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Abstract. In 1986 Kowalski and Sergot proposed a logic-based formal-
ism named Event Calculus (EC), for specifying in a declarative manner
how the happening of events affects some representation (the state) of
the world. Since its introduction, EC has been recognized for being an
excellent framework to reason about time and events. Recently, with the
advent of complex software systems decomposed into sets of autonomous,
heterogeneous distributed entities, EC has drawn attention as a viable
solution for monitoring them, where monitoring means to represent their
state and how events dynamically affect such state.

In this work we present the fundamentals of a reactive and logic-based
version of EC, named REC, for monitoring declarative properties, while
maintaining a solid formal background. We present some results about
its formal as well as practical aspects, and discuss how REC has been
applied to a variety of application domains, namely BPM, SOC, CGs
and MAS. We also highlight some key issues required by the monitoring
task, and finally discuss how REC overcomes such issues.

Keywords: Sergot, Event Calculus, Monitoring, Computational Logic,
Business Process Management, Service Oriented Architectures, Multi-
Agent Systems, Clinical Guidelines.

1 Introduction

In 1986 Robert A. Kowalski and Marek J. Sergot proposed, in their seminal paper
entitled “A logic-based Calculus of Events” [15)], an approach to representing the
effects of action and change in a logic programming framework. The name Fvent
Calculus (EC) was coined to draw attention to the contrast with the conception
of action and change employed in the situation calculus of McCarthy and Hayes
[17]. Instead of thinking primarily in terms of situations and actions as transitions
between situations, the authors proposed to think first and foremost about the
occurrences of actions—events—and the periods of time that they initiate and
terminate [25]. The EC is expressed by small set of simple logical axioms, which
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link the happening of events at certain time instants, to relationships and the
periods for which they hold. The relationships, to be later known as fluents,
would be intended as the terms for describing (the state of) a world. The time
intervals for which fluents hold, instead, would describe the evolution of the world
over time. The axioms were defined in terms of the Horn subset of classical logic,
augmented with negation as failure, thus making the formalism executable as a
Prolog program.

Since its introduction, the EC has been exploited in a variety of domains,
such as cognitive robotics [20], planning [28], service interaction [16] and com-
position [23], active databases [12], workflow modelling [I0] and legal reasoning
[11]. Moreover, besides the original implementation presented by Kowalski and
Sergot, many other variants and extensions have been proposed, based on logics
[24027[7], as well as on other programming paradigms such as in [I1].

Recently, with the advent of distributed software solutions, EC took center
stage again. Thanks to the increasing pervasiveness of networks, computers and
communication modalities, the complexity of today’s systems is often faced by
decomposing them into a set of autonomous, possibly distributed entities. Ex-
amples of systems embracing this approach are Business Process Management
[34], (Computerized) Clinical Guidelines [30], Service-Oriented Computing [13]
and Multi-Agent Systems [33]. Such kinds of systems exhibit complex and un-
predictable dynamics, emerging from the interaction of multiple, autonomous,
and heterogeneous components. As a side effect, assuring the right “behaviour”
of such systems is becoming a complex task too. Other problems arise from the
limits of classical debugging techniques, which cannot help with dynamic envi-
ronments where heterogeneous components, often treated as “black boxes”, are
not internally observable. Monitoring these systems while executing is a prac-
tical approach that offer a partial solution to such issue. If assuring the right
behaviour before the execution can be done only to some extent, monitoring dur-
ing the execution helps to detect wrong happenings/states, and allows to take
possible countermeasures.

Monitoring at run-time means to represent the state of such systems, how
events affect their state, and to dynamically understand if certain properties are
indeed respected. Thus, after 25 years, EC is going to be a suitable candidate
for this task.

However, the monitoring task has its own peculiarities. To be effective, the
original EC must be adapted to cope with the monitoring’s dynamic nature.
For example, the classical axiomatization of EC is basically deductive, and is
typically used to reason about a fixed history of events. Adding new events
require to restart the EC reasoning from scratch. In a monitoring setting, where
events continuously happens at a fast pace, such behaviour is not practical.

The aim of this paper is two-fold. On one side, we want to discuss how EC
can be extended to cope with the monitoring task, discussing formal aspects,
properties as well as performance issues. On the other side, we introduce the
reader to four different application domains where EC proved to be a viable and
successful solution.
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Table 1. The Event Calculus ontology.

happens at(Ev,T) Event Ev happens at time T'
holds at(F,T) Fluent F holds at time T'
mui(F, [Th,T2]) (T1,T2] is a maximal validity interval for F’
initially(F') Fluent F holds from the initial time
) Event Ev initiates fluent F' at time T’
)E

vent v terminates fluent F' at time T

initiates(Ev, F,T
terminates(Ev, F, T

To this end, the paper content is organized in two distinguishable parts. In
the first part, after a brief recall of the EC original framework (Section [2),
we present (Section [J)) our extensions to the original event calculus, extensions
made to face the peculiarities of the monitoring task. In particular, we present
two different implementations of the Reactive Event Calculus, as we named our
extensions to the original EC. The first implementation of REC, namely RECg,
is based on a solid, logic background, and it enjoys several formal properties. The
second implementation, namely RECp, is more oriented to performance aspects,
a fundamental requirement when dealing with dynamic environments like, e.g.,
SOA and BPM workflows. A performance comparison between RECg and RECp
is also presented. While RECg has been partly published elsewhere, RECp and
the performance comparisons are novel and original contributions.

In the second part of the paper (Section M) we present our own experiences
on applying the REC framework in four different application fields, briefly in-
troducing peculiarities and how REC has been exploited in each context. Our
intention is not to provide a survey of all the application fields where EC has
been applied. Rather, the aim is to highlight how REC provides a good solution
in many fields where monitoring plays a fundamental role.

