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Abstract. The compliance verification task amounts to establishing if the execution of a system,
given in terms of observed happened events, does respect a given property. In the past both
the frameworks of Temporal Logics and Logic Programming have been extensively exploited to
assess compliance in different domains, such as normative multi-agent systems, business process
management and service oriented computing.

In this work we review the LTL and SCIFF frameworks in the light of compliance evaluation, and
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SCIFF, by providing a translation procedure from LTL to SCIFF which preserves compliance.
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1. Introduction

Temporal Logic was originally developed to represent tense in natural language [1], but in Computer
Science it was used for formal specification and verification of systems, initially in the realm of con-
current and distributed computing. Traditionally, Linear Temporal Logic (LTL) [2] specifications are
employed for expressing the properties that a reactive system should exhibit (or avoid), and are con-
cretely exploited by model checking tools for formal verification (e.g., [3, 4]).

In some recent research works, however, LTL formulae have been also used to declaratively de-
scribe the system under study itself. For instance, LTL has been extensively applied to this purpose
in different domains, such as that of normative multi-agent systems, Business Process Management
(BPM) and Service Oriented Computing (SOC). E.g., in the BPM and SOC communities, LTL formu-
lae are used to express business rules and policies that must be respected by the interacting stakehold-
ers and services. Even more, the DECLARE system [5] and the ConDec language [6, 7, 8] advocate the
use of declarative, constraint-based specifications to model business processes with a flexible flavour,
and adopt LTL for this purpose.

In these domains, a relevant task is to assess compliance, usually defined as checking if an imple-
mentation faithfully meets the requirements of a standard or specification. The LTL models correspond
to linear Kripke structures representing the execution traces (i.e., sequences of events) occurred during
a specific instantiation of the system, while entailment becomes a compliance evaluator with respect
to a regulatory specification expressed as an LTL formula. The regulatory specification (or regulatory
model) captures the desired property or behaviour to check. The algorithms for compliance there-
fore verify if an execution trace (or a set of execution traces) follows the prescribed behaviours or
rules. Two examples of such algorithms are the one used for static compliance verification of BPMN
business processes [9]', and the one exploited in [10] for auditing event logs.

Recently, Logic Programming (LP) based approaches have been extensively applied for specifi-
cation and verification of normative systems [11, 12], web services [13, 14] and business processes
as well [15, 8]. The LP framework nicely meets the advantages of a declarative, first-order speci-
fication, grounded on a model-based semantics, and equipped with an operational proof procedure,
computing the model itself as in Answer Set Programming (ASP), or through resolution-based meth-
ods. Therefore, compliance has been extensively investigated also in the field of logic programming,
taking advantage of the language capabilities (such as variables, Constraint Logic Programming (CLP)
constraints, and so on) and of the associated proof techniques.

In [16] we have defined the abductive proof procedure named SCIFF, originally developed for
specification and verification of open societies of “computees” (a sort of agents), and later applied
to normative systems [17, 18], web service interaction [19, 20] and BPM [21, 8]. With respect to
Logic Programming, in Abductive Logic Programming (ALP) hypotheses can be made in order to
prove a given goal. For example, ALP frameworks have been exploited for diagnosis purposes, by
generating hypotheses that would explain observed facts. In SCIFF, ALP is used to make hypotheses
about future courses of interactions, in terms of what is expected to happen, and what is expected not
to happen. SCIFF specifications are given in terms of integrity constraints (a kind of IFF forward rules
[22]) linking occurring (observed) events to expectations about the future course of events. SCIFF

'In this case, the BPMN business process intensionally represents all its possibly supported traces.
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declarative semantics has been given in terms of compliance of a given trace with respect to a SCIFF
specification, and the overall framework has been proved sound and complete (under proper acyclicity
and boundedness assumptions for abductive logic programs, guaranteeing termination of the proof
procedure).

