would have that C' = {eq,...,ex ey} and C” ={eq,...,ey_1} are two
proper subconfigurations of C such that C = C’ U C”, violating the fact that C is irreducible. But this means exactly that
{e1,...,en—1} Foen, as desired.

3. Immediate.

4. Let I; = (Cj,e;) €ir(D(E)) for j € {1,2} be irreducibles. Assume I1 <> I;. By Lemma 3.9(3), observing that p(Ij) = Cj,
we must have I; U Cy; = Cq U Iz, namely C; U {e1} U Cy = Cq U Cy U {ez}, from which we conclude that it must be
e1 = ey, i.e, as desired I; = (Cj,e), where e =e1 =e; for j € {1, 2}. Additionally, I1~I2, by definition of <>, meaning
that Cq A Cs.

For the converse, consider two irreducibles I; = (Cy,e) and I, = (Ca,e), such that C; A C,. Hence Citge, Cotge
and C = C7 UCy U {e} is consistent. Since I1, I, C C, they are consistent in D(E). Moreover, p(I;) = Cq, p(I3) = C2 and
I1 UCy =1, UCy; =C. Hence by Lemma 3.9(3) we have I <> I, as desired.

5. We have to show that D(E) satisfies the conditions of Definition 3.10. Concerning condition (1), let I; = (C1,e1) and

Iy = (Ca, e2) such that Iy <* I and p(I1) = Cq, p(Iz) = Co consistent. From I <»* I, by the above result, we deduce
e1 = ey. Since, Cq, Cy consistent, we deduce Cq A C, and thus, again by the same result, I1 < I5.
As for Condition (2), consider the irreducibles I, I’, J and J' such that I <* ', J «<* J', and I'~]J', p(I)~ ] and
p(H~I. From I <* I’ and | <»* J/ we deduce that I = (C,e), I'=(C’,e), ] = (D, f) and J' = (D’, f). Moreover, we
have p(I) = C and p(J) = D, hence the hypotheses say C~J and D~I. From I’~]" we deduce that {e, f} consistent.
Therefore we have that I = (C,e) and | = (D, f) are consistent, as desired. O

A.3. Proofs for § 4.2. From weak prime domains to connected event structures

In order to prove Lemma 4.8, we need a preliminary technical result.

Lemma A.2 (Immediate precedence and irreducibles/1). Let D be a weak prime domain, d € K(D), and i € ir(D) such that d~i and
p(i) C d. Then

1. foralli" € s(dui,d) minimal, it holds i <> i’;
2.d=dui.

Proof. 1. Clearly, if d =dui then §(dui,d) = and the property trivially holds. Assume d #d ui and take i’ € §(d Ui, d)

minimal. Note that minimality implies that p(i") E d. In fact, for all i} € ir(p(i")) we have ij C i’ ©d ui. Hence i} Cd,
otherwise i} € §(d Ui, d), violating minimality of i’. Therefore p(i') = |_|ir(p(i')) E d.
Now, from i’ T d U1, since D is a weak prime domain and thus irreducibles are weak primes, there must be i’ € ir(D),
i” <> 1 such that i” £d or i” C i. We first note that it cannot be i” = d, otherwise d =d Li” =d u{’, the last equality
motivated by Lemma 3.9(2), which implies that i’ C d, contradicting the hypothesis. Hence it must be i” C i, which by
Lemma 3.3 means that either i” =i or i” C p(i). Since p(i) C d by hypothesis, the latter case would contradict i” Z d,
hence i” =i which means that i’ <> i, as desired.

2. Let us assume that d # d Ui (otherwise the property is trivial), and consider d’ such that d <d’ = d ui: we prove that
d’'=dui. Since d < d’, hence d #d’, we know that §(d’, d) is not empty. Take a minimal i’ € §(d’, d). Thus i’ is minimal
also in 8(d Ui, d), and thus, by point (1), i <> i’. By minimality of i” we deduce also that p(i") C d. Since also p(i) = d by
hypothesis, using Lemma 3.9(2), we have d Ui =d ui’. Observing that dui’ = d =dui we conclude that d =d ui, as
desired. O

Lemma 4.8 (Immediate precedence and irreducibles/2). Let D be a weak prime domain and d,d’ € D such that d < d’. Then for all
i,i’ es(d,d)

1. d=dui;

2. ifiCi theni=1i';

3. i<
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Proof. If d =d’ all properties hold trivially.

1) Let i € §(d’,d). Then d CduiCd. It follows that either d ui=d or dui=d'. The first possibility can be excluded for
the fact that it would imply i C d, while we know that i ¢ ir(d). Hence we get the thesis.

2) Let i,i’ € §(d’,d), with i Ci’. Let us first assume i minimal in §(d’, d), hence p(i) Ed. Then i’ ©d' =d ui. Since i’ is a
weak prime, there exists i” € ir(D) such that i’ <> i” and either i” C i or i” C d. The second possibility is excluded. In
fact, if i’ C d, then we would have p(i), p(i”) C d and thus, by Lemma 3.9(2), d =dui=dui” =d, contradicting d #d’.
Hence it must be i” C i. Since i C i/, by transitivity i” C i’ and since i’ <> i”, by Lemma A.1, i” =i’ and thus i =i=1".
If instead, i is not minimal in §(d’, d), take i; C i minimal. By the argument above, we have that i; <> i’, and thus, by
Lemma A.1, i; =i’. Recalling that i1 =i C i’ we conclude i =i/, as desired.

3) Let i,i’ € §(d’,d) be irreducibles. By (1) we have d’ =d Ui, hence i’ € §(dui,d). By (2) i’ is minimal in §(dui,d).
Therefore, by Lemma A.2(1), we conclude i <»i’. O

We next show another technical result, i.e., that chains of immediate precedence are generated in essentially a unique
way by sequences of irreducibles. Given a domain D and an irreducible i € ir(D), we denote by [i]..« the corresponding
equivalence class. For X Cir(D) we define [X].» = {[i]l.+ | i € X}.

