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Abstract. We propose a model of events with circular causality, in the form of a conservative exten-
sion of Winskel’s event structures. We study the relations between this new kind of event structures
and Propositional Contract Logic. Provable atoms in the logic correspond to reachable events in our
event structures. Furthermore, we show a correspondence between the configurations of this new
brand of event structures and the proofs in a fragment of Propositional Contract Logic.
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1. Introduction

Event structures (ES) are one of the classical model for concurrency, since [14} 21]. Notwithstanding
the variety of ingredients appeared in the literature, ES are at least equipped with a relation (written -
in [21]) modelling causality, and another one modeling non-determinism (usually rendered in terms of
conflicts or consistency). Extensions to ES often use other relations to model other kind of dependencies,
e.g. or-causality [3]. ES can provide a basic semantic model for concurrent systems, by interpreting the
enabling {a} - b as: “event b can be done after after a has been done”.

For instance, consider the following scenario. Alice has an apple, and Bob has a banana. The goal
of Alice and Bob is to trade their goods. Since Alice and Bob do not trust each other, before exchanging
their fruits they issue two contracts. The contract of Alice is formalised as an ES with enabling () F a,
meaning that Alice takes the first step in this trade, by giving the apple (modelled by event a) to Bob.
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Glue”, and by MIUR PRIN 2010-11 project “Security Horizons”.



Bob’s contract is an ES with enabling {a} I b, meaning that Bob will wait for the apple, before giving
Alice the banana (modelled by event b).
The composition of the above two contracts results in an ES £ with enablings:

&o: OFa {a}Fb

Intuitively, in the composed contract Alice and Bob have an agreement, because when both partici-
pants behave as prescribed by their contracts, a configuration is reached where they both have fulfilled
their objectives: Alice will receive a banana, and Bob will receive an apple. Technically, here the agree-
ment is represented by the ES &\ having the configuration {a, b}.

However, it seems interesting to study which guarantees are provided by the two contracts considered
in isolation; that is, we wonder what happens if a participant advertises her contract in an environment
where (possibly malicious) participants can play arbitrary contracts. Intuitively, Bob is protected by his
contract, because whatever opponent he interacts with, Bob will receive an apple before giving away his
banana. Instead, Alice is not protected by her contract: indeed, the enabling () - a forces Alice to give
her apple away even when nothing is expected in exchange.

Consider now a variant of the above scenario, where Alice changes her contract into {b}  a. Now,
the composition of Alice’s and Bob’s contracts is:

&1 {b} Fa {a} Db

Both participants are now protected, but an agreement is no longer possible: indeed, none of the
events a or b will ever be enabled, because of the circularity between the requirements in the contracts.
Technically, the only configuration of the ES &; is the empty one.

A main result in [S] is that, in a model of contracts based on ES, agreement and protection are
mutually exclusive: that is, whenever an agreement exists, some of the participants are not protected.
Roughly, the problem is that, when the offers of the participants mutually depend on their requests, the
participant which risks in doing the first step is not protected.

The solution proposed in [S] to reconcile agreements with protection is an extension of Winskel’s ES,
called ES with circular causality (in short, CES) with a new enabling relation, denoted by IF-. Intuitively,
a circular enabling {b} IF a models that “event a can be done in exchange of the promise that b will
eventually be done”.

In our trading scenario, Alice can now revise her contract as {b} |- a, which together with Bob’s
contract gives the CES:

&g {b} IFa {a} F b

Like in the scenario modelled by &¢, Alice must take the first step. An agreement exists, because after
Alice’s first step, Bob is obliged to give her the banana (technically, {a, b} will be a configuration of €2).
However, differently from €, Alice is now protected: when composed with a contract which does not
promise b, Alices’ contract {b} |- a will prescribe her no obligations.

Contribution. In this paper we study event structures with circular causality from a foundational point
of view. The structure of the paper follows.

Section [2]introduces CES, together with some illustrative examples.



In Section[3|we state some of their basic properties, and we relate them to Winskel’s ES. In particular,
we show that the configurations of CES still enjoy the coherence and finiteness properties of Winskel’s
ES, though they are not coincidence-free, which is correct from our point of view because of the presence
of circular dependencies. For instance, the configurations of the CES &, are the empty one and {a, b};
coincidence-freeness would have required an “intermediate” configuration which only contains one of
the two events. The circular dependency between a and b requires that in a configuration where one of
the two events happens, also the other one happens.

The behaviour of a CES € is characterised as a set of sets of events (denoted by F¢), which satisfies
coherence and finiteness. Any set of sets enjoying such properties is called quasi-family of configura-
tions. We show that for all quasi-families of configurations F', a CES é(F) without --enablings exists

the configurations of which are exactly those in F, thatis F' = F; (P This strengthens a result in [21]],

where an ES é(F) is constructed from a family of configurations F' (i.e. a quasi-family also satisfying
coincidence-freeness) such that 7 = F; (F)"

Section [ studies reachable events, i.e. those events which belong to some configuration. In the case
of conflict-free CES, we show an inductive characterisation of the reachable events, which coincides with
the extensional one. We then present a polynomial-time algorithm for constructing the set of reachable
events of finite, conflict-free CES.

Section [5] discusses operational semantics for CES. We first present an LTS where labels are events,
and states are pairs (C, X') where C'is the set of events fired so far, while X is the (least) set of events
taken “on credit”. For instance, in the CES €5 we can fire one of the two events ¢ or b even in the
absence of a causal justification, by recording it in the credits. This LTS allows for firing each event not
in conflict with those already performed. Thus, we can obtain traces where the credits are not eventually
honoured. For instance, in €5 the trace ab honours the credits, while ba does not. Intuitively, in the last
trace b is not justified in the initial state, so we must take it on credit; the only way to remove it from
the credits would be through a circular enabling of the form X I b, which is not present in 5. We then
present a less liberal LTS as a refinement of the previous one where all and only those events which lead
to honoured traces can be fired. The refined LTS preserves the reachable events.

In Section [6] we study some relations between CES and the Propositional Contract Logic (PCL)
introduced in [7]]. In particular, we present two encodings from CES to PCL. The first encoding [-]%
maps conflict-free CES into Horn PCL theories. We show that an event is reachable in a CES € if and
only if it is provable in PCL under the theory [€]x. Together with the results from Section this relation
provides us with an polymonial-time algorithm for provability in Horn PCL theories (whereas provability
in the general case is PSPACE-hard). The second encoding [-]5, which also deals with conflicts, reduces
the problem of deciding if a set of events is a configuration to provability in PCL, i.e. C' € F¢ if and only
if C' is provable in PCL under the theory [€, C]g, and [E, C]5 is consistent.

Finally, in Section [/|we conclude and discuss some related work.

Although our main motivation for introducing CES is to provide a semantical model of contracts, the
present paper does not feature a theory of contracts. For instance, we do not formalise here the notion of
contract composition, and those of agreement and protection intuitively presented above. Rather, in this
paper we focus on CES as a concurrency model by itself, in the same spirit of other extensions of event
structures, e.g. [8, 13]]. The foundational results provided by this paper are exploited in [5} 9] to develop a
theory of contracts based on CES, and in particular to formalise the notions of agreement and protection.

All the proofs of our statements are contained either in the main body of the paper, or in Appendixes.



2. Event structures with circular causality

Definition 2.1. An event structure with circular causality (CES) is a quadruple & = (E, #, -, IF) where:

F' is a set of events,

e # C FE x Eis an irreflexive and symmetric relation, called conflict relation. We say that a set
X C Eis conflict-free (CF(X) in symbols) whenever Ve, e’ € X.—(e#e’). We denote with
Con theset {X Cg, F| CF(X)},

e - C Con x E is the enabling relation,

e |F C Con x Eis the circular enabling relation,

The relations - and It~ are saturated, i.e. for all X, Y € Con and for o € {+,IF}:
Xoe N XCY = Yoe

We say that € is finite when E is finite; we say that € is conflict-free when the conflict relation is empty.

Notation 2.2. For a sequence o = (ege; .. .) (possibly infinite), we write & for the set of events in o.
We write o; for the subsequence (eg ...e;—1). If 0 = (eg .. .e,) is finite, we write o e for the sequence
(eg .. .ene). The empty sequence is denoted by e.

Notation 2.3. We adopt the following conventions: + e stands for () - e; we write a F b for {a} F b.
For a finite, conflict-free set X, we write X F Y for Ve € Y. X F e. For an infinite, conflict-free X, we
write X =Y as a shorthand for 93Xy Cg, X. Xo - Y. All the abbreviations above also apply to I--.

A configuration C is a “snapshot” of the behaviour of the system. In [22]], a set of events C' is a
configuration if and only if for each event e € C' it is possible to find a trace for e in C, i.e. a finite
sequence of events containing e, which is closed under the enabling relation:

Vee C.do=(ey...en).e € CC A Vi<n.{ey...,ei1}F e

We refine the notion in [[22] to deal with circular causality. Intuitively, for all events e; in the sequence
(€0 ...en), €; can either be F-enabled by its predecessors, or I--enabled by the whole sequence, i.e.:

Vee C.do=(ey...en).e € CC A Vi<n. ({60,...,6i_1}|—6i V EH—ei)

Clearly, the configurations of a CES without IF-enablings are also configurations in the sense of [22],
hence CES are a conservative extension of Winskel’s general ES. Differently from ES, if C' is a finite
configuration of a CES, and oe is a trace for all the events in C, not necessarily o is a trace for C'\ {e}
(see e.g., €2 in Fig.[I).

To allow for reasoning about sets of events which are not configurations, we introduce the auxiliary
notion of X -configuration in Def. 2.4)below. In an X -configuration C, the set C' can contain an event e
even in the absence of a justification through a standard/circular enabling — provided that e belongs to
the set X. This allows, given an X -configuration, to add/remove any event and obtain a Y -configuration,
possibly with Y # X. We shall say that the events in X have been taken “on credit”, to remark the
fact that they may have been performed in the absence of a causal justification. Configurations (i.e.
()-configurations) represent sets of events where all the credits have been “honoured”.
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Figure 1. Five CES. We adopt the following graphical notation for depicting CES: they are denoted as directed
hypergraphs, where nodes stand for events. An hyperedge from a set of nodes X to node e denotes an enabling
X o e, where o = |- if the edge has a single arrow, and o = I if the edge has a double arrow. A conflict a#bD is
represented by a waved line between a and b.

Definition 2.4. (Traces and configurations)
Let &€ = (F,#,F,IF) be a CES, and let X C E. A conflict-free sequence o = (eg ... e,) € E* without
repetitions is an X -trace of & iff:

Vi<n.(e, € X V g, Fe V Tlke) (D

For all C, X C E we say that C' is an X -configuration of & iff CF(C') and:
Ve e C. do X-trace. e CC 2)

The set of all X-traces of & is denoted by T¢(X), abbreviated as T¢ when X = (). The set of all
X -configurations of € is denoted by F¢ (X)), or just Fe when X = ().

Example 2.5. Consider the five CES in Fig.
(1) &1 has enablings - a, b I b, and conflict a#b. By Def.2.4] 0, {a}, {b} € Fe,, but {a, b} & F¢,.

(2) €2 has enablings a - b and b I+ a. Here 0, {a,b} € F¢,, while neither {a} nor {b} belong to F,.
Also, Fe, ({6}) = {@7 {b},{a,b}}, and ?82({a}) = {@7 {a}, {a,b}}.

(3) &3 has enablings {a, b} F ¢, ¢l a, and ¢ I b. The only non-empty configuration of €3 is {a, b, c}.

(4) &4 has enablings {a,b} IF ¢, {a,b} IF d, ¢ F a, and d I b. We have that {a,b,c,d} € F¢,. Note
that, were one (or both) of the | turned into a I, then the only configuration would have been ).

(5) €5 has enablings a b, a F ¢, b |- a, and conflict b#c. We have that {a,b} € F¢, while {a, c} is
not a configuration, but it is an {a }-configuration.

Example 2.6. (Dining retailers [7])
Around a round table, n cutlery retailers are about to have dinner. At the center of the table, there is a
large dish of food. Despite the food being delicious, the retailers cannot start eating right now. To do
that, and follow the proper etiquette, each retailer needs a complete cutlery set, consisting of n pieces of
different kinds. Each of the n retailers owns a distinct set of n pieces of cutlery, all of the same kind.
The retailers start discussing about trading their cutlery, so that they can finally eat.

We formalise this scenario as follows. We name the retailers Ay, ..., A,. Each retailer A; initially
owns n pieces of kind ¢. For all j # i, the event e; ; models A; giving a piece of cutlery to retailer A;.