Both the approaches based on LTL and on Logic Programming have been applied to the com-
pliance verification task, each solution showing specific strengths and weaknesses. E.g., LTL-based
approaches naturally deal with infinite-length system runs; the same property specification can be
used to verify if the property holds with respect to an execution trace and to verify a priori if a sys-
tem guarantees that property. On the contrary, for example, LP-based approaches provide a richer
expressiveness, by means of variables ranging over infinite domains, and they offer the possibility of
exploiting Constraint Programming techniques. Also, depending on the application domain (Multi-
Agent Systems, Business Process, normative systems, Web Service Interactions), some authors prefer
the term conformance (like e.g. in [23]); other authors in [24] distinguish between conformance and
compliance depending on whether the verification task is applied to the observed execution traces
(compliance) or a-priori to the system specification (conformance); finally, others authors assign a
normative flavour to the terms compliance and conformance [25, 26]. Even if in this work we com-
pletely ignore normative concepts (such as, for example, obligations, duties, powers), we adopt the
term compliance, to highlight the fact that the verification task we refer to is applied to the observed
traces, and no information about the observed system is available.

In this paper we investigate the relation between the LTL-based approaches and LP-based ap-
proaches, from the specific viewpoint of the compliance. In particular, we focus on the relation be-
tween LTL and the abductive framework SCIFF, and we define a correspondence between the two
approaches, in terms of the preservation of the models. The objective is not to provide a two-way
bridge between them, since it would not be possible due to important differences in the expressive
power. Rather, we aim to show that if we focus on the compliance, an LTL model can be (formally
and correctly) translated into a SCIFF one, thus opening up the possibility of exploiting a unified
framework.

Starting from the seminal work by Fisher et al. [27] about Separated Normal Forms (SNF) for
LTL formulae, we define proper mapping functions and show how any LTL formula can be expressed
within the SCIFF formalism. Then, we formally define the notion of compliance in both approaches,
and we discuss the equivalence of the two definitions from the compliance perspective. Finally, we
prove how such equivalence is indeed maintained when formula/property specifications are translated
from the LTL approach to the SCIFF-based one.

The contribution of this work is mainly theoretical: we prove that for any LTL formula ¢, models
(w.r.t. the notion of compliance) are preserved from LTL to LP (and abduction, specifically). From the
practical viewpoint however, two issues arise: firstly, compliance is decidable in propositional LTL,
while LP (and abduction) is semi-decidable. Secondly, the SNF transformation introduces formulas
with an inductive flavour: therefore, boundedness conditions for a SCIFF program are not met, and
termination is not guaranteed. Roughly speaking, this is the price that our translation pays for proving
model preservation for any LTL formula. However, we might point out that real applications often
can be represented with a small, yet significant fragment of LTL: in [20] we investigated how practical
business constraints (whose semantics was given in terms of an LTL fragment) can be automatically
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translated into SCIFF and, more important, can be reasoned upon in an abductive framework. In
[28], performance tests showed how an LP-based approach was comparable, under the performances
perspective, with LTL-based model checking methods. In this light, this current work can be seen as a
complement to the cited previous works: if in the latter works the focus was on practical applicability
and performances, in this work we investigate more semantic aspects, and specifically if and how
models can be preserved between the two logics.

This paper is organized as follow: in Sections 2 and 3 we introduce LTL-based and SCIFF-based
approaches, respectively. In Section 4 we provide a formal definition of compliance equivalence
between the approaches, and then in Section 5 we introduce an automatic method to translate LTL
formulae into SCIFF formulae, preserving the notion of compliance equivalence. Finally, in Sections
6 and 7 we discuss related works and conclude.

2. Linear Temporal Logic

In this section, we provide a brief introduction to (propositional) Linear-time Temporal Logic (LTL),
in particular with respect to the notion of compliance, as introduced in Section 1; the interested reader
can refer to [2] for a more general introduction to LTL.

LTL formulae are built up from atomic propositions, whose truth values change over time. In
general, LTL denotes a temporal logic that is:

linear: each situation has a single next future moment, and temporal modalities therefore predicate
on the truth of propositions along a single timeline;

qualitative: Temporal operators are used to express qualitative time relations between propositions.
Metric distances are not part of the logic;

point-based: operators and propositions are evaluated over points in time;

discrete: the present moment corresponds to the current state of the system and the next one to its
immediate successor (where the first future event happens);

future-tense: temporal operators refer to the occurrence of events in the future.