Lemma A.3 (Chains of immediate precedence). Let D be a weak prime domain, d € K(D), and ir(d) = {i1, ..., in} such that the
sequenceiq, ..., in is compatible with the order (i.e., for all h, k if iy, C i then h < k). If we let d, = |_|ﬁ=1 ip fork € {1,...,n} we have
l=do=xdi1 <x...<dp=d

Vice versa, given a chain L =dy <dj < ... <dp and taking i, € 8(dp,dp_1) forh € {1, ...,n} we have

n
dp=|_|in and Vieir(dy).3h € [1,n]. i< ip.
h=1

Therefore [{i1, ..., in}]or = [ir(dp)]ox.
Proof. For the first part, observe that for k € {1, ...,n} we have that

p(ix) E dk—1

In fact, recalling that ir(iy) € ir(d), we have that irreducibles in ir(p(ix)) = ir(ix) \{ix}, which are smaller than i, must occur
before in the list hence

ir(p(ix)) = ir(i) \{ix} S {i1, ..., k—1}
Therefore p(ix) = L] ir(p(ix)) C LI{i1, ..., ik—1} = dx_1. Thus we use Lemma A.2(2) to infer dy_q < dy_1 Ui =dy.
For the second part, we proceed by induction on n.

e (n=0) Note that dg = [# = L and ir(L) =0, hence the thesis trivially holds.
e (n > 0) By induction hypothesis

n—1
dn1=|_|in and Vi€ir(dy_1).3he[1,n—1].i < iy
h=1

Since by construction i, € §(d,, dy—1), by Lemma 4.8(1) we deduce

n
dp=ipudy_1 = Uih
h=1

Moreover, for all i € §(dp, dq—1), we have i C d, = iy Lid,_1. By definition of weak prime domain, there exists i’ <> i such
that i’ C dy_1 or i’ Cip. In the first case, since i’ C d,_1, by the inductive hypothesis there is h € [1,n — 1] such that
i’ < ip. Since i < i’ <> iy, and i, iy C d, are consistent, by using the fact that D is interchangeable we deduce i <> iy, as
desired. If, instead, we are in the second case, namely i’ C i,,, by Lemma 4.8(2) it follows that i, =i’ <> i, as desired. O

Proposition 4.9 (Unique decomposition up to <> ). Let D be a weak prime domain, d € K(D), and X C D a downward closed and
consistent set such that [X].= C [ir(d)].+. Thend = |_| X iff [X]+ = [ir(d)]=.
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Proof. (=) Let d =|_| X. By hypothesis [X]..« C [ir(d)]..+. Hence we only need to prove that [ir(d)].= C [X].=. Let i € ir(d).
Hence i C d = |_] X. By definition of weak prime domain, this implies that there exists i’ <> i and x € X such that i C x.
Since X is downward closed, necessarily i’ € X and thus [i].* € [X].*, as desired.

(<) Let [X],* = [ir(d)].*. We can prove that | | X =d by induction on k(X) = |(ir(d) \X) U (X \ ir(d) |. If k(X) =0 then
X =ir(d) and thus, by Proposition 3.5, we conclude that d =|_| X. If k(X) > 0 we distinguish two subcases.

e First assume ir(d) \X # @. Then take a minimal element i € ir(d) \X. Therefore X' = X U {i} is downward closed and,
by minimality of i, we have p(i) C [ | X. Since [X].+ = [ir(d)]..#, there is i’ € X such that i <* i’ and thus, since
p(i), p(i") || X are consistent and D is interchangeable, i <> i’. Therefore

LIx=[]xutiy=]_]xuiit=_]x (A2)

Since [X']ox = [X])ox = [ir(d)]+ and |ir(d) \X'| = |ir(d) \X| — 1, we have k(X") < k(X), and thus by inductive hypothesis
L] X’ =d. Hence, using (A.2), we get |_| X =d, as desired.

e If instead ir(d) \X =0, i.e., ir(d) € X, since k(X) > 0, it must be X \ ir(d) # ¢. Consider a maximal element i € X \ ir(d),
and let X’ = X\ {i}. Clearly, X’ is downward closed because so are X and ir(d). Since [X].+ = [ir(d)].=, there is i’ €
ir(d) € X such that i <+* i’. Since X is consistent and D is interchangeable, i <> i’. Therefore

Llx=[]xuti=]_]xuiit=]x" (A.3)
Since by construction k(X") = k(X) — 1, the inductive hypothesis gives us |_| X’ = d. Hence, using (A.3), we get | | X =d,
as desired. O

In the following we often use a technical lemma that holds in any domain.
Lemma A4. Let D be a domain and a, b, c € D such that c C a and c < b. Then eitherb " aorc=anb.

Proof. Recall that in a domain the meet of non-empty sets exists. Since ¢ is a lower bound for a and b, necessarily ¢ C
arbCb. If it were c #amb then we would have amb =b, hence b C g, as desired. O

Lemma 4.11 (From weak prime domains to event structures). Let D be a weak prime domain. Then £ (D) is an ES. Moreover, given two
weak prime domains D1, D and a morphism f : D1 — D, itsimage £(f) : £(D1) — £(D>) is an ES morphism.

Proof. We first show that £(D) is a live Es. In fact, it is an Es: if Xe and X C Y then Y e. In fact, by definition,
if X e then there exists i € e such that [ir(i) \{i}]. € X. Hence if X C Y it immediately follows that Y  e. Moreover
£(D) is live. The fact that conflict is saturated follows immediately by the definition of conflict and the characterisation
of configurations provided later in Lemma 4.12. Conflict is irreflexive since for any e € £(D), if e = [i]..» then e € [ir(i)].*,
which is a configuration again by Lemma 4.12.2

Given a morphism f : D1 — D», its image E(f) : £(D1) — £(D>y) is defined for [i1].+ € E1 as E(f)([i1]w) = [i2]ox,
where iy € §(f(i1), f(p(i1))), and E(f)([i1].*) is undefined if f(p(i1)) = f(i1). First observe that £(f)([i1]..*) does not
depend on the choice of the representative. In fact, let iy, i}, € §(f(i1), f(p(i1))). Since p(i1) < iy, by definition of domain
morphism, f(p(i1)) < f(i1). Thus, by Lemma 4.8(3), iy <> i).

We next show that £(f) is an Es morphism.

o If E(f)(en)#E(f)(e}) then eq#e].
We prove the contronominal, namely if e1, e} consistent then £(f)(e1), £(f)(e}) consistent.
The fact that ej,e} consistent means that there exists di € K(D1) such that eq,e} € [ir(di)].-. We show that
E()(er1), E(f)(e)) elir(f(d1))].+ (note that f(dq) is a compact, since f is a domain morphism).
Let us show, for instance, that £(f)(e1) € [ir(f(d1))].+. The fact that e € [ir(dy)]..» means that e; = [i1].+ for some
i1 C dq. By definition £(f)(e1) = [i2]..x, where iy € §(f(i1), f(p(i1))) (since E(f)(e1) is defined the irreducible differ-
ence cannot be empty). Now, since i; C d; we have that f(i1) C f(d1), whence iy C f(i1) C f(d1) and E(f)([i1]ox) =
[ix]o+ € [ir(f(d1))].*, as desired.

o If £(f)(e1) =E(f)(e})) and eq # e} then eq#e].
We prove the contronominal, namely if ey, e} consistent and £(f)(e1) =E£(f)(e}) then ey =e].
Assume ey, e} consistent and £(f)(e1) = £(f)(e}). By the first condition and the definition of conflict, there must be
dy € K(D1) such that eq, €] € [ir(d1)].., namely ey =[i].+ and e} =[i{].« with iy, i] E d;.