2 Background on the Event Calculus

The basic concepts of the Event Calculus are those of event, happening at a
point in time, and of fluent, holding during time intervals. Fluents are initi-
ated/terminated by events. Given an event narrative (a set of events), the EC
theory and domain-specific axioms together (“EC axioms”) define which fluents
hold at each time. There are many different formulations of these axioms [J].
A possible formalisation is given by axioms ec; and ece, where P stands for
Fluent, E for Fvent, and T represents time instants. Predicates holds at and
clipped capture, the notions of a fluent that respectively holds at time T, or has
been terminated within the time interval [T7,T3].

holds at(P,T) < initiates(E, P, Tstart)
A Tstart < T A —clipped(Tsiart, P, T).
clipped(Ti, P, T3) < terminates(E, P, Ts)
ANTL <Te NT2 < Ts.

(ec1)

(ec2)
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initiates(E, P, T) < happens at(E,T) A holds at(P1,T)
A ... N holds at(Pa,T).

terminates(E, P,T) < happens at(E,T) A holds at(P1,T)
A ...\ holds at(Pn,T).

(ecs)

(eca)

Roughly speaking, Axiom[gzg)can be intended in the following way: fluent P holds
at time T if an event E initiated it at time Ts;4.¢, and P has not been clipped
in the time interval [Ts¢qrt. . . T]. Axiom [ec3) then specifies that a fluent has been
clipped between time T} and T3 if an event E that terminates P happened within
such time interval.

Axioms (ecs, ecq) are instead schemas for defining the domain-specific axioms:
a certain fluent P is initiated /terminated at time 7" if an event F happened at the
same time, while some other fluents P; hold. The expression happens at(E,T)A
holds at(Py1,T) A ... A holds at(Py,T) represents the context which cause E to
initiate P. In general, the context can be any conjunction of literals. To say that
a fluent holds at the beginning of time we can use the shorthand initially(P).
Dual axioms and predicates can be added to define when fluents do/do not hold
[27]: e.g., an axiom can be added to define declipped/3 (an event has made a
certain fluent holding). The EC formalization above is called simple EC, and
uses the Horn fragment of first order logic, augmented with negation as failure.

An EC theory is a knowledge base composed by a set of clauses (initiates,
terminates, ...) that relate events to fluents. The set of all EC predicates that
will be used throughout the paper is listed in Table [l

A classic example within the EC research literature is the light switch case. A
fluent light on toggles between true and false at every touch of the light switch. To
tell whether the light is on or off, we need to know how the light is at the beginning
of time, and what is the effect of using the switch. That depends on the current
state: if the light is on, then the effect is to switch it off, otherwise the effect is to
turn the light on. A sample EC theory for the light switch is given below:

instially(light on).
initiates(switch pressed,light on,T) < happens at(switch pressed,T')
A —holds at(light on,T).
terminates(switch pressed,light on,T) < happens at(switch pressed,T)
A holds at(light on,T).

In Figure[lit is shown how the fluent light on changes its value when the switch
is pressed at time instants 10, 20, 35, and 55, respectively.
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Fig. 1. Fluents for the light on example
3 The Reactive Event Calculus

Since its first axiomatization in 1986, the EC and its many variations (dialects)
have been typically subject to two forms of reasoning:

— deductive reasoning, to infer the validity interval of fluents starting from an
EC specification and a (complete) execution trace.

— abductive reasoning, to infer a possible execution trace that can be exhibited
by the system according to the corresponding EC specification, starting from
a given initial state and leading to a desired goal state.

In the following, we discuss why deductive reasoning must be improved towards
the adoption of the EC for runtime monitoring, and show two possible axioma-
tizations that are suited to this verification task.

3.1 Monitoring, Deductive and Reactive Reasoning

In the monitoring setting, we are interested in reasoning upon a given set of event
occurrences produced by the running system, to provide the information about
all fluent validity intervals to the stakeholders. This makes deductive reasoning a
suitable candidate. However, the main peculiarity of a running system is that it
produces a dynamically growing execution trace, which is continuously extended
with new event occurrences. Technically:

— the goal is typically fixed, and asks for all fluents validity intervals that hold
according to the specification and the (partial) trace accumulated so far;

— the narrative is continuously updated, adding new event occurrences to the
previous partial trace.

According to the commonsense law of inertia, a narrative update typically affects
only a small number of fluents, while the majority of them remains unchanged.
Therefore, after a new event occurrence is processed, we expect that the cor-
responding set of inferred validity intervals will be only slightly different from
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the former set, computed before the acquisition of such an event. Unfortunately,
deductive reasoning does not take advantage from this fact, and recomputes the
whole result from scratch every time a narrative update occurs. This source of
inefficiency was firstly pointed out by Chittaro and Montanari in [8]. To over-
come it, they advocated the need of smarter EC axiomatization able to progress
from a result computed previously to a new one by suitably changing it as new
events are acknowledged. In particular, they proposed a Prolog-based axioma-
tization called Cached Event Calculus (CEC), which exploits assert and retract
predicates to cache and revise the maximal validity intervals (MVIs) of fluents,
where each MVI stores the maximal time intervals inside which a fluent unin-
terruptedly holds.

3.2 Reactive Event Calculus

The Reactive Event Calculus (REC) stems from the idea of caching the cur-
rently computed result for future use. Every time a new event (or set of events)
is delivered to the reasoner, it reacts by extending the narrative and by conse-
quently extending and revising the previously computed result so as to make it
consistent with this new information.

From the technical point of view, we have studied two different axiomatiza-
tions of REC. The first axiomatization is based on Abductive Logic Programming
(ALP), and exploits a form of “caching by abduction” that is associated to an
underlying declarative semantics; the axiomatization is composed of backward
(Prolog) clauses and forward implications called integrity constraints.