2.1. LTL models and execution traces

In accordance with the outlined properties, an LTL time structure F, also called frame, models a
single, linear timeline; formally, F is a totally ordered set (X, <) [2]. Usually, X is the infinite set of
natural numbers N.

Definition 2.1. (LTL model)

Let © be the set of all atomic propositions in the system. An LTL model M for ? is a triple (X, <, v)
where v : ? — 2% is a function which maps each proposition in © to the set of time instants at which
the proposition holds.
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We are interested in systems characterized by dynamics consisting of a stream of events. In this
respect, events occurring in an instance of the system can be represented by atomic propositions.
Therefore, we will restrict our attention to the set £ of atomic propositions e representing events. The
dynamic evolution of a system can be represented by which propositions are true at which time instant:
i.e., for each time instant ¢ there is a corresponding state defined as the set of all propositions that are
true in the time instant ¢. Under this interpretation, LTL models correspond to execution traces.

Definition 2.2. (LTL execution trace)

Given a set £ of atomic propositions (representing possible events), an LTL execution trace Ty is
an LTL model having (N, <) as time structure and £ as the set of atomic propositions. In particular,
Tir = (N, <, voce), Where voee @ E — 2N is a valuation function mapping each event e € Z to the set
of all time instants ¢ € N at which e occurs.

For convenience, we will sometimes use the following abbreviations: Ty (7) will denote the i-th state
of TirL, and e € Trpp (i) will be adopted as a synonym for ¢ € v,..(e). Notice that propositions in
the ¢-th state can be occurred events, or can be logical consequences of LTL formulas. Moreover, we
currently have that 2 = Z: however in Section 5.1 we introduce the SNF transformation that will add
further atomic propositions not related to events.

2.2. Syntax of LTL

LTL formulae are defined by using (i) atomic propositions, i.e., events, together with the two special
constants true and false; (ii) classical propositional connectives, i.e., -, A, V and =; (iii) temporal
operators, i.e., () (next time), U (until), { (eventually), [ (globally) and W (weak until).

Starting from these constitutive elements, an LTL formula is recursively defined as: each event
e € £ is a formula; if ¢ and 1) are formulae, then —¢, ¢ A 1, (O, and U are formulae.

Other LTL formulae can be defined as abbreviations:

o VY Ea(npA—y)and g = = —p Vs
o true = —¢ V pand false £ —true;

o Op = truelly;

o Op £ =0

o YWy £ YUp v ).

Temporal operators have maximum priority, then -, A, V and finally =.

2.3. Semantics of LTL and compliance

The semantics of LTL is given with respect to an LTL execution trace, and with respect to a specific
state. We will use |=p, to denote the logical entailment in the LTL setting. M, i =p 11 ¢ means that
 is true at time ¢ in model M. [=prpis defined by induction on the structure of the formulae?:

?For the sake of readability, we explicitly show the semantics of ¢, I and W, even if their semantics can be obtained from
the semantics of I/ and [.
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(Ter o @) iff (7o, 0 i ¢);

(TirL, @ oL e) iff e € Trro(i) (e, i € voce(e));

(TirLs @ WL e) iff e & Tor (4);

(TirLs @ el —e) iff (Tore, @ et ¢);

(TirLs @ o o A ) iff (Tore, @ o o) and (Tire, @ For 9);

(Tir, @ Fur o V) it (T, @ o @) or (Tore, @ . )

(Tir, @ Fu ¢ = ) iff (Torw, @ e @) or (Tirw, @ Frr ¥);

(Tre, @ o Ow) iff (Tor, @ + 1 e ¢);

(TirLs @ oL YU) iff 3k > i s.t. (Tor, k o ) and Vi.i < j < k (Tiaw, J Fu ¥);
(TirLs @ oL Ow) iff 35 > i s.t. (Torw, § oo ¢);

(Tire, @ Fome Oe) i V) >4 (T, J For ¢);

(Tirw, @ Fum yWe) iff either (Tirw, @ Fom U ) or (Tore, @ o B¢).

Note that the WV operator relaxes I/ by removing the requirement that ¢ must eventually hold in a
future moment, and by stating that in this case 1) must hold in all the future states.