Retailer A; offers n — 1 pieces of his cutlery (of kind ¢) in exchange for n — 1 pieces of cutlery of the
other kinds. The behaviour of retailer A; is modelled by the following n — 1 enablings:

Ai : {ejyi ‘ j ;é Z} I+ €k for all k& 7é 1

In the CES containing the enablings of all retailers, the set of events £ = {e; ; | i,j € 1.nand i # j} is
a configuration, hence each retailer can eventually eat. Note, instead, that any strict subset of E (except
the empty one) is not a configuration. This models the fact that, once the retailers have started exchanging
their cutlery, they are committed to continue until everyone can eat.

Following [22], we assume the axiom of finite causes, that is, we always require an event to be
enabled by a finite chain of events. For instance, consider the event structure:

c€p —7 €3 —> €2 — €1 — €

For e to happen, an infinite number of events must have happened before it. As in [22], we do not
consider the set {e; | ¢ > 0} as a configuration, because a justification of ey would require an infinite
chain. Similarly, in the CES:

ap = A1 «— A2 «— QA3 -+ « Ap - --

where, for a to happen, an infinity of events must happen either before or after it, the set {a; | i > 0}
is not a configuration according to Def. [2.4] because a justification of a¢ would require an infinite chain.
This choice is motivated by the following (less abstract) example.

Example 2.7. (Money lender)

Suppose Bob has an old debt of €1 with Alice, but he has no money. Hence he asks Alice to lend him
€1 to honour his debt. Alice agrees, provided that for this €1, Bob will give her back €2. When Bob
receives the money, he honours his old debt, but now he owes Alice €2. Since he has no money, he asks
again Alice to lend him €2. Alice agrees, provided that Bob will give her back €3. Every time he asks
Alice to lend him €7, Alice requires him to give back €(i + 1). We can model this scenario as a CES
with events a; and b; (for ¢ > 1), where a; represents Alice lending ¢ euros to Bob, and b; represents Bob
giving ¢ euros to Alice. The enablings are b; 1 |- a; and a; - b;, for all ¢ > 1. Graphically:

b1<—a1«—b2%a2«—b3---

An infinite execution o> could have the form (a; by ag by ag b3 a4 by . ..). Note that in > each event
a; is IF-enabled by 0 = (a1 by ...a;b;a;11b;+1), but o is not a trace because a;1 is not justified.
Indeed, no finite subsequence ¢ of ¢ allows Bob to honour all the debts in o. In the same spirit of [22],
Def. 2.4 requires for each event in a configuration a finite justification, either in the past or in the future.
Accordingly, 0 is not a configuration.

3. Basic results on traces and configurations

In this section we study some basic properties of event structures with circular causality. Unless stated
otherwise, in all the statements below in this section we assume a CES €& = (E, #,F,IF). When clear
from the context, we will omit the index & from F¢(X) and T (X).



Definition 3.1. For all sequences o, let o] be the sequence obtained by eliminating from o all the
duplicate events, starting from the right. Formally, we define ¢ | inductively as follows:

el = ¢ (ca)l = ol ifa€a (ca)l = (cl)a ifadT

Every conflict-free sequence o | trivially belongs to T(7), which intuitively means that we can take
every event on credit without worrying about - and IF. The concatenation of two X-traces (modulo
eliminating duplicated events) is an X -trace.

Lemma 3.2. Forall X,Y C FE, and for all 0,0’ € E*,

(@) CF(c) = ol €T(0)

b) XCY — T(X)CT(Y)

© oceT(X) Ao eT(X) A CF(oo’) = (00')] € T(X)

Proof:
Direct consequence of equation (I)) in Def. [2.4] O

Since every event in a (possibly infinite) configuration is justified by a (finite) trace, for each finite
subset C of a configuration we can concatenate the traces of all the events in Cy, and still obtain a trace.

Lemma 3.3. ForallC, X C E:
CeF(X) < V0 Cfpn C.0€T(X).ChCaCC

Proof:

(=) Let C € F(X), and let Cy g C. By Def.2.4, CF(C) and Ve € Cy. 30° € T(X). e € 0° C C.
Since () is finite, we can concatenate all the (finite, conflict-free) sequences o¢ obtained above. Let o’
be the result of such operation, and let © = ¢’ . By iterating |Co| times, we obtain o € T(X).
Also, by construction we have that Cy C @ C C, from which the thesis follows.

(<) Assume that VCy Cg,, C. 0 € T(X). Cp € 7 C C, and let e € C. By the hypothesis,
since {e} Cgy, C, there exists 0¢ € T(X) such that e € 0¢ C C. It remains to prove that CF(C). By
contradiction, assume that ~CF(C). Then, there would exist Cy Cg, C such that ~CF(Cp), and so
by hypothesis there would also exist some o € T(X) with Cy C 7. By (), it must be CF (), which
contradicts = CF(Cy). 0

From Lemma [3.3] we have that when an X -configuration C is finite, there exists an X -trace which
covers all the events of C.

Corollary 3.4. For C a finite set of events, C' € F(X) iff there exists o € T(X) such that = C.

If we interpret T as a function from sets of events to sets of traces, we observe that J is monotonic,
i.e. foreach X C Y we have T(X) C T(Y). Informally, this means that we can arbitrarily enlarge the
credit set of a trace. On the contrary, we cannot reduce the credit set while preserving the traces; for
instance in the CES F a, a b b, we have that (ba) is a {b}- trace but not a ()-trace. For each trace o there
exists a least set X such that o € T(X). This set is constructed as shown below.



Lemma 3.5. Let 0 = (epe; ... e,) € E* be a conflict-free sequence without repetitions, and let
X ={ei€a|ait/e; N TIfe}. Then X is the least credit for o, i.e. o € T(X) and for all Y such
thato € T(Y'), we have X C Y.

Proof:

Leto = (eg...en), and let X = {e; €7 | 7;/e; A T Iff e;}. By Def. it is easy to check that
o € T(X). We will prove that X C X’ whenever o € T(X'). Assume by contradiction that there exists
e € X such that e € X'. By construction we have that X C &, thus there exists 7 such that ¢; = e. Since
o € T(X'), by Def.[2.4]it follows that 7; |- e; or & I e;, which contradicts the hypothesis. O

The following lemma establishes a sufficient condition for preserving the credit set, when appending
a trace to another.

Lemma 3.6. Let 0 € TJ(X) andn € T(X UY) be such that and CF (7). IfY C 7,0r7 - Y, or
glFY,then (o)) € T(X).

Proof:

Leto = (eg...ey),andlet x = (o)) =0 (eny1...€m) , where {en11,...,en} =7\ 0. By Def.2.4]
we have to prove that, forallt < m,e; € X V X; Fe; V X IF e;. We have the following two cases:

e 0 < i < n. Here we can justify e; in x as it has been justified in o.

e n < i < m. Here the only relevant case is when e; has been justified by ¢; € Y\ X. Indeed, in all
the other cases we can justify e; in x as it has been justified in 7, by noting that X;; 2 7;,—,, and that
the operator | preserves the order of events. By hypothesis we have Y CGorg Y ora I Y.
In the first case, by definition of | it cannot be the case that e; € Y, for any ¢ > n. In the second
case, e; can be justified by o - Y. In the third case, e; can be justified by 7 IF Y.

O

We now study properties of configurations. Some of them derive immediately from analogous prop-
erties of traces. Every set of conflict-free events X is an X -configuration; if & is interpreted as a function
from sets of events to sets of sets of events, then F is monotonic, i.e. F(X) C F(Y') whenever X C Y.

Lemma 3.7. Forall X, Y C F:
(a) CF(X) = X € F(X),
() XCY = F(X)CFY)

Proof:

For (3.7), for all e in X, let 0¢ = (e). It is immediate to check that o€ € T(X) and e € 0¢ C X, and so
X € F(X). For (3.7), since X C Y, then each event e justified with e € X in equation (I]) can also be
justified with e € Y, hence the thesis. O

Differently from what happens in traces, in general for configurations there exists no least set X such
that C' € Fe(X), as a single configuration may have many different minimal credit sets. For instance,
in a CES €& with enablings a - b, b F a, we have that {a,b} € Fe¢({a}) and {a,b} € Fe({b}), but
{a,b} & Fe(0). The sets {a} and {b} are minimal credits for {a, b}, but there exists no least credit.



Lemma3.8. If C € F(XUY)and C IFY,then C € F(X).

Proof:

Lete € C. Since C' € F(X UY), there exists n € T(X UY') such thate € 77 C C. Since C IF Y,
by Notation there exists a finite subset Z of C' such that Z I Y. Since Z Cg,, C € F(XUY),
by Lemma [3.3[ there exists 0 € T(X UY') such that Z C & C C. Let x = (o n)]. By Lemma [3.2]{c),
X € T(X UY). By saturation, since Z |- Y and Z C \ we also have that ¥ IF Y. By Lemma it
follows that y € T(X). Since e € ¥ C C, we have the thesis. 0

The following lemma allows for simplifying the credit set when joining two configurations. In
item (a)), we have an X -configuration C' and an X U C-configuration C’. We can then prove that C'U C’
is an X -configuration: intuitively, the events in C’ that were taken on credit from C can be justified with
the credit set X alone, since C' € F(X). In item (b)), we have an X -configuration C' and an X U Y-
configuration C’" where C' - Y. We can then prove that C' U C” is an X -configuration: in a trace, to
justify an event e taken on credit from Y, we can posticipate e after the finite subset of C' which entails
it. Since C' € F(X), this only requires to take on credit the set X . Item () is similar to the previous one,
except that now we deal with a circular enabling. We have an X U C’-configuration C' and an X U Y-
configuration C’ where C' I Y. We can then prove that C'U C’ is an X -configuration: all the events in
Y will be justified by C, and since C is justified by C’, C'U C”’ only requires to take on credit the set X .

Lemma 3.9. Forall C,C’", X, Y C E such that CF(C UC"):

@ CeF(X)NCeFXUC) = CUC eF(X)

b)) CeF(X)NC"eF(XUY)ANCFHY = CUC € F(X)

) CeFXUC)NCeFXUY)ANCIHFY = CUC' € F(X)

Proof:
For item (@), let e € C’. Since C’ € F(X U C), Def. [2.4] prescribes that there exists 0¢ = (eq . ..e,) €
T(X UC)suchthate € 0¢ C (', i.e.

CF(c®) A Vi<n. (e, e XUC V ofte V o°l-e)
Let Z, be the set of e; in o for which the hypothesis e; € C'\ X has been used, i.e.:
Ze:{eieﬁleiEC\XA?fVeiAFIVei}

Observe that ¢ € T(X U Z,). Since Z. Cpn C € F(X), by Lemma [3.3there exists 7 € T(X) such
that Z, C 7 C C. Let x = (no®)J. Since Yy C C U’ and CF(C U C") by hypothesis, then CF(Y).
Since Z, C 7, Lemma gives x € T(X). Since e € Y C CUC’, we have then proved (2)), from which
we conclude that C U C" € F(X).

For item (b)), let e € C' U C’. We have two cases. If e € C, then the hypothesis C' € F(X) directly
gives a trace which satisfies equation (I)). So, lete € C”. Since C' € F(X UY'), Def. prescribes that
there exists 0¢ € T(X UY) such that e € 0¢ C C’. Notice that 0¢ € T(X U (Y No¢)). Since C +Y,
then C' Y N o°. Then, by Notation [2.3|there exists a finite subset Z of C such that Z - Y N o®. Since



Z Cpn C € F(X), by Lemma [3.3| there exists 7 € T(X) such that Z C 77 C C. By saturation, since
Z Y No®and Z C 7 we also have that 7 - Y N o®. Therefore, Lemma 3.6 gives that (n0¢) | € T(X).
Since e € (no€)] C CUC’, we conclude that C U C’" € F(X).

For item (c)), Lemma(3.7|[3.7) yields C' € F(X UY U (). Since CF(C U C"), by item (a) it follows
that C UC’ € F(X UY). Since C U C’ I Y, by Lemma 3.8 we conclude that C U C” € F(X). 0

We relate Winskel’s ES with CES in Th. [3.14] below. First, we introduce the needed definitions.

Definition 3.10. (Pairwise compatibility)
Let F be a family of sets. We say a subset A of T is pairwise compatible|'|if and only if

Ve,el e JA. 3IC € F. e, € C

Definition 3.11. (Families and quasi-families of configurations)
For a set of sets I we define the following three properties:

Coherence If A is a pairwise compatible subset of &, then [ JA € F.
Finiteness VC' € . Ve € C. 3Cy € F. e € Cy Cg,, C
Coincidence-freeness

VCeF.VedeC (ete = (3C"€F.C'CC A (ecC = € ¢C")

We say that & is a quasi-family of configurations iff it satisfies coherence and finiteness; if F also satisfies
coincidence-freeness, then we call F a family of configurations. In that case, we say that F is a family of
configurations of £ when | JF = E.

A basic result of [22] is that the set of configurations of an ES forms a family of configurations. On
the contrary, the set of configurations of a CES does not satisfy coincidence-freeness. A counterexample
is the CES &, in Ex. , where {a,b} € F, but there exists no configuration including only a or b.
Indeed, the absence of coincidence-freeness is a peculiar aspect of circularity: if two events are circularly
dependent, each configuration that contains one of them must contain them both.