2 This forward reference is only useful to simplify the structure of the presentation and to avoid breaking the statement in two parts, but it introduces
no cyclic dependency.
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Moreover, E(f)([i1]ex) = [i2]lo+ and E(f)([{{]ex) = [i5].+ where i; and i}, are in &(f(i1), f(p(i1))) and
S(f (), f(p(i)))), respectively, and [iz].+ = [i}].,~, which means i <+* i}, and in turn, being i and i/, consistent,
by the fact that D is interchangeable, implies iy <> i).

We distinguish two cases.

A. If iy and i} are comparable, e.g., if i; C i), then i; =i} and we are done. In fact, otherwise, if i; #i] we have
p(i1) < iy E p(i}) < i}. By monotonicity of f we have f(p(i1)) < f(i1) C f(p(i})) < f(i}) (where strict inequalities
< are motivated by the definition of £(f), since both £(f)([i1]..+) and E(f)([i}].+) are defined). Now notice that
p(i2) Cix E f(i1) C f(p(i})). Moreover, i}, € §(f(i}), f(p(i}))), therefore p(i}) C i}, E f(p(i})). Hence, using the fact
that i <> i,, by Lemma 3.9(2) we have

fp@) = fpa) viz = fpd) uiy = fi))

contradicting the fact that f(p(i})) < f(@i)).

B. Assume now that i; and i} are incomparable: we show that this leads to a contradiction. Let p = p(i1) U p(i}). We
can also assume iy, i} Z p. In fact, otherwise, e.g,, if iy C p, then, by the defining property of weak prime domains,
we derive the existence of i] <> iy such that i] T p(iy) or i] C p(i}). The first possibility can be excluded because
it would imply i E i;. Hence, since i} <> i, by Lemma A.1, we would get i; = i], contradicting i} C p(i1). Then it
should be i{ E p(i}) E i|. Therefore, if we take i{ as representative of the equivalence class we are back to case A
above.

Using the fact that i1,i} Z p and p(i1), p(i}) E p, by Lemma A.2(2) we deduce that p < pui; and p < p ui). Hence
f(p) < f(puiy) with strict inequality again motivated by the definition of £(f), since £(f)([i1].*) is defined.

By Lemma 4.8(1), since i € §(f(i1), f(p(i1))) and i}, € §(f(i}), f(p(i}))), we have
fo))uia=fd)  fpdp)uiy= f3i) (A4)

Now, observe that

f(puin) =
= f(p(iv) up(iy) Lir)
= fp(puin)
= f(p(iP) u f(i1) [preservation of L]
= f(p@)u f(p(i1) Uiy [by (A.4)]
= f(p@)u f(p(i1) Uiy [by Lemma 3.9(2), since iy <> i} ]

= f(i)u fp(in) [by (A-4)]

= f(p(iy) uiy) [preservation of Li]
= f(p(i)) up(p ui})

= f(puiy)

Since p < puiy and p < p Ui}, by Lemma A.4, we have (p Liy) M (pui}) = p. Therefore, on the one hand f((pu
i) M (pui})) = f(p). On the other hand, since the meet is an immediate predecessor, by definition of weak domain
morphism (Definition 3.15), it is preserved: f((puiy)n(puiy)) = f(puiyn f(puiy) = f(puii) = f(pui}). Putting
things together, f(p) = f(puii) = f(p ui}), contradicting the fact that f(p) < f(p uiy).
e if C1 1 [i1]ox and E(f)([i1]wx) is defined then E(F)(C1) F2 E()([i1]-x).
Recall that Cy b [i1]..» means that [ir(i}) \{i}}].+ = [ir(p(i}))]+ € C; for some i} <> iy.
By definition, £(f)([i1].+) = [i2]» where iy € §(f (i), f(p(i}))). We show that £(f)(C1) 2 [i2]..+, namely that

lir(i2) \{i2}]ox = [ir(p(i2))]or € E(FH(C1) (A5)

Observe that since i € 8(f(i}), f(p(i}))) and distinct elements in §(f(i}), f(p(i}))) are incomparable by Lemma 4.8(2),
it holds p(i2) C f(p(i})). Therefore, we have

ir(p(i2)) S ir(f (p(i1)))

Hence, in order to conclude (A.5), it suffices to show that

lir(f (pADN]r S EH(C) (A6)
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In order to reach this result, first note that, by Lemma A3, if ir(p(i})) = {j},...,j'}} is a sequence of irreducibles
compatible with the order, we can obtain a <-chain

1=di =d;<...<xd] =p@)) <i}
We can extract a strictly increasing subsequence
L=dP<d! <...<d™"=p()) <1}
and, if we take irreducibles j’ll, N A s(dt, d’li_l), again by Lemma A.3 we know that

lr(p ) ler =[5 o J7™ s (A7)

Since f is a domain morphism, it preserves <, namely

L=fd® = fd")=...<fd™ = fpd,)) < fa,)

where the last inequality is strict since £(f)([i}]..+) = [i2]..+ is defined. Moreover, whenever f(d;h’l) =< f(d;h), then
5(f)([j’1”]9*) = [Zg]& where ég is any irreducible in S(f(d/lh), f(d/lh_l)), otherwise 5(f)([j’1h]9*) is undefined.
Once more by Lemma A.3 we know that

[r(f (PP ] or = {6, .. 65N os = EOAUY S -0 JT™ o),
thus, using (A.7)

lir(fF (D) ]ox = EP) Tirmr))]x). (A8)

Hence, recalling that, by hypothesis, [ir(p(i}))]..~ S C1, we conclude the desired inclusion (A.6). O

Lemma 4.12 (Compacts vs. configurations). Let D be a weak prime domain and C C £(D) a finite set of events. Then C is a config-
uration in the gs £(D) iff there exists a unique d € K(D) such that C = [ir(d)]..=. Moreover, for all e € £(D) we have that C - e iff
C =[ir(i) \{i}].» for somei ce.

Proof. The left to right implication of the first part follows by proving that, given a configuration C € Confs;(£(D)), there
exists X C ir(D) downward closed and consistent such that [X].+ = C. Hence, if we let d = |_| X, by Proposition 4.9, we
have that C = [X].* = [ir(d)]..+. Moreover, d is uniquely determined, since, by the same proposition we have that for any
other X’ such that [X'].+ =C, since [X'].» = C = [X].» = [ir(d)].=, necessarily d = |_| X’.