When LTL is employed to formalize compliance rules, the declarative semantics selects those
events that must be contained (or avoided) in certain states so as to fulfill them, separating compliant
traces from non-compliant ones. In this respect, =p 1. plays the role of a compliance evaluator.

Definition 2.3. (LTL Compliance)
An LTL trace Tr 1 is compliant with an LTL formula ¢ if and only if Tryr entails ¢:

CMPLrL (7L, ©) £ T =LTL .

When LTL formulae are used to express business constraints/rules of a regulatory model, as for
example in the ConDec language [6], then the LTL formula used for compliance is the conjunction of
all formulae contained in the regulatory model. From an operational viewpoint, the compliance of a
formula ¢ with respect to a trace 7Tryr is verified by means of model checking algorithms.

3. The SCIFF framework

In this section, we review the language and semantics of the SCIFF framework, showing how com-
pliance is grounded on expectations, traces and fulfillment. For a comprehensive description of the
SCIFF framework see [16].
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3.1. SCIFF specifications and traces

A SCIFF specification S is an Abductive Logic Program (K, A, ZC) [29] where: (i) KB is a (static)
knowledge base, i.e., a Logic Program (we rely on standard LP terminology [30]); (ii) A is a special
set of predicates, called abducibles; two special abducibles, namely E/2 and EN/2, are used to rep-
resent the expectations; (iii) ZC is a set of SCIFF integrity constraints, relating happened events with
expectations.

ICB constitutes a deductive knowledge base representing the static aspects of the domain under
study, while ZC represents an abductive knowledge, composed of a set of declarative rules (integrity
constraints) used to constrain the behaviour of the interacting entities when executing an instance of
the system>. Usually in Abductive Logic Programming the KB is exploited by backward reasoning
methods, while ZC is exploited in a forward manner.

Roughly speaking, given a goal G*, abductive reasoning looks for a set of literals A built from
predicates in .4 such that the goal G and the set ZC of integrity constraints are entailed by the program
KBUA. The set A is referred to as an abductive explanation (see Definition 3.3). From another view-
point, the abductive reasoning process consists of making hypotheses so to entail the goal; the allowed
hypotheses are built from predicates which must belong to .4, and should respect some constraints
(Z0).

Three special predicates are used to model happened events and positive/negative expectations,
which in turn characterize occurred and expected courses of interaction. Happened events are denoted
by using the (non abducible) predicate H (E,T"), where E is a placeholder for a term representing the
occurred event, while the placeholder 7" explicitly represents the time at which the event occurred”.
Different time domains can be used to characterize 7', but in the remainder of this paper we will rely on
the natural numbers. Hence, within the SCIFF framework, the execution trace of a system corresponds
to a set of ground H (E,T) atoms.

Definition 3.1. (SCIFF Execution Trace)
A SCIFF execution trace Tscipr (or simply a SCIFF trace) is a set of ground H (E,T') atoms.

A specific execution of the system under study is called an instance, and it is formally identified by
the SCIFF specification modelling the system and by the execution trace produced during the instance
execution.

Definition 3.2. (SCIFF Instance)
Given a SCIFF specification S = (KB, .A,ZC) and a trace Tscirr, (S, Tscirr) is an instance of S.

Positive and negative expectations model instead expected and forbidden events. They are rep-
resented by E(F,T) and EN(E, T), where E is a term describing the event, and 7T is a term. The
intended meaning is that event E is expected to occur/not occur at time 7'.

3Since the knowledge base is not relevant for the translation from LTL to SCIFF, we will mainly focus on integrity con-
straints.

“Notice that, w.r.t. [30], here we call goal the logical formula to be proved.

>The SCIFF framework aims to monitor running systems, whose internals are not observable. To this end, SCIFF observes
the system by means of events that happen at certain time instants.