Theorem 3.12. For all CES €, and for all X C FE, the set F¢ (X)) is a quasi-family of configurations.

Proof:
For coherence, let A C F(X) be pairwise compatible in F(X). By Def.

Ve,e' € UA. AC € F(X).e, e € C

! Note that our definition differs from Winskel’s (Def. 3.4 in [22]]). There, a set A C F is pairwise compatible iff for all
C,C" € A, there exists D € F such that C U C’ C D. Clearly, Winskel’s pairwise compatibility implies ours, while the
converse is not true. For instance, consider the family of sets A = {0, {eo}, {e1},{eo,e1}, {eo,e2},{e1,e2}}. Then, A is
pairwise compatible according to Def. while it is not according to Winskel’s, because there exists no D € JF such that
{e0o} € D and {e1,e2} € D. Clearly, both definitions imply that if A is pairwise compatible, then | J A is conflict-free.



Since C' € F(X) implies CF(C), it follows that —(e#te’) for all e,e’ € |JA, and so CF(|JA). Let
e € |JA. Then, there exists C € A such that e € C. Since C' € F(X), by Def. there exists
o € T(X)such thate € T Cp,, C. Since C' C |JA, by Def. 2.4) we can conclude that [ J A € F(X).

Finiteness is straightforward by Def. since for all e € C' € F(X), the set of elements of the
(finite) sequence o € T(X) such that e € @ Cg,, C is a configuration in F(X). 0

Despite faithfully representing the legitimate states of a system where all the credits are honoured,
sets of configurations are not a precise semantic model for CES. Indeed, they are not able to discriminate
among substantially different CES, e.g. like the following:

€: alFb, blFa & akb, blFa e alFb, blra

It is easy to check that the sets of X -configurations of &, &', " coincide, for all X. This contrasts with
the different intuitive meaning of - and I, which is revealed instead by observing the traces:

Te = {{ab), (ba)} Ter = {{ab)} Ter = {(ba)}

To substantiate our feeling that configurations alone are not sufficiently discriminating for CES, in The-
orem [3.14 we show that for all CES € there exists a CES &’ without \--enablings which has exactly the
same configurations of €. Therefore, the meaning of I-, that is the partial ordering of events, is completely
lost by just observing configurations.

Definition 3.13. Let J be a quasi-family of configurations of a set £. We define the CES é(&" ) =
(E,#,0,I) as follows:

(@) effe! <= VC e€F.e¢gC Vgl
(b) XlFe < CF(X) A Xisfinite N 3IC € F.ec C C X U{e}
Theorem 3.14. For all quasi-families of configurations &, we have &) = J.

Proof:
Let F be a quasi-family of configurations.

For (C), let C € 3‘"3(5). By Def. we have CF(C), and for all e € C there exists C, such that

e € Co Cpp C, and the elements of C, can be ordered as a trace in Ta(g) Since é(EF) has circular
enablings only, it must be Va € C.. Ce I a. Hence, by Def. [3.13|[b)),

Vae€C.. 3D, €F. a€ D, CC.U{a}=C,

Since | J{D, | a € C.} = Cq, theset {D, | a € C.} is pairwise compatible in F, hence by Theorem|3.12]
(coherence) we have that C. = |J{D, | a € Cc} € F. Again, the set {C. | e € C} is pairwise
compatible in F, therefore by coherence C' = | J{C. | e € C} € F.

For (2),let C € F. By the definition of conflict in Def. [3.13|fa), it must be CF(C'). By Theorem|3.12]
(finiteness) for all e € C there exists C. € J such thate € C, Cg, C. Forall a € C,, we have that
a € Ce C CeU{a} = C,. Thus, by Def. it follows that C, I a. Since this holds for all a € C.,
by Def. any ordering o of the elements of Ck is a trace in Tj &) Therefore, for all e € C' we have
found a trace o, € ‘J’g(?) such that e € 5, = C, C C. By Def. we conclude that C' € ?é(g-). O

Corollary 3.15. For all ES &, there exists a CES &’ without --enablings such that F¢ = Fer.



4. Reachable events

Reachable events are those which belong to a configuration. More precisely, an event is X -reachable
when some X -configuration contains it.

Definition 4.1. (Reachable events)
For all CES €, we define the function R¢ : p(E) — p(FE) as:

Re(X) = | Fe(X)

We say an event e X -reachable whenever e € Re(X); we say e reachable when e € Re (). When clear
from the context, we will omit the index € from R¢ (X)), and just write R for R(().

Example 4.2. Consider the CES & in Fig. |1} with enablings « F b and b IF a. Since {a,b} is a
configuration, then R(() = {a, b}. Consequently, both a and b are X -reachable for all X.

Notice that there may not exist a least X such that e € R(X). For instance, in the CES with enablings
at b, bt a, we have that a is both {a}-reachable and {b}-reachable, but it is not ()-reachable.
The function R enjoys the following basic properties:

Lemma 4.3. Forall X,Y,C C E:
@ X C R(X)

b XCV = R(X)CR(Y)

© CCR(X)ACF(R(CUX)) = R(X) =R(CUX).

Item () is straightforward. Item (b) establishes the monotonicity of R, which directly follows from
the monotonicity of F. From item (b)), it follows that R(X) UR(Y) C R(X UY), forall X,V C E.
Note that, in general, the converse does not hold: for instance consider the CES with enablings {e;, e2} IF
a, e; IF band es IF ¢; then we have R({e1}) = {e1,b}, R({e2}) = {e2,c} and R({e1,e2}) =
{e1,e2,a,b,c}. Ttem states that if C' is X -reachable, then the set of X-reachable events equals to
the set of X U C-reachable events. For instance, in the CES with enablings a - b, b I ¢, we have that
b € R({a}), hence R({a}) = R({a,b}). Note that when choosing C' = R(X) in item (c), it follows
that R(X) is a fixed point of R, i.e. R(X) = R(R(X)), provided that the set R(R (X)) is conflict-free.

Example 4.4. Consider the first three CES in Fig.

(1) In &g, we have R(0) = (), and R({a}) = {a,b}. Note that if one weakens the conflict-freeness
requirement in Lemma [4.3|[c), and only require CF(C U X), then the thesis would no longer hold.
Indeed, by choosing C' = {a, b} and X = {a}, we have R(X) = {a,b} and R(C U X) = {a,b,c},
which is not conflict-free. Hence Lemma[4.3{(c) does not apply, and in fact R(X) # R(C' U X).

(2) In &7, we have R(0) = 0, and R({a}) = {a,b,c}. In this case we see that the conflict-freeness
requirement in Lemma [4.3({c) is sufficient but not necessary, since {a, b, ¢} is not conflict-free, but
nevertheless R({a}) = R(R({a})) = {a,b, c}.
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Figure 2. Four CES.

(3) In Eg, we have that R({a}) = {a, b, ¢, d, e} is not conflict-free. Then, Lemma {4.3|(c) does not apply
and in fact R({a} U {c,e}) = {a,b,c,d,e, f} 2 R({a}).

For conflict-free CES, we can inductively characterize the reachable events. This is done in Def. [4.5]
in the form of inference rules.

Definition 4.5. For all X C E, we inductively define the set jQ(X ) as follows:

ecX R(X)Fe R(XU{e}) IFe
———— (€3) ———— (Fz) = (k%)
e€ R(X) e € R(X) e € R(X)

Recall that, by saturation of - and by Notation the premise ij(X ) I e in rule -5 actually means

that there exists a finite set of events e1, ..., e, € R(X) such that {ey,...,e,} b e (similarly for I-y).
More pedantically, rule +; actually stands for the set of rules:

e1 € R(X) -+ e, € R(X)
e e R(X)

if {e1,...,en}t ke

Example 4.6. Let us consider the CES &, of Fig[I] We have the following derivation:

a € {a}
akb a € R({a})
bl-a b€ R({a})
a e R(0)

(€x)

R

(IFg)

Furthermore, since a € R(()), from rule k-4 we also obtain b € R0).

The inductive characterization of reachable events coincides with Def. [d.1] for conflict-free CES.

A~

Theorem 4.7. For all CES g, and for all X C FE, Re(X) C Re(X), Moreover, if € is conflict-free,
then ng(X) D) ng(X)

Notice that, in the presence of contlicts, R¢ (X)) could be strictly contained in Re(X). For instance,
in the ES &g in Fig. |2} the event f is not reachable, but it belongs to R (). Indeed, the events ¢ and e
(which cause f) are both reachable, but they cannot appear together in a configuration.



We now give an alternative characterization of reachable events for finite conflict-free CES. This
reformulation (Theorem[4.8)) yields a polynomial-time algorithm for computing the set R (whereas com-
puting them through the inference rules of Def. 4.5 would give an exponential algorithm). The algorithm
exploits Kleene’s fixed point theorem, by defining the set R as the greatest fixed point of a monotonic
(increasing) function F', defined below.

Theorem 4.8. Forall X,Y,Z C E, let:

Gy(Z) = YU{e|ZF e}
F(X) = 1ipGyexire)

Then, for all finite conflict-free CES &, we have R¢ = gfp F’

Following the characterization provided by Theorem an algorithm for constructing R¢ can be
devised as follows. Let X be the set of all events in €. At step 0, we compute X; = F'(Xj). This
can be done by interpreting the (minimal) F-enablings of € as a set of propositional Horn clauses, and
then by applying the forward chaining algorithm with input {e | X I e}. The forward chaining can
be computed in polynomial-time in the number of F-enablings. If X; = X, then we have finished, i.e.
X1 = Re. Otherwise, we compute Xo = F'(X7) and so on, until reaching a fixed point. In the worst
case, this requires | E'| steps, hence we have a polynomial-time algorithm for computing Re.

5. An LTS semantics of CES

In this section we define an operational semantics of CES. This is given in terms of a Labelled Transition
System (LTS), the states of which are pairs (C, X). The first element of such pair is the set of events
occurred so far; the second element is a set of events taken “on credit”. Intuitively, in all the reachable
states (C, X)), C' is an X -configuration and X is minimal for C'.

We will first observe what happens when adding an event e to a trace o € T(X). Itis always true that
oe € T(X U {e}), although X U {e} may not be the least credit for oe. Def. [5.1|below establishes how
the credits of a trace change when adding an event. When Def. [5.1]is instantiated with C' = & and X is
the least credit of o, then Lemma guarantees that A(C, X, e) is the least credit for oe. Intuitively, in
Def. we first remove from X the set of credits which have been honoured by performing e; then, we
add e unless it is justified.

Definition 5.1. For all C, X C FE and for all e € E, we define:

AC,X,e) = (X\{zeX|CU{e}Fa})u {{e} if CUle} e n Cife
0 otherwise
Example 5.2. Recall the CES &, from Fig. (Il The trace (a) belongs to T({a}), and {a} is its least
credit. Of course (ab) € T({a,b}), but since b is F-enabled by {a}, it is not necessary to take b on
credit. Moreover, since b |- a, we can also remove a from the credit set: hence (ab) € 7. Indeed, the
least credit for (a b) is computed through Def.[5.1]as A({a}, {a},b) = ({a} \ {a}) U D = 0.



Lemma 5.3. Let 0 = o’¢, with e & o/ and CF (7). If o/ € T(X), then 0 € T(A(0’, X, €)). Moreover,

if X is the least credit for o’, then A(o’, X, e) is the least credit for o.

As noticed in Ex.[5.2] adding events to a trace may reduce the credit set. Also, observe that changing
the order in which events are performed may change the credit set. In particular when an event without
IF-enablings is fired before its F-justification, it will not be possible to remove it from the credit set by
firing new events. For instance, if in Ex. we fire b before a, then we cannot remove b from the credit
set. This allows for correctly recording the events performed in the absence of a causal justification.

Example 5.4. Consider the CES &g in Fig. 2| The trace (ab) has least credit {a,b}; by adding the
event c, the least credit for (abc) becomes {c}.

Definition 5.5. (LTS)
For all CES €&, we define the labelled transition system LTSe = (S, E, —¢), where S = Con x Con,
and the relation —¢ is defined as follows:
e¢ C CF(CU{e})
(Cv X) 38 (C U {6}) A(Ca X, 6))
We say that (C, X) is a reachable state of LTS iff (0, 0) —% (C, X). When clear from the context, we
will omit the index &€ from —¢.

We remark that if € has no circular enablings, then LTS¢ can be characterised in a simpler form, i.e.
(C,X) S (Cuie},X)if C ke and (C,X) % (CU{e}, X U{e})if C I e. The subrelation of —¢
containing only states with empty credits coincides with the transition relation defined in [21].