Let us thus prove the existence of X C ir(D) consistent and downward closed such that [X].,+ = C. We proceed by
induction on the cardinality of C.

e if |C| =0, namely C = then we can take X =, and trivially conclude.

e if |C| > 0, since C is secured, there is [i].+ € C such that C' = C\ {[i].+} I [i]o+. By inductive hypothesis there is
X' Cir(D), downward closed and consistent such that [X'] = C’.
The fact that C’ = C \ {[i]o*} F [i].+ means that for some i’ € ir(D) such that i’ <>* i, it holds [ir(i")\{i'}]o+ =
[ir(p(i"))]o+ € C’. Therefore, there is X” € X’ such that [X”].+ = [ir(p(i))].+ and thus, by Proposition 4.9, p(i") C |_| X'.
We can assume, without loss of generality that ir(p(i’)) € X'. If not, we can replace X’ by X’ Uir(p(i")). By the consid-
eration above, it is consistent and it has the same join of X’.
Now, an induction on the cardinality k of X'\ ir(p(i’)) allows us to show that i’~j for all j € X'. If k =0 then X'\
ir(p(i")) = ¥ and the thesis is trivial. Otherwise, consider j' € X’ \ ir(p(i’)) maximal and X" = X’ \ {j'}. Since |X'\
ir(p(i")) | = k — 1, by inductive hypothesis, for all j € X”, we have j~i’. Now, since j, p(i) C |_| X', we have that j~p(i).
Moreover, since ir(j') \{j'} = ir(p(j’)) € X”, we have that i~p(j’).
Finally, recalling that, since C is consistent, we have that —([j'].«#[i"].+), ie., there is d € K(D) such that
{[i'1o, ['1ox} C [ir(d)].+. More explicitly, this means that there are j”,i” € ir(D) such that j” <* j/, i” <* i’ and
j'~i"”. Since D is interchangeable, by condition (2) of Definition 3.10, we conclude j'~i’.
We can thus conclude that X = X’ U {i’} is consistent, and downward closed since ir(p(i’)) € X’. Hence we conclude.

For the converse, let C = [ir(d)].+. Let L =dg <dy <...ds—1 <d, =d be a chain of immediate precedence and for
each h € {1,...,n} take i, € 8(dy,dy_1). By Lemma A.3, d = |_|{i1,..., iy} and [ir(d)]. = [{i1,...,in}]o*. Moreover, for all
he{1,...,n}, we have [ir(ip) \{in}]o+ < [ir(dy_1)].*, hence [ir(d,_1)]o+* - [ip]o+. Therefore C is secured. Moreover, it is
clearly consistent and thus C € Conf(£(D)).

The second part follows immediately by Definition 4.10. O
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A.4. Proofs for § 4.3. Relating categories of models

Theorem 4.14 (Coreflection of ES and wDom). The functors D : ES — wDom and £ : wDom — ES form a coreflection £ - D. It
restricts to an equivalence between wDom and cES.

Proof. Let E be an Es. Recall that the corresponding domain of configurations is D(E) = (Conf(E), C). Then, E£(D(E)) =
(E',#, "), where the set of events E’ is defined as

E' = [ir(D(E))].+ = {[{C,e)].+ | C o e}

By Lemma 4.3(4), the equivalence class of an irreducible (C,e) consists of all minimal enablings of event e which are
connected. Therefore we can define a morphism, which is the counit of the adjunction, as follows

0g: E(D(E)) > E
[(C,e)]lox e

Observe that 6 is surjective. In fact E is live and thus any event e € E has a minimal enabling C ¢ e. If we let I = (C,e),
then [I].+ € E(D(E)) and 6g([I]..+) = e. The mapping 6 is clearly a morphism of event structures. In fact, observe that

e For I1, Iy €ir(D(E)), if O ([I1]o)#0e([I2].+) then [I1]o+#[I2]ox.
Let I = (Cq,e1) and Iy = (Ca,e2). If Op([I1].+) = e1#e; = O([I2].,+), then there cannot be any configuration C €
Conf(E) such that I, I; € C. Hence, by definition of conflict in £(D(E)), we have [I1],+# [I2]+.

e For Iy, I, €ir(D(E)), with [I1]ox # [I2].+, we have that Og([I1].+) = 0 ([I2]o+) implies [I1]o«# [I2].x.
In fact, by Lemma 4.3(2), the irreducibles I; and I, are of the kind Iy = (Cy,e1) and I, = (C3, e2). We show that if
[I1]o+ and [I2].+ are consistent and Og ([I1].+) = 0 ([I2]o+) then [I1]o+ = [I2],*.
Assume 0g([I1].+) = 0e([I2]..+), hence e; = ey. Since [I1].+ and [I;].+ are consistent, there exists k € K(D(E)) such
that [I1].x, [I2]o+ € [ir(k)].«. Compacts in D(E) are finite configurations, hence the condition amounts to the existence
of C e Confp(E) such that [I1].+, [I2]ox € [ir(O)].,+, i, there are I{, I, with I; «»* I} for i € {1, 2}, such that I{, I} € C.
Since the choice of the representatives is irrelevant, we can assume that Iy = I; and I, = 1/2. Summing up, I1 and I, are
consistent minimal enablings of the same event, hence by Lemma 4.3(4), I1 <> Iy, i.e., [I1]o* = [I2].*, as desired.

o For the enabling relation, we have to show that if X - [(C, e)]..+ then 8g(X) - 6([(C, e)].+) =e. Assume X ' [(C, e)]..*.
According to the definition of the functor &£, this means that there exists i € [{C, e)].+ such that [ir(i) \{i}].» € X. Let
such i € [(C,e)].+ be i=(C’,e) with C' g e. We have

ir((C’,e) \{(C', e)} =ir(C") = {[{C", e")]= | (C",e") € C'}.
Therefore from [ir({(C’, e’)) \{{C’, e’)}].+ € X we deduce
Op ([ir((C", eN\{(C', ) }]r) = C' S Oe(X).

Since C’ ¢ e, by monotonicity of enabling, we conclude 8¢ (X) e, as desired.

We prove the naturality of & by showing that the diagram below commutes.