8 F. Chesani et al. | Evaluating Compliance: From LTL to Abductive Logic Programming

SCIFF Integrity Constraints (ICs) are mainly used to relate happened events with expectations.
They are body — head rules, where body contains a conjunction of happened events and abducibles,
while head contains a disjunction of conjunctions of expectations and abducibles. When the body is
matched with events and abducibles, the Integrity Constraint is triggered, and expectations occuring in
the head are assumed (abduced). All the constitutive elements of an integrity constraint may contain
variables. Roughly speaking, variables contained inside a happened event are universally quantified
with scope the entire rule, modelling that all ground event occurrences match with the happened
event occurring in the rule. Variables appearing in a positive expectation E(E,T') are existentially
quantified, since a positive expectation requires that some event matching with E will occur at a time
matching with T". Conversely, variables appearing in negative expectations are universally quantified,
forbidding the execution of all matching event occurrences®. Both variables contained into happened
events and expectations can occur inside predicates defined in the static K3, or subject to Constraint
Logic Programming (CLP) constraints [31]. Although the SCIFF framework does not have such
restriction, in the following we assume that CLP constraints will be only linear inequalities over natural
numbers. When applied to time variables, CLP constraints are used to express both qualitative and
quantitative time constraints. For example, the SCIFF integrity constraint:

H(a,T) -EMb,To) NTo >T ATy, < T+ 10 ANEN(¢, T3) ANT5 > T NT5 < Tb.

states that every occurrence of event a at any time 7" requires that b will occur afterwards (at any time
T5 greater than T") and within 10 time units at most, and that no event ¢ occurs in between (i.e., at any
time 73 between 1" and 15).

The expressive power of the SCIFF language is not limited to represent propositional events. For
example, the following integrity constraint:

H(a(V,D),T) AV <100 =E(b(V),To) ATy > T ATy < T + D.

states that any occurrence of an event described by a(V, D) with value V' less than 100, at any time 7'
(V and D variables) requires that an event b(1) will occur after the time instant 7", and within D time
units at most. Here the variables in the body of the rule are used to provide further requirements on
what is expected to happen (event b must have the same V' of event a) and when.

3.2. SCIFF and abduction

As pointed out by Torroni et al. [32], in open Multiagent Systems (but the same holds for any dynamic
environment in which events occur over time)

“a large share of information is unknown: either because it is not specified or it is private
knowledge, or — especially in the case of events — because it has not (yet) been observed by
anyone or is still to occur. To capture the unknown, the reasoning conducted to manipulate
expectations is intrinsically hypothetical, and the social semantics of expectations is based
on abductive reasoning.”

SFor a detailed and formal definition of variable quantification and scope within integrity constraints the reader can refer to
[16].
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This motivates why expectations are interpreted as hypotheses (i.e., abducibles) on the possible correct
evolutions of the system. However, being able to generate hypotheses might not be enough: in specific
domains like, e.g., legal reasoning, a further step of verification of the hypotheses against the observed
events (available data) is mandatory.

Hence, the SCIFF declarative semantics does not only provide an abductive interpretation to ex-
pectations, as done for generic abducibles. It goes further, capturing the specific meaning carried
by expectations linking them with happened events through the notions of fulfillment and violation.
Indeed, alongside the generation of hypotheses about the correct courses of interaction as integrity
constraints trigger, an hypotheses-confirmation check is performed, to evaluate if the actual execution
trace of the system adheres to the generated expectations. This constitutes the basis for giving a formal
account of the notion of compliance of an execution trace with a regulatory model.

Therefore, the declarative semantics of SCIFF is presented in the following in two parts. First,
being SCIFF specifications formalized by means of abductive logic programs, the abductive explana-
tions of such programs is presented. Then, we formally define expectations, providing the basis for
compliance.

Definition 3.3. (Abductive explanation A)
Given a SCIFF instance (S, Tscirr), a set A C A is an abductive explanation for (S, Tscirr) if and
only if

Comp (,CB U 7-SCIFF U A) U CET UTX ): e
where Comp is the (three-valued) completion of a theory [33], CET stands for Clark Equational Theory
[34] and Ty is the CLP constraint theory [35], parametrized by the domain X

Notice that a three-value completion is adopted in SCIFF to support compliance checking in the setting
of open, dynamically growing trace. If we consider finite traces, SCIFF semantics can be referred refer
to a two-value completion as in [34]: in such a setting, negation can be intended as Negation As Failure
(NAF).