The second axiomatization is Prolog-based. It is a lightweight form of CEC
suitable to deal with application domains where events are processed following
the order in which they have been generated, or where out-of-order events refer
to the recent past (i.e., they are received with a small delay). Typical application
domains enjoying this requirement are business processes and (web) services.

Both approaches share the same underlying philosophy of CEC, i.e., caching
and manipulation of fluents’ MVIs. In particular, they employ the mwvi/2 predi-
cate listed in Table [Tl to reify, generate and cache the maximal validity intervals
of fluents: mui(f, [ts,te]) means that f uninterruptedly holds from time ¢4 (ex-
cluded) to time ¢, (included). We distinguish between two classes of MVIs: closed
MVIs, i.e. MVIs that have a ground value for both its extreme time points, and
open MVIs, i.e. MVIs whose termination time is unknown. Furthermore, both
axiomatizations formalize the simple EC dialect shown in Table[Il and accept a
domain-dependent theory specified in Prolog. Therefore, all specifications writ-
ten in such an EC dialect can be seamlessly exploited with both approches.

In the following, we review the two axiomatizations and highlight their re-
spective strengths and weaknesses.

3.3 SCIFF-Based REC Axiomatization

SCIFF [1] is an ALP-based framework developed for monitoring the running exe-
cution traces of an event-based system, checking whether they comply with a set
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of forward “event-condition-expectation” rules. In particular, these rules relate
the occurring events and their corresponding conditions to positive and negative
expectations. Whenever the current execution trace makes the body of one such
rule true, the expectations contained in its head are generated. An execution
trace is then flagged as compliant if it eventually satisfies all the expectations,
i.e. it contains a matching event occurrence for each positive expectation, and
does not contain matching events for the negative ones.

The framework is highly expressive. Events can be arbitrary terms containing
variables, and such variables can be subject to Constraint Logic Programming
(CLP) constraints [I4]. They can also be used inside predicates that are defined
in a Prolog knowledge base formalizing the static aspects of the system. Occurred
events are represented using the special functor H/2, where H(e, t) means that
event e occurred at timestamp ¢. Timestamps are explicitly modelled relying on
integer or real domain. Roughly speaking, each positive expectation, denoted
by E/2, is existentially quantified, reflecting the intuition that one matching
event occurrence suffices to fulfil it. Conversely, negative expectations, denoted
by EN/2, are universally quantified, because they forbid the presence of all
matching event occurrences.

From the technical point of view, a SCIFF specification is represented as an
abductive logic program. An abductive logic program is a triple (KB, .A4,ZC),
where KCB is a partially specified logic program, A defines the abducible predi-
cates, i.e. predicates that are left unspecified in KB, and ZC is a set of integrity
constraints, used to implicitly isolate the acceptable abductive explanations that
can be formulated (hypothesized) to complete the clauses in KB.

In SCIFF, integrity constraints consist “event-condition-expectations” rules,
and expectations are abducible predicates. Given an execution trace of the sys-
tem, modelled as a set of completely ground predicates H, expectations are
hypothesized according to such rules. A further hypotheses-confirmation step is
then executed in order to check whether they are fulfilled by the event occur-
rences of the trace or not. Two different semantics for fulfilment are defined,
depending on whether the analysed trace is complete or not. In the first case,
a “complete knowledge” assumption is made: every positive expectation is de-
clared fulfilled if and only if a corresponding matching event is contained in the
trace, and every negative expectation is declared fulfilled if and only if no corre-
sponding matching event exists in the trace. In the second case, further events
may still occur to extend the trace, and consequently only the fulfilment of pos-
itive expectations and the violation of negative expectations can be checked:
a currently violated positive expectation could be still fulfilled if a matching
event occurs, and a currently satisfied negative expectation could be still vio-
lated if matching event occurs. Further information about the declarative and
operational semantics of SCIFF can be found in [I].

In [7], we have shown how REC can be axiomatised on top of SCIFF. We
report such an axiomatization here for the sake of completeness. The idea behind
the axiomatization is the following:



130 S. Bragaglia et al.

— mvi is modeled as an abducible predicate (to distinguish abducible predi-
cates from the “normal” ones, we use boldface).

— The extreme time points of each mvi predicate are bound to two correspond-
ing “internal” events modeling its activation (declipping) and completion
(clipping). In order to distinguish the “external”, actual event occurrences
and such internal ones, we assume without loss of generality that external
events are wrapped inside an ev/1 term; e.g., H(ev(open loan(c,id)),5) rep-
resents that a loan has been opened at time 5 for customer ¢, and its identifier
is id. Such events correspond to the happens/2 predicate in the EC ontology.

— Each of such internal events is generated (i.e., abduced) when an external
event occurs and, according to the domain-dependent knowledge base, such
an event clips or declips a fluent.

Formally, given an EC domain-dependent theory XBgom, the corresponding
SCIFF-based REC specification RECs(KBgom) is

RECs(ICBdom) = <K:BREC7 {E/Q,EN/Q,H/Q,mVi/Q},ICREC>
where KBrpe = {{@),@)} U KBaom, and ZCrrc = {@),),H), ), }, and

rules () through () are defined in the remainder of the section.