951
E(D(E1)) —— E1

e | %

E(D(E2)) —— E2
Ey

Consider [(Cq,e1)]o* € E(D(E7)). Recall that £E(D(f))([{C1,e1)].*) is computed by considering the image of the irre-
ducible (Cq, eq) and of its predecessor, namely

D(f)(C1)=f(C1) and D(f)((C1,e1)) = f(CrU{er})

If f(e1) is defined, then f(C1) < f(C1 U {e1}) and E(D(f))([{C1,e1)].x) = f(e1), otherwise E(D(f))([(C1,e1)].+) is unde-
fined. This means that in all cases, as desired

EMDMNULCT, en)]ox) = f(er) = fOp, ([(C1,e1)]x))-
Vice versa, let D be a weak prime domain. Recall from Definition 4.10 that £(D) = (E, #, ) is defined as
o E=[ir(D)]o»;
o ed#e’ if there is no d € K(D) such that e, e’ € [ir(d)]..»;
e X e if there exists i € e such that [ir(i) \{i}].* C X.
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Consider now D(£(D)). Elements of K(D(£(D))) are configurations of C e Confs;(£(D)). We can define the unit of the
adjunction as

np: K(D)— K(DED)))
d— [lr(d)]e*

Observe that it is well defined, since by Lemma 4.12, [ir(d)].. is a finite configuration of £(D) and thus a compact element
in K(D(E(D))). The function is clearly monotone and bijective with inverse 1751 :K(D(E(D))) — K(D) defined, for C €

K(D(E(D))) = Confzn(E(D)) by letting ngl(C) =d, where d is the unique element, given by Lemma 4.12, such that C =
[ir(d)].+. By algebraicity of the domains, this function thus uniquely extends to an isomorphism 7np : D — D(E(D)).

Finally, we prove the naturality of np. It is convenient to prove the naturality of the inverse, i.e., to show that the
diagram below commutes.

1
DED) —2 s D,

DEU | Lo

ﬂD2
D(E(D2)) —— D

Let C; e K(D(£(D1))), namely Cq € Confsn(E(D1)), and let nB}(Q) =d; be the element such that C1 = [ir(dy)].x.
The construction offered by Lemma A.3 provides a chain

d)=1<d} <d?<...<d}=dy

and, by the same lemma, if we take an irreducible i’} S S(d"‘,d'll’l) for 1 <h <n we have that C; = [ir(d1)]. =
[{i},..., "}].+. Therefore the image

DEN(C) = {ES) [1]os) | Lit)er € C1} = (E)i}]ox) [h € [1.0])

is the set of equivalence classes of irreducibles i}, e i’g corresponding to

fd)=1<fWd)=f@d)=...<fdH=fd)
namely ié € B(f(d{), f(d{_l)), and, again, by Lemma A.3, [{i%, e i’;}]e* =[ir(f(d1))]o*. Summing up
N5, PENC) =np) {li5]or |1 <h <k} = fd1) = [, (C1)
as desired. O
We finally show that the above coreflection restricts to an equivalence between wDom and cES. For this, just observe
that, in the proof above, when E is a connected Es, then the morphism 6¢ defined as

Og: E(D(E))—> E
[(C,e)]lox+>e

is an isomorphism. We already know that it is surjective. We next show that it is also injective. In fact, if 6g([I].*) =
Oe([I'l.+) then I and I’ are minimal enablings of the same event, i.e., I = [(C,e)].+ and I’ = [{C’,e)]..+. Since E is a

*
weak prime domain, C A7 ¢ and thus, by Lemma 4.3(4), I <* I, i.e,, [I1.» = [I'].+. Proving that also the inverse is an Es
morphism is immediate, by exploiting the fact that the Es is live. O

A.5. Proofs for § 5.1. Prime event structures with equivalence

Lemma 5.4 (Histories are configurations). Let (P, ~) be a EPES and e € E. Then |e is a configuration.

Proof. Let e € E be any event. We have to show that |e is saturated. If there are e’ € |e and e” ~ ¢’ such that {e” C |e
then [ le”]. C [le]. and hence, by condition (1) in Definition 5.2, e’ < e which means e¢” € Je. O

Proposition 5.5 (Weak prime domain for EPES). Let (P, ~) be a EPES. Then Deq((P, ~)) = (Conf((P, ~)), C) is a weak prime domain.
Conversely, if D is a weak prime domain then Eq(D) = ({ir(D), #, ), <>*) is an EPEs with conflict and enabling defined by

o i1#ip if =(i1™i2),
o XHiif X Dir(i)\{i}.
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Proof. Let (P,~) be a EPEs. Then it is easy to see that the irreducibles of Deq((P,~)) are the minimal enablings Je
for e € E. Moreover, given a set of pairwise consistent configurations X € Conf({P, ~)), the join |_| X is the saturation of
their union. Interchangeability is given by |e <> e’ if e ~ ¢’ and —(e#e’). Using these facts it is now almost immediate
to conclude that Deq({P,~)) is a weak prime domain. As a first step, we observe that D.q({P,~)) is interchangeable
(Definition 3.10)

o Condition (1) requires that for all e,e’ € P if |e <* le’ and {eU le’ consistent then |e <> |e’. Observe that |e <+* e
implies e ~ e’. Moreover, by condition (2) in Definition 5.2, {eU {e’ consistent implies —(e#e’). Hence we conclude
le < le.

e Condition (2) is an easy consequence of condition (3) of Definition 5.2. In fact, let e, ¢/, eq, €} € E such that |e «<* |¢/,
lep <* le], ie, e~e¢’ and eq ~ e}. Assume moreover that le’~|e}, |e~lei, le ~|eq, meaning that the sets |e'U le],
leU ler, leU leq are consistent.

From the consistency of |e’U |e| we have —(e'#e}). Moreover, the consistency of |eU lei, {eU |eq implies that if
e#eq then the conflict would be direct and this would violate condition (3) of Definition 5.2. Hence we must have
—(e#eq), i.e, le~]eq, as desired.

Finally, we show that all irreducibles are weak prime. Let e € P, consider the irreducible |e and a consistent set of
configurations X < Conf({P, ~)). Assume that |e C | | X. This means that e is in the saturation of | JX, which in turn
means that there is C € X and e’ € C, whence e’ C C, such that e’ ~ e. Since e,e’ € | | X, they are consistent, hence
le < |le’. Summing up le’ C C and e ~ ¢/, as desired.

Conversely, let D be a weak prime domain. Observe that the causal order in (D) is the restriction of the domain order
to irreducibles. Condition (1) in Definition 5.2 is an immediate consequence of Proposition 4.9.

Condition (2) is immediately implied by condition (1) in the definition of interchangeable domain (Definition 3.10).

Concerning condition (3), observe that it becomes for i,i’,i1,i| € ir(D), if i <+*{’, iy <* i{, i,i; not consistent and i, 1|
consistent then either ir(p(i)) U{i1} or ir(p(i1)) U{i} not consistent. In turn this is easily seen to be equivalent to condition
(2) in the definition of interchangeable domain (Definition 3.10). O

Proposition 5.7. Let (P, ~) be an EPES. Then (P,~) and U(M((P, ~))) are isomorphic. Dually, let P = (E,F, #) be an Es. Then
MU (P)) and P are isomorphic.