By Def. it immediately follows that, for all CES &, the relation —¢ is deterministic, i.e. whenever
(C,X) % (C',X") and (C,X) & (C", X"), it must be (C’, X') = (C”, X""). Determinism is a very
desirable property, e.g. in the context of contracts, because it ensures that the events to be performed by
a participant at any given time are uniquely determined by the past actions.

Two immediate consequences of Def. [5.5] are reported in Lemma [5.6| below. In item (a) we start
from a state (C, X), from which we fire a sequence of events o. Then, we reach a state (C’, X’) where
(' exactly comprises all the events in C' U @, and the events which are removed from the credits are
circularly enabled by the events in C'Ug. Item (D) states that the set X in a state (7, X) is the least credit
for 0 — and so X C @ for all reachable states (&, X'). Notice that there may exist different reachable
states (C, X) with same the same C' and uncomparable X. This is because, in general, there exists no
least credit for a set of events C.

Lemma 5.6. Forall C,C’, X, X' C E, and forall 0 € E*:
@ (0,X) 5 (C',X") = 7=C'\C AN CUGIF X\ X'
(b) 0 € T(X) A X least credit for o <= (0,0) % (7, X)

Example 5.7. Recall the CES &» from Fig. [1| (its enablings are @ - b and b I- a). According to its LTS
(depicted in Fig. 3| left), in the initial state we can fire either the event a or the event b, by taking it on
credit. In the state ({a}, {a}) we can perform the event b, and reach the state ({a, b}, (). Instead, when
performing « in the state ({b}, {b}) we reach the state ({a, b}, {b}). The event b cannot be discharged
from that credit set, since there does not exists any |F--enabling for it.
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Figure 3. The LTS of CES & (left), and its urgent LTS (right).

The following theorem relates configurations with reachable states of the LTS. A (possibly infinite)
set C'is an X -configuration iff for all finite subsets D of C' there exists a state with events containing D
and with credits contained in X.

Theorem 5.8. For all CES €&, and for all C, X C E:
Ce SF(X) <~ VD gﬁn C, 31Xy gﬁn X.dCy. D C Cy CC. (@,@) —* (Co,Xo)
The LTS of a CES also gives an alternative way to characterise the reachable events.

Lemma 5.9. For all CES €&, foralle € E, and forall X C E:
e c R(X) <— JCy C E, Xy gﬁn X. (@,@) —* (Co,XU) A ee Cy

Computations on LTS¢ are far too liberal: they allow us to fire an event either if it is (- or IF)-enabled
by the already fired events, or — by taking it on credit — if it will be honoured in the future, or even if it
will not. Except for the conflicting events, any event can be fired, with the risk of keeping such event in
the credit set forever. Intuitively, one would like to perform those events only which allow to eventually
reach a state with empty credits. Such events will be called urgent.

Definition 5.10. (Urgent events)
Foralle € E, and for all C, X C E, we say that e is urgent in (C, X) iff

Jo. (C, X) Z¢ (CUET, )

We denote with US' (X) the set of urgent events in (C, X).

Intuitively, the events that are urgent in (C, X) are those already enabled by C, or those which can
be done on credit, on behalf that they will be honoured when the right choices will be made in the future.
For instance, in &, the event a is urgent in the initial state (), (). In such state b is nor urgent, but it will
be urgent in the state ({a}, {a}) where a has been performed on credit.

Note that the definition of urgent events implicitly considers non-deterministic choices as angelic,
modelling a situation where a set of participants (the entities which fire events) cooperate to reach a
common goal. Indeed, an urgent event guarantees the existence of a trace leading to an empty credit set,
and such behavior intuitively is the one that will be followed in a cooperative setting. In other words,
angelic non-determinism guarantees that only the choices which lead to the goal are taken.

The case of demonic non-determinism, modelling a situation where participants compete to reach
their (possibly conflicting) goals, is quite more complex.



For instance, assume we extend o with the enabling a - ¢ and the conflict b#c. Then, Def.
states that a is urgent in the initial state. Indeed, assume that a is fired in the initial state; then, one has
the choice to perform either b or c. In a cooperative setting, only the branch b can be taken, because
it is the only way to reach an honoured trace. Instead, in a competitive setting (i.e. with demonic non-
determinism), the event a should not be considered urgent, because an adversary could choose the branch
¢, and then prevent from reaching an honoured trace.

In the competitive setting, one could be tempted to define urgent events by just requiring that all the
choices lead to an honoured trace. However, this definition would be too strict, because it does not take
into account the fact that each participant can always control her own choices. A definition of urgent
events in competitive settings has been proposed in [5]], by setting up a suitable game-theoretic model.

Example 5.11. Consider &, and its LTS depicted in Fig. 3} a is urgent in (), #), because there exists a
path from ({a}, {a}) which leads to an empty credit set. For the same reason, b is urgent in ({a}, {a}).
On the contrary b is not urgent in (), (}), because whatever choices are made in the future, it would not
be possible to honour the credit {b}. Indeed, if a transition labelled b is taken from state ((}, ) of LTSe,,
then all future states will contain the credit b.

Pruning away from an LTS all the transitions labelled by non-urgent events, we obtain a new LTS,
denoted by —,. The crucial property of the —, is that, by following its transitions, one is always
guaranteed to reach a state where all the credits have been honoured (see Lemma [5.14] below). For
instance, Fig. 3| (right) displays the urgent LTS for &s.

Definition 5.12. We define the relation —, as the largest subset of —¢ such that:

(0, X) v, (O, X)) iff (C,X)Se (C',X") and e € UY(X)

Note that in the absence of circularity the LTS —, coincides with the LTS defined in [21]], where the
component X is always empty. For instance, let us consider an event structure without circular enablings,
and let (C, X) be a reachable state in its LTS. If X # (), then the credit X will never be honoured since
there are no circular enablings, hence no events will be urgent in (C, X). Otherwise, if X = (), then
the urgent events in (C, () are exactly those events e such that C' - e. This is because, by Def.
(C,0) S (Cu{e},0)if C Fe.

The following lemma relates the traces in T¢ with the traces in —q(,. The traces in J¢ are exactly
those traces in —q(, which lead to a state (C, X) with X = ().

Lemma 5.13. For all o:
c€Te <= (0,0) >, (@,0)

The following lemma establishes a crucial property of the LTS —,, that is the ability to reach,
starting from any state (C, X) reachable from (), ) and following only —y(, transitions, a state where
all the credits have been honoured.

Lemma 5.14. Let (C, X) be a reachable state of —(,. Then, 3. (C, X) iug (Cum,0)

The following lemma relates urgent events with reachability: reachable events in £ are exactly those

events which label some transition in the LTS —, .
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Figure 4. An event structure € (left) and the LTS —q(, (right).

Lemma 5.15. For all CES €, and for all C', X C E:
Re = {e|Jo: (0,0) iugiug}

A relevant question is whether, for any CES &, there exists a CES &’ without circular enablings such
that the LTS —(, equals to —¢/. In other words, we wonder whether the expressiveness with the urgent
LTS is the same as that of the LTS of Winskel’s ES. A negative answer is displayed in Fig. ] which
shows a CES € for which there exists no ES the LTS of which corresponds to —¢, . Indeed, ES cannot
distinguish between two states which only differ for the credits, like e.g. ({a, b}, 0) and ({a, b}, {b}) in
Fig.[ In Winskel’s ES, a transition from a state C' only depends on the events in C, and not on the order
in which these events have been fired. Instead, transitions in CES also depend on the credits accumulated
in the history of execution.

In the case of conflict-free CES, we provide in Def. an alternative characterisation of urgent
events. Unlike UC(X), the set U (X) also contains all the events in C.. The relation between U (X)
and U (X) is formalised in Lemma below.

Definition 5.16. For all C, X C E, we define the set ﬁC(X ) as follows:

ceC Che R(CUX) ke

— (&g - ; - [
e € UC(X) (€0) eclUC(x) " e € UC(X) (Fa)

Lemma 5.17. For a a conflict-free CES €&, and a reachable state (C, X') of —,:
ug(x) = ud(xyuc

Note that the definition of urgent events (Def. is declarative. In concrete applications of CES,
when a participant has to decide which event to fire, it would be desirable to also have an algorithmic
description. In the case of finite CES, it is possible to find the set of urgent events by model checking the
LTS of the CES against the reachability property required by Def. [5.10] For finite conflict-free CES, an
algorithm for constructing the urgent events U in a state (C, X) is obtained as follows. By Lemma|5.17
UC(X) = UC(X)\C. The set UC (X)) is constructed by direct application of the three rules in Def.[5.16
where the set R(C' U X)) in the premise of rule (I ) is computed through the polynomial-time algorithm
provided by Theorem[4.8] For the more general setting of infinite CES, we come up against the problem
of undecidability, yet algorithmic results can be obtained by considering suitable subclasses of CES (e.g.
model checking temporal logic on finite representations of infinite ES, as in [13]).




6. Relations with logics

In this section we investigate some relations between CES and logics. In particular, we shall consider
Propositional Contract Logic (PCL, [[7]), which allows for circular reasoning. We first shortly review
PCL, and then in sections [6.1] and [6.2] we shall discuss our main results.

PCL extends intuitionistic propositional logic (IPC) with a new binary connective, called contractual
implication and denoted by —». Differently from IPC, a formula p — ¢ implies ¢ not only when p
is provable, but also in the case that a “compatible” formula holds. This compatible formula can take
different forms, but the archetypal example is the (somewhat dual) ¢ — p. While (p — ¢) A (¢ — p) —
p A q is not a theorem of IPC, (p — q) A (¢ — p) — p A q is a theorem of PCL. PCL has been used as
a contract model in a calculus for contracting processes [/]], and it has been related to a communication-
based contract model in [6]. We assume a denumerable set a, b, ... of prime (atomic) formulae. PCL
formulae are denoted with the letters p, g, 7, s, .. ..

Definition 6.1. The formulae of PCL are defined as:

pu=L|T|lal-plpVvp|pAp|p—=plp—>p

A proof system for PCL is provided in [7], both in terms of an Hilbert-style and a Gentzen-style
axiomatisation (which are shown in [7] to be equivalent). Here we only consider the Gentzen-style proof
system, which extends the rules for IPC presented in [16] with the following three rules (the full rule set
is reported in Appendix |C)):

Lp—»qrhkop Ip—»q,abtp

p—»q qhkr - Ik g . Lyp—>q qk b prep
IX _— ERO REPOST

I'p—>qtr (FIX) Fl—p—»q( ) F,p—»ql—a—»b( )

Rule Fix is the left rule for —. It is almost the same as the left rule for —, except that (in a “circular”
fashion) the formula r can be used to deduce p in the first rule premise. Rule Zero introduces — on the
right of a sequent (similarly e.g. to OR of lax logic [[10]), while rule PRePosT introduces — on the right,
and eliminates it on the left (similarly e.g. to OL of [10]).

The main result of [[7] is the decidability of the entailment relation I, which is a direct consequence
of the cut elimination and subformula properties enjoyed by the proof system.

A first correspondence between CES and PCL can be observed by comparing the three items of
Lemma [3.9 with the rules Cut, —L and Fix of PCL, respectively:

CeF(X) C'eF(XUC)
cCucl e F(X)

l_
q (CuT)

CeF(X) C'eF(XUY) CHY
CUC € F(X)

I'tkp T'gkr p—qel
I'kr

(=L)

CeF(XUC) C'eFXUY) Clk
CUC € F(X)

I'rtp T'gkr p—>qel
I'kr

(FIx)




Notice that, under the hypotheses of Lemma 3.9 the stronger thesis C’ € F(X) does not hold in general.
For instance, consider the CES with enablings a IF b, b IF a, a - ¢. We have that C' = {a,b} € F
and C" = {a,c} € F(C). By Lemma 3.9(@), it then follows that C' U C" € F, but C’ alone is not a
configuration. Similar examples hold for items (b)) and (c]).

6.1. Reachability via logic

In Def. [6.2] we show a translation from CES into PCL formulae. In particular, our mapping is a bijection
of finite, conflict-free CES into the Horn fragment of PCL, which comprises atoms, conjunctions and
non-nested (standard/contractual) implications. To disambiguate the enabling - of CES from the entail-
ment relation of PCL, below we shall denote the latter with Fpcr. Also, when writing X + e we shall
mean that X is a minimal set of events such that (X, e) € - (similarly for IF-).

The encoding [-]x maps an enabling I into an —-clause, and a circular enabling I into an —»-clause.

Definition 6.2. Let & = (E, #,,I) be a conflict-free CES. The mapping [-]% from & into sets of PCL
formulae is defined as follows:

[(Xioei)ierln = {[Xioeix|i€l} " []_{% ifo=F
[Xoelg = (/\X)[o]e

Notice that the encoding above can be inverted, i.e. one can also translate a Horn PCL theory into a
conflict-free CES. Indeed, the encoding can be seen as an isomorphism.