The first rule of XBrgc is used to check whether a given fluent holds at a
certain time. In particular, it states that fluent F' holds at time T if a maximal
validity interval for F' has been generated, and its timespan contains T

holds at(F,T) < mvi(F, [Ts, T ) NT > T, AT < T.. (1)

Such a rule attests that the reification of maximal validity intervals makes query
complexity linear in the number of maximal validity intervals, which is one of the
major advantages of CEC (and REC) [§]. The second rule of Brrc models the
effects of a special complete event, used to alert SCIFF that the monitored trace
has reached its termination. The effect is to terminate every possible fluent, thus
clipping all the maximal validity intervals that are still waiting for a terminating
event.

terminates(complete, F, ). (2)

The first integrity constraint of ZC rpc provides an expectation-based semantics
to the notion of MVI. In particular, it states that if (T, T¢] is an MVT for fluent
F, then (i) F must have been declipped at time T, (%) F will be clipped at
time T, (i) further declipping/clipping events do not occur in between.

mvi(F, [T, T.]) — E(declip(F),Ts) AN E(clip(F'), Te)
AN EN(d@ClZp(F)7 Td) NTg>T NTy; <T, (3)
ANEN(clip(F), T) AT > Ts AT, < Te.
The second rule of ZC g deals with the initially EC predicate. In particular, it

states that whenever a fluent initially holds, a corresponding declipping event is
generated immediately before the beginning of the execution (e.g., at time —1).

initially(F) — H(declip(F), —1). (4)



Reactive Event Calculus for Monitoring Global Computing Applications 131

The third and fourth integrity constraints deal with the declipping of a fluent,
and the consequent generation of a new MVI. First of all, when (3) an event
Ev occurs at time T, (i) Ev initiates fluent F' at time T', (iii) F does not hold
at that time, then F' becomes declipped, i.e., an internal declipping event is
generatedE

H(ev(Ev),T) A initiates(Ev, F, T) A —holds at(F,T) — H(declip(F),T). (5)

The occurrence of a declip(F) event at time T causes the generation of a new
open MVI for F', which starts fromT and ends sometime in the future.

H(declip(F),Ts) - mvi(F, [Ts,Te]) ANTe > Ts. (6)

The last integrity constraint is symmetrical to (&), and deals with the clipping of
a fluent. In particular, when (i) an event Ev occurs at time T, (i7) Ev terminates
fluent F at time T, (iii) F holds at that time, then F becomes clipped.

H(ev(Ev),T) A terminates(Ev, F,T) A holds at(F,T) — H(clip(F),T). (7)

The clipping event has the effect of fulfilling the (pending) expectation regarding
the termination time of an MVI for F', thus closing the MVI.

3.4 Prolog-Based REC Axiomatization

The REC axiomatization in Prolog is a light-weight version of CEC. In partic-
ular, it provides an efficient treatment of events that are processed in the same
order in which they occur. For causal EC specifications, namely specifications
in which the initiation and termination of fluents only depend on the present
or the past, this assumption implies that the acquisition of a new event can
only impact on the current MVIs in two ways: either one or more new MVIs
are created, or some currently open MVIs become closed. Obviously, a correct
axiomatization must also deal with out-of-order events in a proper way. In CEC,
this is achieved by reasoning upon the domain-dependent specification so as
to infer the changes that are caused by an event occurrence that is processed
out-of-order, suitably revising the affected MVIs and then recursively managing
the effect of such modifications. In our axiomatization, instead, we manage an
out-of-order event (occurring at time T) in a naive way:

1. a roll-back of the cache is executed, removing all the event occurrences
recorded after T as well as all the MVIs that have been started or terminated
after T';

2. the out-of-order event is stored and its effect calculated;

3. all the event occurrences removed in the first step are re-played.

Similarly to what we have done for the SCIFF-based axiomatization, given a
domain-dependent EC specification KBy, its Prolog-based REC theory is de-
fined as RECp(KBaom) = KBdom U KBgen, where KBger, is the general axioma-
tization of the EC ontology described in the following.

! In [7], this Axiom is modeled with a slightly different but logically equivalent rule.
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KBgen exposes a set of predicates that can be invoked by the user or by an
external application to interact with the reasoner.

First of all, status(MVIList) queries the cache and returns the list of all
contained MVTs:

status(MVIList) :- findall (mvi(F, [T1,T2]) ,mvi(F, [T1,T2]),MVIList).
reset is instead used to reset the reasoner by emptying the cache.
reset:- retractall (happens(_,_)), retractall(mholds_for(_,_)).

The start predicate is used to start the reasoner, calculating all the MVIs
related to fluents that initially hold. This is done by updating the reasoner with
a special fictitious start event occurrence happening just before the beginning of
the execution (e.g., at time —1) and by stating that such an event initiates all
the fluents that initially hold:

start:- update([happens(start,-1)]).
initiates(start,F,-1):- initially(F).

The update (ExtTrace) predicate is the backbone of the reasoner. It takes a set
of event occurrences as input, orchestrating other internal predicates to clean
and reorganize such events, to process them and determine their effects, and to
eventually update the cache.

update (ExtTrace) : - remove_duplicates(ExtTrace,NExtTrace),
order_events (NExtTrace,0Trace),
manage_concurrency(0Trace, Trace),
update_events(Trace) .

The first three predicates are used to pre-process the incoming set of events by
removing duplicates, order them by ascending timestamp, and managing concur-
rency. After that, the trace is now organized as a list of lists, where the each inner
list contains event occurrences referring to the same timestamp. The last predi-
cate is instead used to effectively process the (reorganized) trace. The processing
phase follows the aforementioned naive approach. We comment the core of the
processing phase, which focuses on the acquisition, MVIs calculation and storing
from a given set of concurrent events, i.e. events happening at the same time.

calc_effects([happens(E,T) |Ev]) :- assert_all([happens(E,T) |Ev]),
my_setof (F, clip(F,T),S),
close_mvis(S,T),
my_setof (F, declip(F,T),S2),
open_mvis(S2,T).

The first line of the definition inserts all the incoming concurrent events in the
cache. The second line individuates all the “negative” effects of such events, i.e.,
infers all fluents that are clipped at time 7', where c1ip(F,T) is defined exactly
as in the SCIFF-based axiomatization:
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clip(F,T):- happens(E,T), terminates(E,F,T), holds_at(F,T).