Proof. Let (P,~) be an EPEs. Recall that the events in U/(M((P,~))) are minimal enablings in M({P,~)). By defini-
tions of M((P,~)), for all e € P we have that [X]. Faqp,~)) [e]l. when X I-e. Therefore [le]. Faq(p,~y [e]~, and this
enabling is minimal since, by Definition 5.2(1), whenever e’ ~ e and [le'].+ C [le].+ we have that e =¢’. And, again
relying on the definition of enabling, one sees that all minimal enablings are of this shape. Therefore we can define
c:{(P,~) > UMC(P,~))) by c(e) = {[{e]-,[e].). By the previous arguments it is a bijection and ¢ can be shown to
be an isomorphism of EPEs.

Conversely, let (E, -, #) be an Es. According to the definition, events in {/(E) are minimal enablings (C, e) in E, and they
are equivalent when they are minimal enablings of the same event. Then events in M4 (E)) are just equivalence classes
of events in U (E). Therefore we can define u: E — M@ (E)) by u(e) ={{C,e) | C € Conf(E) A Ctgqe}. It is immediate to
see that it is a bijection and an isomorphism of Es. O

A.6. Proofs for § 5.2. Relation with interval based characterisations

Lemma 5.9 (Intervals vs. irreducibles). Let D be a weak prime domain. Define ¢ : Int(D).. — ir(D)_« by

¢(d, d"1~) = [ilox,

where i is any element in §(d’, d). Then ¢ is a bijection, whose inverse t : ir(D) _« — Int(D)_ is defined by
t(lilox) = [p@), il~.

Proof. We first observe that ¢ is well-defined, i.e., if [c,c’] ~ [d,d’] are equivalent intervals then for all i € §(c’,c), i’ €
8(d’,d) it holds i <> i’. This follows by noting that if [c,c'] < [d,d'], i € 8(c’,c) and i’ € §(d’,d) then i <> i’. In order to
prove the last assertion, observe that since i € ir(c’) we have i C ¢’ C d’, thus i € ir(d"). Moreover, i ¢ ir(d), otherwise, by
iCd iCc and c=dnc/, we would get i C ¢, contradicting the assumption that i € §(c/, ¢). Hence i € §(d’,d) and by
Lemma 4.8(3) we conclude.

Also the converse map ¢ is well-defined. This follows from the observation that for all irreducibles i,i" € ir(D) if i < i’
then [p(i), ], [p(V"),i'] < [p(i) up(@’),iui’] and thus [p(i), i] ~ [p(i’), i']. Let us prove, for instance, that

[p@),i] <[pG)up(),iuil.
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Since i <> i/, surely p(i) C p(i) up(i") and p(i) < i, hence by Lemma A.4, we deduce i C p(i) up(i’) or p(i) =in (p(i) up(@)).
The first possibility, i = p(i) u p(i’), by the fact that i is irreducible leads to i = p(i’) (since i C p(i) is clearly false). Thus
iup@)=p@) <i'Cp@)ui, that, by Lemma 3.9(3), contradicts i <> i’. Hence the second possibility must hold, i.e., p(i) =
in (p(i) up(i’)). Moreover, again by Lemma 3.9(3), we have i U (p(i) U p(i')) =iui’. Hence [p(i),i] < [p(i)) up@’),iui’] as
desired.

The two maps are inverse each other.

o If [d,d'] € Int(D) and i € §(d’,d) then [d,d'] ~ [p(i), i].
Observe that d ui=d by Lemma 4.8(1). Moreover, in order to show that d mi = p(i), note that, since i € §(d’,d) and,
by Lemma 4.8(2), the set §(d’, d) is flat, we have that p(i) C d. Moreover p(i) < i, therefore by Lemma A.4, p(i) =d ni,
as desired.

o If i €ir(D) and i’ € [p(i), i] then i <> i’.
Just observe that i € [p(i), i] and then use Lemma 4.8(3). O