For each event e € E, we assume an atom e in PCL. For a conjunction of atoms ¢ = /\z'e 1 €i, WE
write i for the set {e; | i € I'}. We extend this notation to sets ® of conjunctions of atoms: we write ¢
for (J{® | ¢ € @}, and D, P’ for U P’

— ifo=IF

Lemma 6.3. Let € be a finite, conflict-free CES. For all ¢ and ®, p C Re (®) iff [E]x, D FpcL .

A direct consequence of the above lemma (by choosing ¢ = e and ® = () is the correctness and
completeness of the encoding.

Theorem 6.4. Let £ be a finite, conflict-free CES. For all e € E, we have e € R¢ iff [E]x Fpcr €.

Theorem [6.4] has two important consequences. First, together with Theorem [{.8] it provides us with
a polynomial-time algorithm for checking provability in Horn PCL theories (in contrast with the fact
that provability in full PCL is PSPACE-hard, as well as in IPC and in its implicational fragment [[19]).
Second, we can exploit properties of PCL to derive properties of conflict-free CES. For instance, from
the tautology (a — b) A (b — ¢) — (a — ¢) of PCL we deduce that any conflict-free CES with enablings
a F band b I c can be enriched with the enabling a I ¢, without affecting the reachable events.

6.2. Configurations via logic

We now show that the problem of deciding if a set of events is a configuration in a CES can be reduced
to provability in the logic PCL (which is shown in [[7] to be decidable).

Note that, even in the case where & is conflict-free, one cannot simply exploit the encoding [£]x in
Def. to test whether a set of events C' is a configuration or not. A wrong attempt would be to check



the entailment [E]x Fpc C. This would be incorrect, because, in general, not every set of reachable
events is a configuration. For instance, in the CES & in Ex. 2.5|2) the set {a, b} is a configuration, but
{a} and {b} are not.

To test if a set C'is a configuration, besides requiring that C' only contains reachable events, we also
have to ensure that any event in C' can be justified by using only other events in C. To do that, we first
tag with ! the events in C, and then we encode each enabling similary to Def. but guaranteeing that
an event can be proved only if all its justifications belong to C'. For instance, a I b is encoded as the
clause (la A b A a) — b, from which we can deduce b only if both a and b belong to the set C.

Technically, for a CES € = (E, #,F,IF) and a set X C F, we denote with !X the set {le | e € X }.
We assume ! F disjoint from E, i.e. |[ENE = (). Foraset X C E U!FE, we define X" = XnNE,and
X'={ec E|'ec X}. According to this notation, for all sets of atoms X,Y C E U!E, we have (i)
X =X U!(X"),and (i) if X CY,then X" CY’and X' C Y.

Definition 6.5. Let & = (E, #,,IF) be a CES. The mapping []5 from € into sets of PCL formulae is
defined as follows:

[(XZ 9] ei)iej]ff = {[Xz o) ei]g | 1€ I}
ifo=F
Xoelsy = (leANX AX)[o]e  where[o] = {: -
[a# by = (laANlb)— L

Intuitively, we want to test if a set of events C' is an X -configuration. To do that, we first tag with
a ! all the events in C, and then assume I' = [€], !C, X. The encoding [-]5 maps a conflict a#b to a
formula (la A 1b) — L. Therefore, if C' is not conflict-free then its encoding will deduce L. Otherwise,
we check if C'is entailed by I'. The encoding of € will be a set of clauses of the form (!e ANX NIX ) o] e.
The !e on the left of the clause ensures that e can be proved only if it belongs to C. Similarly, the !X
ensures that the justifications of e belong to C' as well.

Lemma establishes two basic properties of the encoding. Item (a) states that if a !-atom is prov-
able, then it must already be present in @ (i.e. it cannot be generated by the encoding). Item (b)) states that,
under the hypothesis 3’ C 5!, if an atom e without ! is provable, then !e must belong to ®. Intuitively,
this is caused by the fact that the encoding requires !e on the left of all clauses which produce e.

Lemma 6.6. For all sets of conjunctions of atoms ®, and for all conjunctions of atoms ¢ such that
[8]3‘, ® FpcL p and [8]3‘, ® Hper L, we have (a) ¢! - 6!, and (b) 5b - 6! - @b - 6!

The following theorem gives a criterion to decide if C' is an X -configuration.
Theorem 6.7. Let € be a finite CES. For all C C E and for all X C E:
CeFe(X) = [E]5,!C, X FpcL C and [E]g, IC, X HpcL L
Example 6.8. Recall the CES €3 from Fig.|ll We have that:

[E3] ={ (leAlanbAanb) = ¢, (lanlcAc)—a, (bAleAc)—b}



Let C' = {a,b, c}. We have that C' € F¢,, and [E3], !C Fpcr, C. Note that, were the !-ed atoms omitted
in the premises of — / —, then we would have, e.g., [€3], la, !¢ FpcL aAc, from which by Theorem
we would have incorrectly deduced that {a, ¢} € Fe,.

7. Related work and conclusions

We have extended Winskel’s event structures with a new enabling relation, which allows for reasoning
about circular dependencies among events which are part of the same configuration. To the best of our
knowledge, beside some approaches we will discuss below, the other event-based models appeared in
the literature do not consider circular dependencies in the same way as we do. Circularity may exist in
the relations among events (as in Boudol’s flow event structures [8]]) but these relations, when restricted
to the events in a configuration, give a partial order, whereas in our case this is not true.

Observe that our notion of configuration (Def. [2.4) assumes the axiom of finite causes, i.e. it requires
that every event in a configuration has a finite justification, both in the past (through both kinds of en-
ablings), and in the future (through IF-enablings). An interesting variant of our theory can be obtained
by dropping the axiom of finite causes on the events taken on credit. Consider e.g. the CES:

€O € €] €« €9 «—= €3 &« €4 &« -+

it might be arguable whether the set C' = {e; | i > 0} has to be considered a configuration or not. For in-
stance, if the CES models an ever-growing debit (similarly to the money-lender scenario of Example[2.7)
the borrower would reasonably not consider C' as a successful execution of the system. Indeed, Def. [2.4]
rules out C' as a configuration, because, for all ¢, there exists no finite trace containing e; (hence the only
configuration there is the empty one).

In some scenarios, the ability of honouring a debt “at the limit” could be acceptable. To drop the
axiom of finite causes on the events taken on credit, we should also allow for infinite traces, e.g. (ep €; . . .)
in the example above. This modification would make the set C' above a configuration, at the cost of losing
the finiteness property (Def.[3.11)), and all the properties deriving from it (e.g. Lemma[3.3). Furthermore,
because of the presence of infinite chains of I--enablings, the rules defining reachable events for conflict-
free CES (Def. [4.5)) must be interpreted coinductively, by allowing for infinite derivations. Note that not
all infinite derivations are acceptable, e.g. an infinite path of rules F-; would violate the axiom of finite
causes for F-enablings. We conjecture that reachable events are those for which there exists a derivation
where each infinite path contains an infinite number of occurrences of rule I+

Circular reasoning often appears in the compositional modelling and verification of systems. Circu-
larity issues have been investigated in assume-guarantee reasoning [/1} 2} [13} 20], in models of workflow
systems [11]], in logic programming [[18| [17]. Circularity is also a common situation when reasoning
about contracts [[7, 15, 4]]: circular dependencies arise when two or more tasks mutually rely on the guar-
antees provided by each other. We briefly discuss some of these approaches below.

In [11]] a generalization of prime event structures is proposed where a response relation (denoted
with e—) is used to characterise the accepting traces as those where, for each a e— b, if a is present in
the trace, then b eventually occurs after a. The response relation bears some resemblance with our |-
relation, but there are some notable differences. First, having a |- b does not necessarily imply that a
configuration containing a must also contain b (another enabling could have been used), whereas a e— b
stipulates that once one has « in a configuration, then also b must be present. Indeed, an enabling a I b



can be neglected, whereas a e— b must be used. Also, augmenting the number of IF--enablings increases
the number of configurations, while adding more response relations reduces it.

Circularity is dealt with at a logical (proof-theoretic) level in [7]. The Horn fragment of PCL is
strongly related to finite CES: in particular, provability of atoms corresponds to reachability of events in
conflict-free CES (Theorem [6.4); configurations can be reduced as well to provability and consistency
checking of PCL formulae (Theorem [6.7).

The motivations underlying the circular enabling of CES seem related to those introduced in [2] to
compose assume-guarantee specifications [1]]. There, the idea is that a system will give some guarantee
M, about its behaviour, provided that the environment it operates within will behave according to some
assumption My, and vice versa. In the model of [2], this is rendered as the judgment (M; — Ms) A
(My — My) = M; A M,. However, since — is the usual intuitionistic implication, the validity of this
judgment (not valid in IPC) is subject to a side condition on the interpretation of M7, M in the model. In
our approach we obtain a similar goal through the circular enabling: the CES with enablings m; IF mao
and mg IF mq has {mj, ma} as a configuration.

The issue of circular dependencies among events has been addressed also in the Petri nets’ world.
In [4] a notion of lending Petri nets (LPNs) has been introduced. In LPNs places are partitioned into two
sets: lending places and normal ones. A transition may be executed even if some of the lending places in
the preset are not marked, thus borrowing tokens from such places. A successful computation in an LPN
is a computation where all the borrowed tokens are given back. LPNs with some additional constraints,
contract nets, have been then developed as a concrete counterpart of logical contracts specified as Horn
PCL formulae. A correspondence between CES and contract nets can be established. Successful com-
putations in a contract net correspond to configurations in the associated CES and vice versa. Indeed,
borrowing tokens in contract nets is similar to firing events on credit. However in a CES events may be
taken on credit without any restriction, whereas this is not possible in contract net, hence computations
in contract nets are somehow less liberal than in CES. We also conjecture that urgent actions in LPNs,
i.e. those actions which preserve the ability to reach an honoured marking, correspond to urgent events
in the associated CES.

In coinductive logic programming (CLP, [17]), both coinduction and induction can be used to give
semantics to programes, i.e. to sets of Horn clauses. Intuitively, this can be related to CES in that - has
an inductive flavour, while I+ a coinductive one. However, two main differences exist between the two
frameworks. First, in CLP all the clauses for the same predicate have to share their inductive/coinductive
nature. That is, there is no equivalent for a; - b, ay I+ b because b is used in both fashions. Second,
CLP forbids circular dependencies between inductive and coinductive predicates, requiring stratification.
For instance, CLP allows for expressing a IF b, b IF a, as well as a - b, b I ¢, while it forbids
a b, b IF abecause b would be inductive while a would be coinductive. Other approaches mixing
induction and coinduction (e.g. [[12]]) work under a similar stratification assumption. We believe that by
assuming stratification one can find good connections between CES and CLP. However, we think that
(unconstrained) circularity is an essential feature of concurrent systems, and in particular of contracts.
For instance, the system a - b, b I a is an archetypal scenario in contracting systems, where we are both
expressing circularity between a and b, and a legitimate ordering between the events, i.e. a must occur
before b. In CES, we can encompass both aspects: in the above example, {a, b} is a configuration, and
the LTS of urgent events describes the traces which respect the causal ordering imposed by F-enablings
(while - does not prescribe any order). Therefore, requiring stratification in CES would seem to trivialize
them. Note in passing that PCL requires no stratification, hence it can be meaningfully related to CES.
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A. Proofs for Section 4
Definition A.1. Let the predicate DF' (o) be true iff o has no duplicates, i.e. DF'(0) =Vi < n:e; & 0.

Proof of Lemma

For (a), lete € X. Since CF({e}), by Lemma[3.7(3-7) it follows that {e} € F({e}). By Lemma[3.7(3-7),
we also have {e} € F(X). Thus, by Def.[4.1]it follows that e € R(X).

For (D)), let e in R(X). By Def. there exists C' € F(X) such that e € C. Since X C Y, by
Lemma[3.7[3.7) we also have C € F(Y'). Hence, e € R(Y)).

For (c), the inclusion C follows directly by item (b). For the inclusion D, let e € R(C U X), and let
C = {e;}i € R(X). By Def. there exists C’ € F(C' U X) such that e € C’, and for all events
e; € C, there exists C; € F(X) such that e; € C;. Let A = {C; | e; € C}, and let C},C), € A.
By Def. Cj,Cr € R(X). Since CF(R(X)) follows by hypothesis, then CF(C; U C},), and so by
Theorem C; UCy € F(X). Thus, by Def. the family of X -configurations A is pairwise
compatible. By Theorem[3.12} F = (JA € F(X). Since F C R(X) and ¢’ C R(C U X), then
FUC'" C R(CUX), and thus CF(F U C") follows by the premise of (c). By Lemma [3.7|3.7), since
¢’ € F(CUX)and C C F,then C' € F(F U X). Therefore, by Lemma[3.9fa), e € F U C' € F(X),
and so e € R(X). O

In Lemmawe summarise some basic properties of the operator R similarly to R, it is monotonic;
and we have that R(X) is a fix point of R. Finally in Lemma we prove that R and R are equal.