The third line focuses then on extracting all the open MVIs related to such
fluents, substituting them with corresponding MVIs that are closed at time T'.
In particular, for each fluent F', the substitution works as follows:

close_mvi(F,T):- holds_from(F,T,T1),
retract (mvi(F, [T1,inf])), assert(mvi(F, [T1,T])).

where holds from is defined as holds at, but also returns the starting time of
the MVI that attests the validity of the fluent at the asked time, and open MVIs
are modeled by using the special constant inf.

The fourth and fifth line of the calc effects predicate are defined in a spec-
ular way. The declip(F,T) predicate is defined exactly as in the SCIFF-based
axiomatization:

declip(F,T) :- happens(E,T), initiates(E,F,T), not holds_at(F,T).
and the creation of a new MVI for fluent F' is modeled as follows.
open_mvi(F,T) :- assert(mvi(F, [T,inf])).

When comparing different timepoints, an extended version of the comparison
operators is considered, in order to suitably handle the special “inf” value.

3.5 Discussion

The two proposed axiomatizations provide complementary features. We briefly
discuss their main strengths and weaknesses, also taking into account their re-
lation with CEC. The main weakness of RECp and CEC is that they employ
assert and retract predicates, which are not associated, in Prolog, to an un-
derlying declarative semantics. This makes it difficult to prove formal properties
of the calculus. A possible line of research for overcoming this issue is to investi-
gate whether logic programming-based approaches that provide the underlying
semantics (such as for example transaction logic [3]) can be adopted for the
reactive/cached EC.

Differently from RECp and CEC, RECg consists of a purely declarative ax-
iomatization on top of SCIFF, and therefore it directly inherits all the formal
properties of SCIFF, such as soundness as well as completeness and termination
(under the assumption of acyclicity of the domain-dependent theory [7]). Beside
such general properties, we have also formally investigated the class of causal
domain-dependent EC specifications, where each fluent initiation/termination
only depends on conditions that are tested on current or past timestamps. For
these specifications, if events are processed in the same order in which they occur,
it is guaranteed that: (i) the proof tree generated by the SCIFF proof procedure
has only one successful derivation; () when new events are processed, MVIs are
not revised but only extended (irrevocability property [7]).

On the negative side, RECg does not scale well for large execution traces,
mainly because of the complexity of the SCIFF proof procedure. In particular,
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two sources of complexity cause a degradation of the reasoner’s performance.
First of all, RECg massively relies on the underlying CLP solver, used to man-
age the consistency of the MVIs’ start and termination timestamps. Secondly,
negative holds at predicates are rewritten by the proof procedure in such a way
that they introduce mutually exclusive decision points in the proof tree [7]. This
could require a deep exploration of the search space before finding the right
solution.

RECp shows instead good performance, especially for causal specifications
and ordered events. Its performance downgrades when an out-of-order event is
processed; the degradation is proportional to the number of already processed
events that come after such an out-of-order event. The extreme case is the one
in which RECp must process an event whose timestamp comes before the times-
tamps of all the already processed events: in this case, RECp recomputes the
result from scratch, exactly like a backward, goal-oriented reasoner. However,
in the application domains of our interest (see Section [) either it can be as-
sumed that events are always processed following their execution ordering, or
out-of-order events only appear locally, i.e., they were generated recently.

In order to evaluate the performance of RECp under the assumption of having
only “local out-of-order events”, and compare its behaviour with the one of
CEC, we have set up the following benchmark. We consider a fixed minimal
domain-dependent specification composed of 10 rules, and including 4 different
event types and 3 different fluents. Each test is generated by constructing a
trace starting from two parameters: R, the core trace length, and K, the out-of-
order timespan. More specifically, a set of R events is incrementally generated,
passing each new event occurrence to the reasoner. Each new event occurrence
is generated by randomly choosing an event type among the 4 mentioned in the
specification, and by determining its position as follows. Let P denote the last
position of the current trace; then the position of the new event is randomly
picked between P — K 4+ 1 and P + 1. This means that if K = 0, then events are
processed in the order they occur. If K = 1, then every new event comes last or
second last, and so on. In order to study the trend of the reasoners, this chunk
of R events is then repeated at increasing time windows.

Two tests of this benchmark are shown in Figure[2l On the y-axis the charts
present the amount of time needed to process the i-th event. It is easy to see
that RECp outperforms CEC of several orders of magnitude. Furthermore, as
expected the sparsity of the reported values increases as K increases.

4 Application Fields

Within the field of distributed systems, new architectural paradigms have re-
cently emerged, in which autonomous, heterogeneous entities collaborate and
interact to achieve complex goals. In such paradigms, the focus is shifted from
the single participants to their interaction and cooperation. Single participants
are viewed as black boxes, thus allowing components’ heterogeneity. The inter-
action instead is typically modelled in terms of (the happening of) events, which
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Fig. 2. Comparison benchmarks between CEC (diamond, light) and RECp (triangle,
dark). Tests have been carried out with YAP Prolog 5.1.3 on an Intel core® i7 Q
740-1,73GHz architecture, 3GB Ram.

characterize the observable dynamics of a specific systems execution. Notable ex-
amples can be observed in many different application domains, such as Business
Process Management (BPM), Clinical Guidelines (CG) and Care-flow protocols,
Service Oriented Architectures (SOA), and Multi-Agent Systems (MAS).

Within this context, an important line of research is studying new paradigms
and modelling languages able to suitably mediate between compliance support
and flexibility. Compliance monitoring of the execution is used to regulate the
participants behaviour, so as to be sure the system as whole will exhibit certain
properties. Flexibility is intended as the freedom of choice left to the interact-
ing entities, allowing them to take opportunities, to exploit their competences
and knowledge, and to cope with highly dynamic environments (thus enhancing
overall robustness).
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To this end, declarative and open approaches are a suitable perspective [20].
Declarative, to help the modeller in the specification of the behavioural con-
straints that must be respected, without explicitly enumerating a-priori a pre-
determined and rigid set of acceptable flows. Open, to leave participants free to
execute actions that are not explicitly forbidden, which is a fundamental require-
ment inside environments where the participants knowledge is incomplete and
constantly subject to updates as new events occur. Given these considerations,
Event Calculus is a viable answer: being logic-based, it is naturally declarative.
Moreover, EC has been introduced exactly for dealing with events, and to reason
on how the happenings affect some properties.