References

[1] M. Nielsen, G. Plotkin, G. Winskel, Petri nets, event structures and domains, Part 1, Theor. Comput. Sci. 13 (1981) 85-108.
[2] P. Baldan, A. Corradini, H. Ehrig, M. Lowe, U. Montanari, F. Rossi, Concurrent semantics of algebraic graph transformation systems, in: G. Rozenberg
(Ed.), Handbook of Graph Grammars and Computing by Graph Transformation, vol. Ill: Concurrency, World Scientific, 1999, pp. 107-187.
[3] P. Baldan, Modelling concurrent computations: from contextual Petri nets to graph grammars, Ph.D. thesis, University of Pisa, 2000.
[4] G. Schied, On relating rewriting systems and graph grammars to event structures, in: H.-J. Schneider, H. Ehrig (Eds.), Dagstuhl Seminar 9301 on Graph
Transformations in Computer Science, in: LNCS, vol. 776, Springer, 1994, pp. 326-340.
[5] G. Winskel, Event structure semantics for CCS and related languages, Tech. Rep. DAIMI PB-159, University of Aarhus, 1983.
[6] D. Varacca, N. Yoshida, Typed event structures and the linear -calculus, Theor. Comput. Sci. 411 (19) (2010) 1949-1973.
[7] R. Bruni, H.C. Melgratti, U. Montanari, Event structure semantics for nominal calculi, in: C. Baier, H. Hermanns (Eds.), CONCUR 2006, in: LNCS, vol. 4137,
Springer, 2006, pp. 295-309.
[8] G. Winskel, Events, causality and symmetry, Comput. J. 54 (1) (2011) 42-57.
[9] J. Pichon-Pharabod, P. Sewell, A concurrency semantics for relaxed atomics that permits optimisation and avoids thin-air executions, in: R. Bodik, R.
Majumdar (Eds.), POPL 2016, ACM, 2016, pp. 622-633.
[10] A. Jeffrey, ]. Riely, On thin air reads: towards an event structures model of relaxed memory, in: M. Grohe, E. Koskinen, N. Shankar (Eds.), LICS 2016,
ACM, 2016, pp. 759-767.
[11] S. Chakraborty, V. Vafeiadis, Grounding thin-air reads with event structures, in: POPL 2019, in: PACMPL, vol. 3, ACM, 2019, pp. 70:1-70:28.
[12] M. Dumas, L. Garcia-Bafiuelos, Process mining reloaded: event structures as a unified representation of process models and event logs, in: R.R. Devillers,
A. Valmari (Eds.), Petri Nets 2015, in: LNCS, vol. 9115, Springer, 2015, pp. 33-48.
[13] J. Meseguer, Conditional rewriting logic as a unified model of concurrency, Theor. Comput. Sci. 96 (1) (1992) 73-155.
[14] A. Corradini, U. Montanari, F. Rossi, H. Ehrig, R. Heckel, M. Léwe, Algebraic approaches to graph transformation I: basic concepts and double pushout
approach, in: G. Rozenberg (Ed.), Handbook of Graph Grammars and Computing by Graph Transformation, vol. 1: Foundations, World Scientific, 1997,
pp. 163-246.
[15] J. Lévy, Optimal reductions in the lambda-calculus, in: J. Seldin, ]. Hindley (Eds.), To H.B. Curry, Essays on Combinatory Logic, Lambda Calculus and
Formalism, Academic Press, 1980, pp. 159-191.
[16] G. Winskel, Event structures, in: W. Brauer, W. Reisig, G. Rozenberg (Eds.), Petri Nets: Applications and Relationships to Other Models of Concurrency,
in: LNCS, vol. 255, Springer, 1987, pp. 325-392.
[17] S. Crafa, D. Varacca, N. Yoshida, Event structure semantics of parallel extrusion in the m-calculus, in: L. Birkedal (Ed.), FoSSaCS 2012, in: LNCS, vol. 7213,
Springer, 2012, pp. 225-239.
[18] F. Gadducci, Graph rewriting for the 7 -calculus, Math. Struct. Comput. Sci. 17 (3) (2007) 1-31.
[19] L Phillips, I. Ulidowski, S. Yuen, Modelling of bonding with processes and events, in: G.W. Dueck, D.M. Miller (Eds.), RC 2013, in: LNCS, vol. 7948,
Springer, 2013, pp. 141-154.
[20] H. Ehrig, Tutorial introduction to the algebraic approach of graph-grammars, in: H. Ehrig, M. Nagl, G. Rozenberg, A. Rosenfeld (Eds.), TAGT 1986, in:
LNCS, vol. 291, Springer, 1987, pp. 3-14.
[21] G. Winskel, Events in computation, Ph.D. thesis, University of Edinburgh, 1980.
[22] M. Droste, Event structures and domains, Theor. Comput. Sci. 68 (1) (1989) 37-47.
[23] M. de Visme, G. Winskel, Strategies with parallel causes, in: V. Goranko, M. Dam (Eds.), CSL 2017, in: LIPIcs, vol. 82, Schloss Dagstuhl - Leibniz-Zentrum
fir Informatik, 2017, pp. 41:1-41:21.
[24] M. de Visme, G. Winskel, Causal unfoldings, in: M. Roggenbach, A. Sokolova (Eds.), CALCO 2019, in: LIPIcs, vol. 139, Schloss Dagstuhl - Leibniz-Zentrum
fir Informatik, 2019, pp. 9:1-9:18.
[25] M. Droste, Concurrent automata and domains, Found. Comput. Sci. 3 (4) (1992) 398-418.
[26] G. Winskel, M. Nielsen, Models for concurrency, in: S. Abramsky, D. Gabbay, T.S.E. Maibaum (Eds.), Handbook of Logic in Computer Science, vol. 4:
Semantic Modelling, Oxford University Press, 1995, pp. 1-148.
[27] V. Sassone, M. Nielsen, G. Winskel, Models for concurrency: towards a classification, Theor. Comput. Sci. 170 (1-2) (1996) 297-348.
[28] I Phillips, I. Ulidowski, Reversibility and models for concurrency, in: R. van Glabbeek, M. Hennessy (Eds.), SOS 2007, in: ENTCS, vol. 192(1), Elsevier,
2007, pp. 93-108.
[29] P-A. Mellies, Une étude micrologique de la négation, habilitation & Diriger des Recherches, 2018.
[30] G. Gierz, K.H. Hofmann, K. Keimel, J.D. Lawson, M.W. Mislove, D.S. Scott, Continuous Lattices and Domains, Cambridge University Press, 2003.
[31] S. Abramsky, A. Jung, Domain theory, in: S. Abramsky, D. Gabbay, T.S.E. Maibaum (Eds.), Handbook of Logic in Computer Science, Oxford University
Press, 1994, pp. 1-168.
[32] P. Baldan, A. Corradini, F. Gadducci, Domains and event structures for fusions, CoRR, arXiv:1701.02394 [abs], 2017.
[33] M. Droste, D. Kuske, Automata with concurrency relations - a survey, in: J.M. Abe, J.I. da Silva Filho (Eds.), LAPTEC 2002, in: FAIA, vol. 85, 10S Press,
2002, pp. 152-172.
[34] G. Kahn, G. Plotkin, Concrete domains, Theor. Comput. Sci. 121 (1) (1993) 187-277.
[35] P. Baldan, A. Corradini, F. Gadducci, Domains and event structures for fusions, in: LICS 2017, IEEE Computer Society, 2017, pp. 1-12.
[36] R. van Glabbeek, G. Plotkin, Configuration structures, event structures and Petri nets, Theor. Comput. Sci. 410 (41) (2009) 4111-4159.