Lemma A.2. Forall X, Y C E:
(a) X C R(X)

(b) X CY = R(X) CR(Y).
© R(R(X)) = R(X)

Proof:

Item (a) is straightforward by rule (). Item (b)) is by easy induction on the depth of the derivation of
e € R(X). For item (g), the inclusion R(X) C R(R(X)) follows by item (). The other inclusion can
be easily proved by induction on the depth of the proof of e € R(R(X)). O

Lemma A.3. Forall X,Y C E, Y CR(X) = R(XUY) = R(X).

Proof:
The inclusion R(X UY) D R(X) follows directly by Lemma llﬂi For the other inclusion, by
Lemma [A.2{[b) and [A.2{{c) we have:

Y CR(X) = R(Y) CRR(X)) = R(X)
By Lemma @ Y C R(Y). Since R(Y) C R(X), then by Lemma |A.2([B) we have R(X UY) C
H

R(X UR(X)). By Lemma|A.2(@), X C R(X), and so R(X UR(X)) = R(R(X)). By Lemma ),
we have R(R(X)) = R(X), which concludes. 0



Lemma Ad. Forall X C E,Y Cp B, RIXUY)IFY = Y C R(X).

Proof:

If Y = (), the statement holds trivially. Otherwise, let Y = {eg,...,ex}. Forall i < k, we define

Y; = {eq,...,e;}, and Y*

To prove (3)), we proceed by mathematical induction.

e Basecase? = 0.

=Y \Y;={eit1,...,er}. We shall prove that:

Vi<k. Y, CR(XUYY (3)

By hypothesis, R(X UY) I e. Then:

So we have proved that {eg} = Yo C R(X UY) \ {ep}) C R(X UYO).
tY;

e Inductive case. By the induction hypothesis, we have tha
RXUYIUY)) = R(X U Y.

RXUY) IF e

eo € R(XUY)\ {eo})

By (ex), we have e;41 € R(X

(F4)

R(X U YZ). By Lemma
V) = RXUYUY;) =

-

(XU
R(X UY?). By hypothesis, R(X UY?UY;) IF e;;1, and so R(X UY?) IF e;41. Hence we can
apply rule (IF,) to obtain:

RXUYH I ey

~ : I 4)
€i+1 € R(X UY7’+1) ( :R)
We obtain the thesis of (3) as follows:
Yiqn = YiU{ei} (by Def. ;)
C RIXUY)U{eis1} (by the induction hypothesis)
= R(XUYY) (by ei41 € R(X UYY))
= 53(X UY ™ U {eis1}) (by Def. Y
R(X UYH (by Lemma [A3]and (@)
Back to the main statement, just note that for ¢ = k in (3]), we obtain the thesis Y = Y}, C ﬁ%(X ). O

In Def. below we define how the credit set of a trace changes when removing the last event
(see [9]] for a more detailed account of this topic). When the set X in Def. [A.5]is the least credit of o,
then Lemma will guarantee that A~ (o, X, e) is the least credit of oe. Differently from Def. we
need a trace instead of a configuration, since we need to know the order in which events have been done.

Definition A.5. Forall X C F,forallo = (ep...e,

A" (0,X,e)

), and for all e € E, we define:

(X\{e}) U {esca|oelFe; N TlFe; N Tt e} Q)



Lemma A.6. Leto = o’e = (eg . ..e,), with e, = e. Then,
ceT(X) = o eT(A (¢, X,e))
Moreover, if X is the least credit for o/, then A~ (o”, X e) is least credit for o.

Proof:
Letoc =d'e = (eg...e,) € T(X), with e,, = e. Since o € T(X), by eq. (I) we have that:

CF(@) N DF(oc) N Vi<n.(e,€X V T;Fe V Tle)

Since o is a prefix of o then CF(o”) and DF(¢’). Moreover, e only occurs in the last position, hence:
Vi<n—1.(e; € (X\{e}) V olFei V Glke;)) A (e€X V odFe V Glre) (6)
Let us define the set D as:
D= {e,cd|TlFe; N o lFe A aﬁb‘ei} @)
We will prove that o’ € T(R), with R = (X \ {e}) U D. Leti < n — 1. By (6), we have three cases:
e ¢; € X.Sincee; #eforalli <n,thene; € X \ {e} C R.
e 7; - e;. Since o’ is a prefix of o, for all ¢ < n it holds that 07 Foe;.
e 7; /e;and 7 I e;. If o/ I e;, then e; is justified in o’. Otherwise, we have e; € D C R.

We have then proved that o’ € T(R).

We now prove that 1 is a minimal credit for o’. By contradiction, assume that there exists some Y C R
such that o’ € T(Y"). Pick an e; € ¢’ such thate; € R\ Y. By hypothesis, o’ € T(Y"), so it must be:

olle Vv o I e
We have two cases:

e o/ |- ¢;. Since e; € R\ Y, we have two cases: e¢; € X \ {e} or e; € D. Note that by (7), it
cannot be ¢; € D. If e; € X \ {e}, then we would have o € T(X \ {e;}), which contradicts the
hypothesis that X is a minimal credit for o.

e o' IF e;. As above we have two cases: ¢; € X \ {e} or e; € D. Note that by (7)), it cannot be
e; € D.If e; € X \ {e}, then we would have o € T(X \ {e;}), which contradicts the hypothesis
that X is a minimal credit for o.

In both cases we have a contradiction; thus R is a minimal credit for o, and by Lemma[3.5] A is a least
credit. O

Lemma A.7. Forall C,X C E, C € F(X) = C C R(X).



Proof:
We will first prove that VCy Cg,, C. VX. Cy € F(X) = Cp C R(X). Let Cy Cfn C, and assume
that Cyp € F(X), for some X. By Corollary [3.4 we have that:

do=(ey...en) €T(X). T =0Cp

We proceed by induction on the size of Cy. In the base case Cy = () the thesis holds  trivially. For the
inductive case, let us assume Co #0. Lete, =e,leto’ = (eg...e,—1) and let C" = o/. We will prove
that C’ C R(X) and e C R(X). Let:

D = {ei€?|6|l—ei VAN ?IVei A 07;}7(61} (8)

By Lemma[A.6] o/ € T(X U D). By Lemman 3.4 ¢’ € F(X U D), and then by the induction hypothesis,
C'CR(XU D) Now, we will prove that e € R(X U D). Since e = e,, € 7, by eq. (I), to justify e in
o we must have:

ecX V dkFe V Glre

We have the following three cases:
e if e € X, by (€;) we have that e € R(X) and by Lemma li e e R(XUD).

o if o’ F e, since by the induction hypothesis ¢’ C R(X U D) and C’ F e, then by saturation
R(X U D) - e. Therefore by (i4) we have:

R(XUD)Fe
e R(XUD)

%)

o if 7 IF e, since by the induction hypothesis C" C R(X U D), then by Lemma , Co =
C'U{e} € R(XUDU{e}). By saturation, ¢ = Cj I e implies R(X UD U {e}) I e.
Therefore, by (I-3) we have:

RXUDU{e}) IFe
e € R(XUD)

(F5)

So we have proved that e € R(X U D), hence Cy = C' U {e} C R(X U D). Note that by @), we
have that Cy I+ D, and so by saturation CR(X U D) Ik D. Therefore by Lemma | D C R(X). By
Lemma it follows that R(X U D) = R(X), and the thesis follows because Cy C R(X U D).

Back to the main statement, since C' € F(X) we have that for all e € C, there exists 0° € T(X)
such that e € 0¢ Cg, C. Since 0¢ € F(X), we have proved above that 0¢ C R(X). Therefore,

C=U{o°|eeC} CR(X). O

Proof of Theorem
(©) Lete € R(X). By Def.[4.1] there exists a configuration C' € F(X) such that e € C. By LemmalA.7]
ee C CR(X).

(D) Assume that e € R(X). We will prove that 3C' € F(X) such that e € C. By Def. this
will allow to conclude e € R(X). We proceed by induction on the depth of the derivation of e € R(X).
According to the last rule used in the derivation, we have the following three cases:



e case (€4). We have that
ecX

ee R(X)
Since e € X, by Lemma[3.7|we have that e € {e} € F(X).

(Ex)

e case (F3).

R(X)Fe
e e R(X)

R

The premise R(X) F e implies that there exists D C fin R(X) such that D | e. By the induction
hypothesis, for all d € D there exists Cy € F(X) such that d € Cy. Let C = [ cp Ca. Since
¢ is conflict-free, by Theorem it follows that C' € F(X). Since D C C and D + e, by

saturation we have C' + e. By Lemma [3.73.7), {e} € F({e}). Therefore, by Lemma [3.9({b),
Cud{e} € F(X).

o case [IF4]
R(XU{e}) IFe
e € R(X)

The premise R(X U {e}) IF e implies that there exists D Cfin R(X U {e}) such that D I e. By
the induction hypothesis, for all d € D there exists Cy € F(X U {e}) such that d € Cy. Let
C = Ugep Ca- Since & is conflict-free, by Theorem [3.12]it follows that C' € F(X U {e}). By
Lemma [3.7|37), {e} € F(X U{e}). Since D C C and D I- e, by saturation we have C |- e.
Therefore, Lemma [3.9)(c) gives that C' U {e} € F(X).

[IF4]

O

Proof of Theorem

The function Gx is monotonic. Since the domain is finite, it is also continuous, hence by Kleene’s fixed
point theorem, lfpGx = e, G (). Similarly, F' is monotonic, and so it is continuous and also
co-continuous.

We first show that R C gfp F. By Tarski’s fixed point theorem, gfp F' is the least upper bound of the
post-fixed points of F, i.e. of the sets X for which X C F(X). Therefore, to obtain the thesis it suffices
to prove that R C F(R). By Def. we have that R = (J{& | o € T}. It then suffices to show that
o C F(R), forall o € T. We proceed by induction on the length of the sequence o:

e base case: 0 = (). The thesis follows trivially.

e inductive case: 0 = ne. By the induction hypothesis, 7 C F'(R). We have two further subcases,
according on how e has been justified in the trace.

- If 77 - e, then since 7 C F'(R), by saturation of - it follows that F'(R) I e. By definition of
G, it follows that e € Gx (F(R)), for all X. In particular, e € G e/ nirer} (F(R)), which is
equal to F'(R) by definition of F'.

— If 7 I e, then since @ C R, by saturation of |- it follows that R I e. Thus, we conclude that
ec{e |RIFe} ClfpGromirey = F(R).



We now show that gfp /' C R. To do that, consider an arbitrary fixed point Y of F, i.e. assume that
Y = F(Y). We will prove that Y C R, which gives the thesis. Let K = {e | Y IF e}. Since Y = F(Y),
then by Kleene’s fixed point theorem we have Y = IfpGx = J,c,, G (0). We will now construct a
sequence o € T such that @ = Y. Since € is finite, the chain:

0 = Gx(0) € Gk € GxM®) € -+ C Gx(0) <

stabilizes to 1fp G i after a finite number (say, n) of steps. We then construct a sequence o = o'o? - - - "

as follows. Each ¢ is an arbitrary ordering of the events in the sets Y;, defined as:

Vi = G0\ (U;j«; Y5)

We have that:
GL(0) = Ku{e|0DF e} Yi = KU{e|0Fe}
G2 (M) = KUu{e|YiFe} Y, = {e|ViFe}\ V)
G3(0) = KU{e|YiUYaF e} Vs = {e|ViUYaFe}\ (Y1 UYz)
Gx(0) = Ku{e|U;, Y e} Vi = {e|U;w; Y Feb\ (U;: Y))

Therefore, for all i > 0, (U, Y;) F Y \ K.

We show that o is a trace of €. For each event e occurring in o, there exists ¢ < n such that e € ot
One of the following two cases applies:

e i = 1. Then, either e € K, or () - e. In the first case, e has a justification in o because Y I e (by
definition of K') and Y = o. In the second case, e is trivially justified.

e i > 1. Since ({J;; Yj) - Vi, then ¢ is justified by the events in g - -- o~

Therefore, o € T, and so by Def. o C R. By construction we have @ = Y, hence Y C R. Since YV
is an arbitrary fixed point of ', then a fortiori we conclude that gfp F' C R. O

B. Proofs for Section

Proof of Lemma[5.3: o
Leto’ = (eg...en) € T(X'),letc = o’e, and let X = A(o’, X', e). By equation (IJ) it is easy to see
that o € T(X). Let X’ be the least credit for o’. We prove that X is the least credit for o. By Def.