In the following Sections, we will briefly recap our previous experiences and
results on using EC as a modelling language in different application domains.

4.1 Business Process Management

To achieve their business goals, companies often resort to a variety of means.
Among them, there is the careful analysis and organization of the process behind
the “production of the goods/services”. As defined in [34]:

“A Business Process consists of a set of activities that are performed in
coordination in organizational and technical environments. These activ-
ities jointly realize a business goal. Each Business Process is enacted by
a single organization, but it may interact with BPs performed by other
organizations.”

Complex business processes involve also the participation of domain experts,
within some technical environment that supports the interaction. Such processes
are often characterized by a high degree of unpredictability: e.g., it is impossible
to foresee a-priori which behaviour will be exhibited by the interacting entities
in a given situation. Hence, automated reasoning techniques must be developed
to constantly monitor a running execution of the process and promptly detect
deviations between the actual behaviour and the prescriptions of the model.

In 20/19] a framework called CLIMB (Computational Logic for the verlfica-
tion and Modelling of Business Constraints) is proposed, which combines graph-
ical modelling, logic-based languages and automated reasoning techniques for
the rigorous specification of open and declarative interaction models, providing
support during their entire life cycle.

CLIMB adopts an extended version of the graphical ConDec [22] notation
for the specification of behavioural business constraints. ConDec is a graphical
constraint-based language for modelling flexible business processes. In CLIMB,
ConDec is extended with quantitative temporal constraints (such as delays, dead-
lines and latencies), non-atomic activities, data and data-aware conditions. All
the constructs of (extended) ConDec are translated into EC theories, making it
possible to apply run-time verification and monitoring base on REC. Also, an
EC-based operational support provider has been implemented inside ProM 6,
the latest version of the widely acknowledged ProM process mining framework.

2 See [www. processmining.org
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The interested reader can refer to [2I] for a complete and detailed discussion
on how ConDec has been translated in EC, together with its application to the
monitoring of some real, complex business cases.

A simple example of a business constraint expressed using the ConDec lan-
guage is the following:

(20,40) )
pay order e— send receipt

Given two business activities, named “pay order” and “send receipt” respectively,
the business constraint states that upon the execution of the payment, a receipt
must be sent between 20 and 40 time units after the payment has been done.
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Fig. 3. A simple example of business constraint monitoring with jJREC

Such constraint (called response in the ConDec terminology) can be easily
modelled by means of the EC. In Figure[3al the output of JREC[ is shown, when
the business constraint discussed above is matched against a set of events that
respect the constraint. At time instant 5 the “pay order” activity is executed, and
then the constraint response becomes pending, awaiting for the “send receipt”
activity to happen between time instant 25 and 45. At time 25 the receipt is
sent, and the constraint becomes fulfilled.

In Figure[BH instead an example of the violation of the constraint is presented.
Again, at time instant 5 the activity “pay order” is executed, but this time the
receipt is sent at time instant 55, well over the established deadline of 45. As a
consequence, the response constraint is detected as being violated.

4.2 Service Oriented Computing

Run-time verification and monitoring are matter of the greatest importance in
the context of service-oriented systems. Indeed, even in the presence of static

3 JREC is our REC implementation, equipped with a Java-based Graphical User In-
terface. The GUI can work seamlessly with both RECp and RECs. The interested
reader can download jREC (running with RECp) at the url:
http://www.inf.unibz.it/~montali/tools.html


http://www.inf.unibz.it/~montali/tools.html

138 S. Bragaglia et al.

information about the services’ behaviour, it is not guaranteed that the be-
havioural interface exposed by a service effectively corresponds to its internal
implementation. This problem is further enhanced by the good level of stan-
dardization reached within SOA-oriented systems: while the use of heteroge-
neous components is definitely easier, inspecting third-party components is not
possible any more. Thus, guaranteeing the right behaviour becomes a hard task.
A possible way to handle this issue is to continuously check the behaviour of the
services during their execution.

In [18], we exploited the REC framework to dynamically check whether the
messages exchanged within a service composition comply with a given choreogra-
phy. Thanks to the REC adoption, the framework is able to constantly provide
a feedback that shows how the occurring events impact on the choreography
constraints; furthermore, the detected violations can be explicitly represented
(i.e., reified) and used to generate alarms or trigger corresponding compensa-
tion mechanisms. The starting point is DecSerFlow, a graphical language based
on ConDec, but aimed directly at the modelling of services. Again, we provide
a semantics of the graphical constraints in terms of EC, and exploit jJREC for
monitoring.

In Figure[] taken from [18§], it is shown a set of constraints over a choreography
(Figure Hal). A customer chooses one or more items, and a seller confirm (or
refuse) each chosen item. Upon the order finalisation, the seller issues a receipt
within a pre-established deadline. A fixed discount is granted if the customer
accepts some delays. Anyway, in case of a delay, the seller grants a certain
discount. In Figure [al few constraints are shown. For example, constraint c;
captures the intuition that every choose item activity must be followed by an
answer from the seller, either positive or negative, and that no further item can
be chosen until then. When an order has been closed, the seller is expected to
send a receipt by at most 10 time units (constraint ¢4). Upon the violation of
constraint ¢4, the seller must deliver a discounted receipt (constraint cs).