32


http://refhub.elsevier.com/S0890-5401(21)00085-7/bib711B702B2D37C36C7AFC1824BA7E7CCBs1
http://refhub.elsevier.com/S0890-5401(21)00085-7/bibDFF9299D93106BDCF6190006046A6DDDs1
http://refhub.elsevier.com/S0890-5401(21)00085-7/bibDFF9299D93106BDCF6190006046A6DDDs1
http://refhub.elsevier.com/S0890-5401(21)00085-7/bibDE804DEEDEA4EC0F7301D7D655689984s1
http://refhub.elsevier.com/S0890-5401(21)00085-7/bib35B5708A877B2CCC81D1A9AD0E184F2Fs1
http://refhub.elsevier.com/S0890-5401(21)00085-7/bib35B5708A877B2CCC81D1A9AD0E184F2Fs1
http://refhub.elsevier.com/S0890-5401(21)00085-7/bibBD65483BCBB7DB5179318308237816B9s1
http://refhub.elsevier.com/S0890-5401(21)00085-7/bib9D90F0E69FA6E32F2E12C52178A5D340s1
http://refhub.elsevier.com/S0890-5401(21)00085-7/bibAB7C95DDEB33767FE73747E316F8BA27s1
http://refhub.elsevier.com/S0890-5401(21)00085-7/bibAB7C95DDEB33767FE73747E316F8BA27s1
http://refhub.elsevier.com/S0890-5401(21)00085-7/bib58A74011024103A143CD3A3584825E97s1
http://refhub.elsevier.com/S0890-5401(21)00085-7/bib4A6C64AE624A7973C3E27D7108445793s1
http://refhub.elsevier.com/S0890-5401(21)00085-7/bib4A6C64AE624A7973C3E27D7108445793s1
http://refhub.elsevier.com/S0890-5401(21)00085-7/bibCB5E84FE20F69EBE0C2822791470FA32s1
http://refhub.elsevier.com/S0890-5401(21)00085-7/bibCB5E84FE20F69EBE0C2822791470FA32s1
http://refhub.elsevier.com/S0890-5401(21)00085-7/bib6D49A2A13C79D3CA6DA11695193F6246s1
http://refhub.elsevier.com/S0890-5401(21)00085-7/bibEFBFBB27C39D88B803F2C37C96B50FEFs1
http://refhub.elsevier.com/S0890-5401(21)00085-7/bibEFBFBB27C39D88B803F2C37C96B50FEFs1
http://refhub.elsevier.com/S0890-5401(21)00085-7/bib956E7A4F9AC259882024DE28168F89DCs1
http://refhub.elsevier.com/S0890-5401(21)00085-7/bib2C397A36E9B00AE9D8CFD69EB8628BB5s1
http://refhub.elsevier.com/S0890-5401(21)00085-7/bib2C397A36E9B00AE9D8CFD69EB8628BB5s1
http://refhub.elsevier.com/S0890-5401(21)00085-7/bib2C397A36E9B00AE9D8CFD69EB8628BB5s1
http://refhub.elsevier.com/S0890-5401(21)00085-7/bib8F5354F4C827451A0BE349A547BD1808s1
http://refhub.elsevier.com/S0890-5401(21)00085-7/bib8F5354F4C827451A0BE349A547BD1808s1
http://refhub.elsevier.com/S0890-5401(21)00085-7/bibA0B2D4343C76F15E4D65297C09F1B7D8s1
http://refhub.elsevier.com/S0890-5401(21)00085-7/bibA0B2D4343C76F15E4D65297C09F1B7D8s1
http://refhub.elsevier.com/S0890-5401(21)00085-7/bibEFE0FBE4FA92D25DAF0E4BCBC713217Es1
http://refhub.elsevier.com/S0890-5401(21)00085-7/bibEFE0FBE4FA92D25DAF0E4BCBC713217Es1
http://refhub.elsevier.com/S0890-5401(21)00085-7/bib4525332690CCEA19A2059B62CE8BD239s1
http://refhub.elsevier.com/S0890-5401(21)00085-7/bib08B98F2B59D0E5CBA46266FC759C04A4s1
http://refhub.elsevier.com/S0890-5401(21)00085-7/bib08B98F2B59D0E5CBA46266FC759C04A4s1
http://refhub.elsevier.com/S0890-5401(21)00085-7/bib1741B088B978E4184EC1AFCD6B18D2A5s1
http://refhub.elsevier.com/S0890-5401(21)00085-7/bib1741B088B978E4184EC1AFCD6B18D2A5s1
http://refhub.elsevier.com/S0890-5401(21)00085-7/bib75D5C32BD5E30BDCB17DE75CDC29A859s1
http://refhub.elsevier.com/S0890-5401(21)00085-7/bibFC2424C967E4F65C669239F34B1CD4B6s1
http://refhub.elsevier.com/S0890-5401(21)00085-7/bib69E9643463B11F30DD5AEEFBB1803601s1
http://refhub.elsevier.com/S0890-5401(21)00085-7/bib69E9643463B11F30DD5AEEFBB1803601s1
http://refhub.elsevier.com/S0890-5401(21)00085-7/bibC02928907428ADF218638FC6D0443777s1
http://refhub.elsevier.com/S0890-5401(21)00085-7/bibC02928907428ADF218638FC6D0443777s1
http://refhub.elsevier.com/S0890-5401(21)00085-7/bib5220F524FEEADADE1F5D826D34CCDE7As1
http://refhub.elsevier.com/S0890-5401(21)00085-7/bib13D123EFF281AF489779887966D61DB5s1
http://refhub.elsevier.com/S0890-5401(21)00085-7/bib13D123EFF281AF489779887966D61DB5s1
http://refhub.elsevier.com/S0890-5401(21)00085-7/bib6B0CF006E49E9B462CD591D3D1058D30s1
http://refhub.elsevier.com/S0890-5401(21)00085-7/bibCE52A913F6916AA392E7BCBF02F04060s1
http://refhub.elsevier.com/S0890-5401(21)00085-7/bibCE52A913F6916AA392E7BCBF02F04060s1
http://refhub.elsevier.com/S0890-5401(21)00085-7/bib9DC3E6D2C3B57CFC18523BE9C1D91C98s1
http://refhub.elsevier.com/S0890-5401(21)00085-7/bib26BB441322FB65768F60D275F1CE76E1s1
http://refhub.elsevier.com/S0890-5401(21)00085-7/bib0C63763953BB57EABC428AEE4B587115s1
http://refhub.elsevier.com/S0890-5401(21)00085-7/bib0C63763953BB57EABC428AEE4B587115s1
http://refhub.elsevier.com/S0890-5401(21)00085-7/bibDFC23D5FCB28AFABF0A589ABB619F115s1
http://refhub.elsevier.com/S0890-5401(21)00085-7/bibA40D1E488E975783283C0916C9400F0Fs1
http://refhub.elsevier.com/S0890-5401(21)00085-7/bibA40D1E488E975783283C0916C9400F0Fs1
http://refhub.elsevier.com/S0890-5401(21)00085-7/bibEC6FE414C3EF5B7EC28483393EDE49C4s1
http://refhub.elsevier.com/S0890-5401(21)00085-7/bib65B5CEF6EC8392C68E1BC4930BFBE4F3s1
http://refhub.elsevier.com/S0890-5401(21)00085-7/bib65F719CE7E1D9A582F71DEADA03CB1BCs1

	Concurrent semantics for fusions: Weak prime domains and connected event structures
	1 Introduction
	2 Background: domains and event structures
	2.1 Event structures
	2.2 Domains

	3 Weak prime algebraic domains
	4 Weak prime domains and connected event structures
	4.1 From event structures to weak prime domains
	4.2 From weak prime domains to connected event structures
	4.3 Relating categories of models

	5 Related characterisations
	5.1 Prime event structures with equivalence
	5.2 Relation with interval based characterisations
	5.3 Relation with asynchronous graphs

	6 Conclusions and related work
	Declaration of competing interest
	Acknowledgments
	Appendix A Proofs and technicalities
	A.1 Proofs for § 3. Weak prime algebraic domains
	A.2 Proofs for § 4.1. From event structures to weak prime domains
	A.3 Proofs for § 4.2. From weak prime domains to connected event structures
	A.4 Proofs for § 4.3. Relating categories of models
	A.5 Proofs for § 5.1. Prime event structures with equivalence
	A.6 Proofs for § 5.2. Relation with interval based characterisations

	References