{e} if c’U{e}Fe A o fe
0

X = A(U’,X’,e):(X'\{xeX'|0’U{e}|l—x})u{ i
otherwise

By Lemma[3.5, X’ = {e; € o’ | o] # e; A o ¥ ¢;}. Since o’ U {e} = 7, we have:

{e} ifTlfe A d e
0

X:({eiEG’|crl’-|7‘e7;/\cﬂl}‘ei}\{meX'|aH—m})U{ )
otherwise



Since X' is the least credit for o’, we have that X’ C o’. Hence:

{e} ifalFfe Ao lfe
0 otherwise

X = ({eze?];;b/ez A El%ei} U {

By renaming e as e, 1, we have 0 = (eq . .. e,€,41), hence
X={eiea|oit/ei NTIe}
By Lemma[3.5] X is the least credit for . 0

Proof of Lemma

Item (a)) is straightforward by Def. [5.5]

For item (b}=), let o € T(X). By induction on the length of o = (eg .. . e,,), we prove that for all i < n,
if Y; is the least credit for o;, then (0, §) % (3,Y;). The base case is trivial, since the least credit for

0o = £is Yy = . For the inductive case, by the induction hypothesis assume that (§,0) 2 (a7, Y;).
Then, by Def. [5.5}

(0-77,7}/1) EL) (0-1+17A(o-727Y;767,))
By Lemma A(7;, Y5, e;) = Yiqq is the least credit for 0.

For (bl=), by an easy inductive argument on the length of o (using Lemma [5.3] at each step) it follows
that, for all i < n, if (§,0) 25 (77, Y;), then Y; is the least credit for ;. This implies o € T(X). 0

Proof of Theorem [5.8:
(=)LetC € F(X),and let D Cgy, C. By Lemm there exists o € T(X) such that D C 5 C C.

Let Xy Cpn X be the least credit for 0. By Lemma , we have (0,0) % (7, Xo). Therefore, the thesis
follows by choosing Cy = 7.

(<) Let D Cgp, C, and assume that (0, 0) 2 (Cy, Xop), for some o and X such that Cy = &,
D CCyC(C,and Xy C X. Assume that 0 = (eg . .. €,), and that the trace has the form:

0,0) 2 (o1,Y1) 2 (32, Y2) 2 -+ % (3,Y,)

where Y,, = Xy. By Lemma l[ﬂl we have o € T(Xp). Since X Cpp, X, by Lemma l[ﬂi it is also

true that ¢ € T(X). Therefore, by Lemma [3.3]we conclude that C' € F(X). 0
Proof of Lemma

(=) Let e € R(X). By Def. there exists C' € F(X) such that e € C. Since C € F(X), by
Theorem [5.8]there exists Xo Cg, X and Cp such that (0, 0) —* (Co, Xo) and e € Cy Cgy, C.

(<) Let o be such that (0,0) = (Co, Xo), with e € Cp and Xy Cf, X. By Lemmal5.6(B), o € T(X).
Thus, e € 7 € F(Xo). By Lemma[3.7(3-7), 7 € F(X). By Def.[4.1]we conclude that e € R(X). O

We now introduce the notion of trace with past, respect to a set of already happened events C, and a
credit X.



Definition B.1. (Trace with past)
Forall C Cg, B, X C E, wesay that o = (eg...e,) € E* is an X-trace with past C iff CF(C U7),
CNnao =1, DF(o),and

Vi<n.(e, € X V CUG ke V CUTIFe¢) 9)
We denote with T¢ (X)) the set of X-traces with past C. Note that, when X C C, we have T¢(X) = T¢.

Definition B.2. (Configuration with past)
For all P Cgp, and X C FE, we define the set H’g (X)) of X-configurations with past P as follows:

FP(X) = {CCE\P|CF(C) AVeeC. 30 €TL(X). eca CC}
Lemma B.3. Let X,C C E. Then, T¢(X) = T79(X \ C)

Proof:
Straightforward from Def. [B.1] O

Lemma B.4. Forall X,C C E,and o,n € E*:
neT(X) A 0T Aj=C = no € T(X)

Proof:
Leto = (eg...e,) € TC. By Def.we have CF(CU®w),CNa =0, DF(0), and

Vi<n.(CUg;te VvV CUTIFe;) (10)

Letn = (ag...ar) € T(X) be such that 7 = C. We have to prove that v = no € T(X), i.e. CF(7),
DF(v) and

Vi<k.(a, €X V Tita; V TlFa;) A (11
VE<i<n.(e,€X V 7ite V Tlke) (12)

Since CF(C U7) then CF (7). Since CUg and DF (o), we have DF (v). Since n € T(X), trivially
holds. For (I2), we have two further subcases, based on how the event e; was justified in (I0):

e C'U0; F e;. Sincei > k, we have C' U g; = 7, and then 7; | e;.

e CUGIFe;. Since CUT =7, we have 7 I ¢;.

Lemma B.5. Let (C, X) be a reachable state of LTS¢. Then:

ceT’ «— IXp C X. (C,X) 2 (CUT, Xp)



Proof:

(=) Let 0 € TC. Since (C, X) is reachable, there exists 7 such that (0,0) - (C,X) and 7 = C;
so by Lemma 5.6, n € T(X). By Lemma no € T(X). Let Xo C X be the least credit of no.
By Lemma have (0,0) - (775, Xo). Since LTS¢ is deterministic, we conclude that (C, X) <
(C U7, Xp). The thesis follows because 70 = C' U T.

(<) Since (C, X) is reachable, by Lemmathere exists 7 € T(X) such that 7 = C and (0, 0) 2
(C, X). By hypothesis there exists X such that (C, X) < (C U@, Xy). Summing up, (0,0) =
(CuU®7,Xp). By Lemma Xy is the least credit for no. By Lemma [3.2(b), since no € T(X) and
Xo C X, we have no € T(X). By Def. we conclude that o € T¢(X), and the thesis follows from
Lemma [B.3|because X C C. 0

Definition B.6. For all C' Cg, F and X C E, we define:
RE(X) = JFE (X)

The following lemma relates reachability with past to (plain) reachability. Note that the inclusion
R(X) 2 RE(X) U C does not hold. For instance, in the event structure with enabling {a} - b and with
C = {a}, we have that R(()) = (), but R () = {b}.

Lemma B.7. Forall C Cp, Eand X C E, RY(X)UC = R(CU X).

Proof:
For (D), lete € R(C' U X). Then, there exists » € T(C' U X ) such thate € 7. If e € C, we already have
the thesis. Otherwise, assume e ¢ C. Let ' be the sequence obtained by removing from 7) all the events
in C, while preserving the order of the other events. It is easy to show that 7 € T¢(X) and e € 7.
Therefore, e € RE(X).

For (C), lete € RE(X)UC. If e € C, the thesis holds trivially. Otherwise, there exists o € T (X))
such thate € and @ N C = (). Let ' = o¢ o, where o¢ is an arbitrary sequentialisation of the events
in C. Tt is easy to show that ' € T(C'U X). Then, e € R(C' U X). 0

The following lemma provides an alternative characterisation of urgent events, in terms of traces with
past. An event e is urgent in (C, X) iff there exists a trace with past C' such that the first element of the
trace is e, and the credit X is honoured by the events in the trace together with those in C'.

Lemma B.8. For all e € F, and for all reachable state (C, X') of LTS¢,
ecUS(X) <= Jo. 0T A CUEIF X

Proof:
Straightforward after Lemma [B.5]and Lemma [5.6/fa)). 0

Lemma B.9. Forall C, X,0, (C,X) 2, (C',0) <= (C,X) S (C',0).

Proof:
The direction (=) of follows because —q, C—¢. The other direction can be easily proved by
induction on the length of o. O



Proof of Lemma [5.13:

To prove (=), we distinguish between two cases. If o = ¢, the statement holds trivially. Otherwise,
assume o = ve, and let X be the least credit for v € T(X). Since ve € T¢, by Lemma [5.6] it must be
0,0) Le (7, X) S¢ (ve, D). By Lemma we have that e € T, and clearly ve I X. Therefore, by
Lemma [B.8 we conclude that e € U”(X). By Lemma we obtain the thesis (0, ) “q(, 1, -

The direction (<) follows from Lemma|[B.3] since —;, C—e¢. O

Proof of Lemma [5.14:

Assume that (), 0) 2, (7, X), for some X. If X = (), we conclude by choosing 7 = ¢. Otherwise, let
o= <60 . -€n>, and let C; = ;. Then, (@,@) &u (017X1> 311 (CQ,XQ) eiu ce iu (E,X). By
Def. , we have that forall 1 < n, e¢; € uci (X;). In particular, for i = n we have that there exists n

such that (7, X) % (@7, 0). The thesis follows directly by Lemma O

Proof of Lemma [5.15k
For C of item (5.13)), by Lemma it follows that for all o, 7, if on € Te, then (0, () i\ug- It is easy
to check that this implies the thesis.

For D, assume that (0, ) 2 (7, X). By Lemma , there exists 7 such that (7, X') -~ (57, 0). By
Lemma[5.13] on € T¢. Therefore, all the events in & are comprised in Re. 0

LemmaB.10. 0 € T¢(X) A ¢’ € TY(X) A CF(00') = (00’)| € TE(X).

Proof:
Direct consequence of Def. [B.T|and of Lemma|[3.2] 0

The following lemma simplifies the characterisation of urgent events in terms of traces given by
Lemmal[B.8] This simplified characterisation only holds for conflict-free CES, and for those states (C, X))
which are reachable in the LTS —¢(,. Under this hypothesis, it is no longer needed to check that the
credits in X are honoured: this is already guaranteed by the fact that there exists a trace eo in TC.
Therefore, for conflict-free CES the LTS —¢, can be simplified by eliminating the component X from
the states. Note that, if (C, X) is not reachable in —, then the (<) direction of Lemma [B.11| may be
false. For instance, in the CES with enablings a = b and b I a, consider the state ({b}, {b}), which is
not reachable in —, . Then, (a) € T}, but a is not urgent in ({}, {b}).

Lemma B.11. For a a conflict-free CES &, and a reachable state (C, X) of —q,.:

ec U (X) <= Fo.eocTY

Proof:

The (=) direction is straightforward after Lemma For (<=), let o be such that (0, ) T (C, X

and @ = C, and assume that ev € TC, for some v. By Lemma|5.14} there exists 7 such that (C, X) LW
(o7,0). By Lemma n € T, and by Lemma|5.6(@), C U7 IF X. By Lemma|[B.10} since CF(evn)
then evn| € T¢. By Lemmal5.6(b), 0 € T(X). Therefore, Lemma gives that o(evn)] € T(X),

from which Lemma (3.5 yields o(evn)] € T. Finally, Lemma [5.13| gives that (C, X) Mu, which

concludes. O




Proof of Lemma 5.17:

For the inclusion (C), lete € UC(X). If e € C, we already have the thesis. Otherwise, since (C, X) is a
reachable state of —q, , by Lemma it suffices to show some o such that ec € T¢. We now proceed
by cases on the rule used to deduce e € ﬂg(X ).

e (Fy). Let 0 = . Then, eo € T¢ holds, because C I e.

e (Ikg). Since R(C' U X) IF e, by Notationthere exists D Cg,, R(C' U X) such that D |- e. By
Lemma[B.7, R(C' U X) = RY(X) U C. By Def. RE(X) = JTFY(X). Since configurations
with past enjoy coherence and € is conflict-free, then D \ C' Cp, RE(X) € FC(X). Thus, by
Def.[B.2] there exists o € T¢(X) such that 7 2 D\ C. Since X C C, this implies that o € TC.
Since C' Ueg 2 C'U D I e, then we conclude that there exists o’ such that es’ = (ec)] € TC.

For the inclusion (D), let e € UY(X) U C. If e € C, the thesis follows by rule (c;). Otherwise, if
e € UY(X), by Lemma there exists o such that ec € T¢. There are the following two cases,
according to how e was justified in ec.

e C'F e. By rule (y), we conclude that e € UC (X), for all X

e CUer I e. Since ec € T¢, then e € FC, and so by Def. ec C ?QC. By Lemma [B.7]
R(C) =RCUC Der UC IF e. Thus, by rule (I-;), we conclude that e € U (0).
g

C. Proofs for Section

C.1. Propositional Contract Logic
Definition C.1. The Gentzen-style sequent calculus of PCL is defined by the rules in Fig.[5]

As proved in [7], the sequent calculus of PCL enjoys cut elimination. A cut on a formula p is replaced
by cuts on strict subformulae of p, and cuts on p having a shorter proof tree. This makes PCL decidable.

Theorem C.2. (Cut Elimination [7])
If p is provable in PCL, then there exists a proof of p not using the (CuT) rule.

Hereafter, ¢ will range over conjunctions of atoms, and ¢ will range over sets of conjunctions of
atoms. With a little abuse of notation, we shall use sets of events X in PCL formulae, actually standing
for the formula A X.

Proof of Lemma
Under the hypothesis of the lemma, by Theorem 4.7 we have Re (®) = Re(®). Consequently, we will
actually prove that 3 C Re (D) iff [E]x, D FpcL .