Each DecSerFlow constraint has been modelled by means of one or more
particular fluents, depending on the type of constraint. For example, a fluent
satisfied(c1) is initially true; the intended meaning is that at the beginning of
the interaction constraint ¢; is satisfied. Upon the event of the customer choosing
an item, the fluent is clipped, meaning that ¢; is not satisfied: only when the seller
will accept (or refuse) the fluent, it will be declipped, thus returning satisfied.
In Figure it is possible to observe the fluents and how their states change
upon the happening of the events, drawn at the bottom of the Figure. Note that
c1 is also about prohibitions. In particular, it is about the seller accepting and
refusing the same item at the same time, and the prohibition for the customer to
proceed with another order until the seller has accepted or refused the previous
one. For these two aspects, a particular fluent forbidden(anAction) shows when
a prohibition holds for action anAction to be executed.

Summing up, in this domain we have exploited the EC to represent the state of
the constraints (by means of fluents), while the activity executions are the events
that affect the fluents. Note that the fluents implicitly capture some notion
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Fig. 4. A set of constraints about a choreography, together with the generated fluents
and the time spent to perform the monitoring. Figures taken from [I8].

of satisfaction/violation of the constraints, depending on the observed course
of events. Taking into consideration also time-related aspects, it is possible to
evaluate if the whole interaction has been compliant w.r.t. the choreography
constraints, by simply looking for violated constraints. REC, by showing how
fluents changes, provides such information, thus supporting the monitoring of
the execution.
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4.3 Multi-Agent Systems and Commitments

In the field of open Multi-Agent Systems (MAS), an important issue is related
to the specification and verification of interaction protocols, with particular
emphasis on social, normative and contractual aspects. A widely adopted ap-
proach to the modelling of MAS is the so-called social approach, where the
allowed interactions and the semantics of the events are given in terms of the
consequences that such events have at the social level of the MAS. A notable
example of this approach is the one based on commitments, firstly introduced by
Singh in [29]. Commitments capture the mutual obligations established between
the interacting agents during the execution. A commitment states that a debtor
agent is bound towards a creditor agent, and must bring about some property
to correctly discharge the commitment. A debtor becomes committed towards
a creditor as the consequence of its own (communication) acts. The theory of
commitments specifies the states through which a commitment goes as certain
events (i.e., communication acts) occur.

EC has been exploited for modelling commitments for the first time in [35].
In that work, the authors provide the commitments with a semantics in terms of
the EC; at the same time, the authors exploit the EC also for reasoning about
the current state of a system, in terms of the commitments that are currently
active, satisfied or violated. Taking inspiration from that seminal work, we have
further investigated the possibilities offered by the use of the EC for modelling
the commitments. A first extension has been presented in [5], where the well-
known notion of commitments has been extended with the temporal notion of
deadline. This opened up the possibility of modelling commitments in which
the debtor agents must bring about a given property within a maximum time
instant. Moreover, the formalization presented in [5] supports also MAS in which
agents can dynamically take part to or leave the interaction, and in which there
is no (a priori) fixed and statically known set of agents.

In [31I] the theory of commitments is further extended embracing different
possible time-aware commitments. Two classes of time-aware commitments are
introduced: existential commitments, whose property must be brought about
inside a given time interval, and universal commitments, whose property must
be continuously maintained true during a given time interval. Such powerful
extensions have been possible thanks to the use of EC as modelling language.

An important difference between the approach presented in [35], and our works
in [BI3T], is on how EC has been used to represent commitments. In the former
approach fluents directly represent the commitments, hence if a fluent holds then
the corresponding commitment is established (active). The latter approaches
instead exploit fluents to represent the possible commitment states: a fluent is
about a commitment being in a certain state. Communication acts among agents
are the events that trigger comitment’s state transition and, with respect to our
EC-based formalisation, the clipping/declipping of the corresponding fluents.
As already stated, the latter approach also extends the commitment notion by
allowing temporal related properties, with existential/universal quantification
over temporal periods.
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To illustrate the capabilities of EC used for modelling time-aware commit-
ments, let us present an example taken from [6], where REC has been exploited
to monitor commitment-based multi agent systems. In the example, a business
contract is considered, about the mutual obligations between a customer and
an agency when a car is rented. The following statements are included in the
contract:

(S1) the customer is committed of taking the car back to the car rental agency
within the agreed number of days;

(S2) the agency, in turn, guarantees that the rented car will not break down
for the first three days;

(S3) if the rented car breaks down before the third day has elapsed, the agency
promises a “l-day” immediate replacement;

(S4) in case of a car replacement, the customer receives two more rental extra-
days for free.

Figure Bl shows the outcome of jJREC when used for monitoring an agent in-
teraction that should follow rules GIHS4l In particular, Figure [ shows both
fluents representing the commitment states as well as fluents. For instance, the
facts that car bo123 is available in the agency ag, and it is working properly,
are represented by the fluents in agency(...) and great car(...). When the
customer ian rents the car at time 10, bo123 is no more in the agency, i.e. the
corresponding fluent is clipped. The observed events in the particular interaction
are drawn at the bottom of the Figure, together with the time-stamp the events
happened.

Different states of the same commitment are represented with different fluents.
To easy the comprehension of how commitments change their state, in Figure
all the fluents related to the same commitment are drawn on the same line. Hence,
upon the event of rent, agency ag becomes committed towards ian to guarantee
that car bo123 will be a great car from time 10 to time 13, persistently along
the time period. In Figure Bl such property is wrapped around a u(...) term,
indicating that the property must hold universally along the time period. Look-
ing at the happened events in this particular example, we note that at time 11
car bo123 breaks down. This leads to the establishment of a new commitment
car replaced about the rental agency to substitute the car, while the previous
commitment moves from the active to the compensated state.

Summing up, JREC provides a monitor of how commitments are evolving: such
information can be used to detect violations, to determine possible culprits, and
to provide an overall judgement about the success or failure of the interactions.
Moreover, thanks to its reactive flavour, jJREC can be used to inspect, during
the interaction, obligations and duties of all the involved parties. It is worthy
to note that many other approaches have been investigated for monitoring open
societies of agents. In particular, in [2] Sergot and colleagues have applied the
EC to the specification of roles (and other deontic notions such as power, permis-
sion, obligation, etc.): however, they aim to the simulation rather than run-time
monitoring, and their tools are based on the original EC framework. Anyway,
the results presented in [2] are complementary to the commitment paradigm,
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Fig. 5. Sample outcome shown by jJREC when monitoring a commitment-based MAS

[61

and a possible future work could be about their integration. Torroni et al. [32]
present a retrospective on the REC in the context of Multi-Agent Systems and
Commitments, also including a brief survey on recent work by other authors,
which is closely related to [31].
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4.4 Computerized Clinical Guidelines

Clinical Guidelines (CGs) are, in the definition of the MeSH dictionary, “work
consisting of a set of directions or principles to assist the health care practitioners
with patient care decisions about appropriate diagnostic, therapeutic, or other
clinical procedures for specific clinical circumstances”. They are usually defined
by means of natural language, and they provide information on how to deal with
patients. In particular, CGs quite often provide two types of knowledge: a proce-
dural one, about protocols to be applied to the patient, and often represented in
terms of workflows; and a declarative knowledge, in the form of rules, for manag-
ing circumstances that would not fit within the procedural part. Moreover, CGs
are defined making three important assumptions: (1) the patients are ideal: the
CG is about an abstract patient suffering exactly the disease the CG is about;
(2) physician executing the CG are also ideal: they always have all the required
competencies; and (3) the context is ideal too: any resource prescribed by the
CG is presumed to be readily available.

Given such assumptions, it comes with no surprise that CG executions might
differ from the CG model. Indeed, it is the physician that, exploiting her basic
medical knowledge, interprets and adapts the CG model to the patient, on a per-
patient base. For this reason, monitoring the CG execution w.r.t. the CG model
is quite important: the goal is not about evaluating the physician capabilities,
but rather on understanding how the CG model fits with the environment, the
patients and the physician involved in the CG execution.

Monitoring the execution of a CG requires of course to provide a model of the
CG itself. However, CGs comprise procedural knowledge as well as declarative
knowledge. In our view, EC has been a very suitable and promising candidate for
this task. Indeed, EC implicitly supports the definition of declarative knowledge
bases. A previous work [10] proved EC to be powerful enough to represent work-
flows, and to support reasoning about them. Hence, in [4], we have presented
a first prototype based on EC, where, it is possible to encompass in a unified
framework all the knowledge provided by a CG. More importantly, we have ex-
ploited EC to reason about the CGs models and their execution, captured in the
form of a log of happened events: once defined a domain-dependent notion of
conformance, we have been able to evaluate different executions and to provide
an overall assessment of how the CG model fits the real courses of events.

5 Conclusions

The Event Calculus has been proposed in 1986: since then, it has been widely
adopted in a variety of application fields and domains. Despite being 25 years
old, it is still subject of research activities. Many features have determined its
success, such as its declarative nature, its great simplicity, its overcoming of the
frame problem, and the possibility to directly implement it in terms of a Prolog
program, just to cite a few of them.

Recently, the advent of ICT solutions heavily based on distributed compo-
nents has raised the necessity for monitoring applications. Monitoring means to
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reason about the state of such systems, and how happening events affect their
states. Thus, EC is a strong candidate as a formal framework for supporting the
monitoring task. However, some peculiarities of the monitoring setting do not
immediately adapt to the usual EC formalization.

In this paper we have provided an overview of our research activity about the
use of the EC in the monitoring setting. We have presented a reactive version
of EC, named REC, addressing typical characteristics of the monitoring task. In
particular, we have discussed two different implementations of REC, each one
with its own strengths and weaknesses. Besides developing new implementation
of the EC, we have conducted an intense research activity on applications of
EC/REC in various domains. We have discussed some of such domains, and
briefly shown how EC has been successfully exploited for doing monitoring.

Future research activities will be conducted along two directions. Firstly, we
will develop our REC implementation, aiming at better performances, and to
assess the formal properties, possibly unifying the two different prototypes. In-
deed, applications domain such as SOA are demanding high performances, and
monitoring is a task that requires performances and scalability. Also formal prop-
erties are a strong requirement, to provide trusted monitoring tools. The second
research direction will be about the application domains: in some of them, such
as in Clinical Guidelines for example, our work is still preliminary.

Afterword

Some of the authors of this work had the fortune to meet Marek in person. This
volume gives us a great opportunity to express our gratitude to him. Marek is
not only a great mind, but also a very amusing and entertaining companion. We
could enjoy Marek’s engaging explanations and witty comments, both in personal
communications and from an audience, such as at his opening address of the 2000
Computational Logic conference, or at his tutorial on Norms and Institutions for
the 2003 AT*TA conference. Marek is a careful listener and a great communicator.
He is extremely sharp and to the point when elaborating on scientific matters, and
has a wonderful sense of humour. A conversation with Marek is never boring. This
shows a talent, but also his respect for his interlocutor. We are grateful to Marek
because he lives by his principles and he inspires us to do the same: to always
keep an open mind, to focus on core questions, and to care about the audience.
The same attitude Marek shows in personal communications, he also shows in his
writings. A most insightful document we came across recently is his introduction
to a celebratory volume in honour of Bob Kowalski [25]. In that piece, Marek also
talks about the early days of the Event Calculus. That strand of research inspired
many others, as it did inspire us, and it still does, after more than a quarter of a
century. So thank you, Marek, we hope you enjoy reading this chapter.
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