For the (<) direction, assume that [E], ® FpcL .

By Theorem consider a proof tree A of [E]x, ® FpcL ¢ without occurrences of the (Cur) rule.
The RHS of each sequent in A has the form /\Z-E 7 ei, and so A only contains occurrences of the rules
(ID), (AL1), (AL2), (—L), (Fix). We prove  C Re(®) <= [€]x, P bpcL ¢ by induction on the
depth of A.
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Figure 5. Genzten-style proof system for PCL.

The base case concerns the axiom (Ip), which gives:

ped
], P+ ¢

Since ¢ € ®, then p C @, so by Lemmata @ and lLijl we have 3 C R(p) C R(D).
For the inductive case, we proceed by cases on the last rule used in A. There are the following
exhaustive cases:

(ID)

e case (AL1). We have that ® = ®’, g A r for some @/, so:

Elp, ®, g A -
(€], ﬁ naE e
[Elr, P, qAT F o

By the induction hypothesis, 7 C R(® Ug) = R(D).
e case (AL2) similar to the previous one.

e case (—L). We have ¢ — a € [E] for some conjunction of atoms ¢ and atom a, and

[Elr, P, g —a - q [E]lr, P,a F @
[Elr, P, g —alk ¢

(=L)



By applying the induction hypothesis twice, we have § C R(®), and 3 C R(® U {a}).
Since ¢ — a € [&]x. by Def[6.2]it must be the case that g - a € &. By saturation, R(®) + a
Thus by (F5):
R@®)Fa
o€ R®)
By Lemma- R(® U {a}) = R(P), from which we conclude 7 C R(P).

R

e case (Fix). We have ¢ — a € [€]x for some conjunction of atoms ¢ and atom a, and

[8]327 (I)7 q—a, F q [8]32, q), a
[8]3{,‘1’,(}—»@% (2}

14 (FIX)

By applying the induction hypothesis twice, § C R(® U %), and 3 C R(® U {a}).

From the last inclusion, Lemmaylelds R@U{a} Up) = R(® U {a}). Sinceg C R(®UP)
R(® U {a} Up), then we also have § C R(® U {a}).

Since ¢ - a € [€]g, by Def [6.2] it must be the case that g I+ a € &. Thus, by saturation
R(® U {a}) I a. By rule (), we have:

N

R@U{a}) Fa
a€R®)

(IF4)

By Lemma. R(® U {a}) = R(B), therefore p C R(D).

For the (=) direction, let  C fR(i) and let e € ». We will prove that [E]R, ® FpcL e, which
implies the thesis. We proceed by induction on the depth of the derivation of e € 9%( ). According to
the last rule used, we have the following cases:

e case (c4). The premise of rule () prescribes that e € ®. By suitable application of rules
(Ip), (AL1) and (AL2) we obtain the thesis [E]¢, P | e.

e case (F3). We have:
R(®) ke
e € R(D)
Since R(®) + e, there must exists a minimal D C fin R(®) such that D - e € €. By Def. we

have that (\ D) — e € [€]x. By the induction hypothesis we have that forall d € D, [E]x, ® F d.

Then:
I1.H.

[8]9{,@"/\1) [8}3{,@,6 |—€
[E]lx, PFe

(ID)

(=L)

e case (I-3). We have:

R@U{e}) IFe 0"
e € R(P)

&%)



Since R(® U {e}) IF e, there must exist a minimal D Cfin R(® U {e}) such that D I+ e € €&.
Then, by Def. we have that (/\ D) — e € [€]x. By the induction hypothesis we have that, for
alld € D, [€]g, D, e d. Then:
1.H.
[8]33,‘1),6 F/\D [8]3{,@,6 Fe
[Elr, ® Fe

(ID)

(FIX)

Proof of Lemma
Item () follows by a straightforward inductive argument on the depth of the proof of [E]5, ® Fpcyr, .

For item (b)), by Theorem consider a proof tree A of [E]5, ® FpcL ¢ without occurrences of the
(Cut) rule. The RHS of each sequent in A is a conjunction of atoms, and so A only contains occurrences
of the rules (Ip), (AL1), (AL2), (AR), (—L), (Fix). We proceed by induction on the depth of A; there are
the following exhaustive cases:
e (Ip). The base case concerns the axiom (Ip), which gives [E]5, ® Fpcr, ¢ provided that p € . We
have that@b C 5" C 5!.
e (AL1), (AL2), and (AR). Straightforward by the induction hypothesis.

e (—L). We have p — e € [€]y for some conjunction of atoms p and atom e, and:

[8]3"7 (I),p—>e|—p [8]?7 CI),el—cp
[Ely, @ F ¢

(=L)

By applying item () on the leftmost premise of rule (—L) it follows that P C $'. The formula
p — e € [E]F must have been obtained as the encoding of an enabling Z + e in €. Thus, by

Def. it must be the case that p = le A Z A !Z. We then have e € p' C 5!, and so since by
hypothesis gb - 5!:

@U{e})’ =3 U{e} CB U{e} =0T
We can then apply the induction hypothesis on the rightmost premise of rule (—L), and obtain the
thesis ° C (P U {e})! =3

e (Fix). We have that p — e € [€] for some conjunction of atoms p and atom e, and:

[Elg, @, p—e, pbp [Elg, @, et
[Ely, PF o

(FIX)

By applying item (a) to the leftmost premise of (Fix), we obtain 7 C [ U$'. The formula
p — e € [E]y must have been obtained as the encoding of an enabling Z IF e in €. Thus, by

Def. it must be the case that p = le A Z A !Z. We then have e € ' C 3'U %'. By applying
—1 —
item (a) to the rightmost premise of (Fix), we obtain 3' C ® U {e} =9 Summing up,
@U{e))’ =3 U{e} CT U{e}CT UP' CT UGB CT
We can then apply the induction hypothesis on the rightmost premise of rule (Fix), and obtain the
— | —1
thesis 3° C (P U {e}) =T .



Proof of Theorem
For the (<) direction, we shall first prove the following statement. For all sets of conjunctions of atoms
®, and for all conjunctions of atoms ¢:

s, Dhpc e A B CP A CP@) = IC'€F@). 9" CC' CD (13)

By Theorem consider a proof tree A of [E]5, ® Fpcr ¢ without occurrences of the (Cur) rule.
The RHS of each sequent in A is a conjunction of atoms, and so A only contains occurrences of the rules
(Ip), (AL1), (AL2), (AR), (—L), (F1x). We prove by induction on the depth of A.

The base case concerns the axiom (Ip), which gives [E]5, ® Fpcr ¢ whenever p € ®. Let C' = @b.

Then we have ¢’ = 3” C & C & . Since C’F(@l), then CF(C"). By Lemma |i we have
C’ € F(3"), and so Lemma lb gives the thesis C’ € ?(Eb).

For the inductive case, we analyse the last rule used in A. There are the following exhaustive cases:
e (AL1) and (AL2). Straightforward by the induction hypothesis.

e (AR). For some conjunctions of atoms p and ¢ such that p =p A ¢:

[8]?,@)'—]) [8]?7‘1”_(1

(AR)
[Els, @FpAg
By applying the induction hypothesis on the two premises, we obtain:
30, €F@).pPCCLC T (14)
30, € F(@). 7 CCC T (15)

Let C' = C; U Cy. Since C1,Cy C o' and C’F(@!), we also have CF(C"). Then, by Theo-
rem , C' e ?(Eb). Furthermore, 3° = 5 UG’ C O’ C 3.
e (—L). We have p — e € [€]5 for some conjunction of atoms p and atom e, and:

[8]?7 @,p—)el—p [8]57 <I>,e|—<p
[E]ly, PF ¢

(=L)

The formula p — e € [€]y must have been obtained as the encoding of an enabling Z + e in
€. Thus, by Def. [6.5]it must be the case that p = le A Z A !Z. Since [€]5, ®, p — e F p, by

Lemmait follows that 7 C @. Since p = le A Z A1Z, we then have e € ' C &', and so since
J— —
by hypothesis 3’ Co:
@Ule)) =3 U{e} CT U{e} =T

!

Note also that CF (6!) and CF((® U {e}) ). We can then apply the induction hypothesis twice
on the two premises, and obtain:

30, € F(3).5°CCLC T (16)
I, € F(@ U{e}). 3" CCC T (17)



Let ¢! = Cy U Cy. Since C1,Cy C 3’ and C’F(5!), we also have CF(C"). Since Z F e

and Z = T)b C (4, then by saturation we also have that C;  e. Therefore, Lemma EI gives
i —

C' € F(3"). The thesis follows by 3° C 3’ Up’ C ' C & .

e (Fix). We have that p — e € [€]5 for some conjunction of atoms p and atom e, and:

[Elg, &, p e, pbEp [Elg, P, ek o
[Ely, @ F ¢

(FIX)

The formula p — e € [€]s must have been obtained as the encoding of a circular enabling Z I e
in €. Thus, by Def. [6.5]it must be the case that p = le AN Z AN 1Z. By applying Lemma on
the sequent [E]y, ® F ¢ we have § C $'. Therefore, (@ ng)b = <I> U gpb C3 U go CT,
By applying Lemma on the sequent [€]5, ®, ¢ F p, we have 5' C ' U 7' C 3 Thus,
(Eu{e}) CP UP CRUPCD.

Note also that, since ' C ® ', then C’F(CI>! U$') holds, as well as CF(E! U {e}'). We can then
apply the induction hypothesis twice on the two premises of rule (Fix):

30, € F@ UB). P CCLCD (18)
A e F(@ ULe)). 5" CCrCd' (19)

Let C' = C1 U Cy. Since C1,Cy C C and CF(C), we also have CF(C"). Since Z I+ e and Z C
ﬁb C (', by saturation we have C I+ e. Since @b C (3, by (18) and by Lemma lb we have

C, € ?(Eb U Cy). Therefore, by Lemma we obtain ” Cp? UB* CCLUC, =’ € CT’"(Eb).

We now prove that implies the thesis. Assume that [E]5, !C, X Fpcr C, and [E]5, !C) X HpcL
1. LetY = XNC,letd = ICUAY, andlet p = AC. Then, & = 3’ = C, and &~ = Y.
By contradiction, assume that 6! is not conflict-free. Since 5! = (), there must exist a,b € C such
that a # b, and so by Def. we would have that [E]5,!C FpcL (la A b)) — L. This would imply
that [€],!C Fpcr L, which would contradict the hypothesis of the lemma. Therefore, CF (5!). Also,
[ cCC = 3. We can then apply (13), from which we find some C’ € F(X) such that
p’CcCC 3. Since € = P’ CC' C o = C,wehave C € F(Y). Since Y C X,byLemma
we obtain the thesis C' € F(X).

For the (=) direction, assume that C' € F¢(X). Observe first that, since CF(C'), then for all choices of
X C E it cannot be the case that [€]5,!C, X Fpcr, L. By Lemma[3.4] there exists 0 = (e1...¢e,) €
T(X) such that & = C. We proceed by induction on |C'\ X|. For the base case |C' \ X| = 0, since
C C X, by rule (Ip) we have that [E]5,!C, X Fpcr, C. For the inductive case, we assume that

Ce ?(Y) - [8]3‘, 1IC,Y bFpeL C (20)
holds for all Y such that |C' \ Y| < |C \ X|. To do that, we prove the following statement, which

implies (20):
Vi <n. r }_PCL €; (21)



To prove (21)) we proceed by (strong) induction on i: assuming that (21]) holds for 1..i — 1, we prove
that it holds for ?. We have the following three subcases, according to the way e; has been justified in
o€ T(X).

e; € X. The thesis follows trivially by (Ip).

o; F e; and e; ¢ X. By the induction hypothesis of 2I)), I' Fpcr. 7;. By Def. there must exist
a minimal Z C &; such that Z I e; is an enabling in £. By Def. [€]F contains the formula
p — e;, withp =le A Z AN1Z. The sequent I' Fpcp 7; can be weakened as I' Fpcr. Z, because
Z C 7. Sincee € C, Z C C, and I contains !C, we also have that I' - p. Therefore, by rule
(—L) we obtain the thesis:

I''p—etp I''p—ee e
I''p—eFe;

CIFe;and e; ¢ X. By Def. there must exist a minimal Z C C such that Z I e; is a circular
enabling in €. By Def. [€]F contains the formula p — ¢;, with p = le; A Z A1Z. Since
e; € C'\ X, we have that |[C'\ X| > |C'\ (X U {e;})|. Since C' € F(X), by Lemma 3.7(3-7)
we also have that C' € F(X U {e}). Thus, the induction hypothesis on the statement gives
[€]7,!C, X, e; = C. This sequent can be weakened as I', e; - Z, because Z C C'. Since e € C,
Z C C,and T contains !C, we also deduce that T, e; - p. Therefore, by rule (Fix) we obtain the

thesis:
I',p—eetp Ip—eiei e

I'p—>e e
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