We remind for completeness that CET is provided by the following axioms:

e for any pair of distinct constants ¢, ¢’ : ¢ # ¢

e for any pair of distinct functors f,g:  f(x1,...,2n) # 9(Y1, -, Ym)

o f(zr,...;zn)=f(Y1,- o yYn) 2 T1=Y1 A .. Ty = Yp

for any functor f and for any constant ¢ :  f(z1,...,x,) # ¢

for any term structure 7(z) in which z is free:  7(z) # x

for any formula W: 2z =y — [W(x) + W(y)]

together with the usual rules of reflexivity, symmetry and transitivity for equality.

Fixing a CLP theory corresponds to instantiating the parameter X and the set of allowed con-
straints. Therefore, different structures can be chosen without affecting the notion of SCIFF’s abduc-
tive explanation. We will instantiate such a parameter to N, with linear equations and inequalities. The
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theory of constraints Ty defines the symbols +, —, %, /(division between integers), =, >, <, >, ...
with the usual meanings (e.g., 1 < 2 + 2 is evaluated to true).

It is worth noting that if a set of integrity constraints ZC is entailed, then each single constraint is
entailed as well, as stated by the following remark.

Remark 3.4. (Abductive explanations and sub-specifications)
If A is an abductive explanation for (S, Tscipr) where S = (KB, A,ZC), then A is an abductive
explanation also for ((KB, A, ZC’), Tscirr), where ZC' C ZC.

3.3. SCIFF declarative semantics and compliance

As we have seen, expectations are special abducible predicates, which carry a prescriptive meaning:
positive (negative) expectations state that the involved event is expected to (not) happen. Hence, expec-
tations are strongly connected to the happened events characterizing a system’s instance: depending
on the actual event occurrences contained in a trace, they become fulfilled or violated, attesting the
compliance or non-compliance of the trace. The SCIFF declarative semantics aims at capturing this
intended meaning, making explicit the relationships between positive and negative expectations, and
between expectations and happened events.

First of all, expectations must be E-consistent: the same event cannot be expected to happen and
not to happen at the same time.

Definition 3.5. (E-consistency)
An abducible set A is E-consistent iff for each event e and for each time ¢ it holds that {E(e,t),
EN(e,t)} € A.

The relationship between expectations and happened events is instead captured by the notion of ful-
fillment, which is guaranteed if a positive (negative) expectation does (not) have a matching happened
event inside the trace.

Definition 3.6. (Fulfillment)
Given a SCIFF trace Tscrrr and an abducible set A, A is Tscypp-fulfilled iff for each event e and for
each time t: E(e,t) € A — H(e,t) € Tscirr and EN(e, t) € A — H(e,t) ¢ Tscirr.

Similarly, the violation is defined as follows:

Definition 3.7. (Violation)
Given a SCIFF trace Tscrrr and an abducible set A, A is Tscipr-violated iff it exists at least one event
e and time ¢ such that: E(e,t) € A A H(e,t) ¢ Tscirr, or EN(e,t) € A A H(e,t) € Tscirr-

Since expectations are abducibles, fulfilment can be interpreted as a particular form of hypotheses
confirmation [36, 37]:

e Expectations are hypothesized according to the instance of the system and the SCIFF speci-
fication; this leads to the formulation of expectations as abductive explanations, according to
Def. 3.3.
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e According to Def. 3.6, the execution trace may fulfill or violate the generated expectations or
not, confirming or disconfirming the formulated hypotheses.

Given an abductive explanation A, fulfillment acts as a classifier that separates the legal/correct execu-
tion traces with respect to A from the wrong ones. A trace is correct if it satisfies all the expectations
contained in A, while it is wrong if an expected event is omitted, or a forbidden event is present.
In this light, the declarative semantics of SCIFF formally characterizes the notion of compliance of
an execution trace with a given regulative specification, where fulfillment isolates, in the space of all
execution traces, those that are supported by the specification.

Definition 3.8. (Compliance in SCIFF)
A trace Tscrrr is compliant with a SCIFF specification S if and only if there exists an abducible set A
such that:

1. A is an abductive explanation for (S, Tscirr);
2. A is E-consistent;
3. Ais ’TSCIFp—fulﬁlled.

If this is the case, we write CMPscrr” (Tscirg, S) or simply CMPscrrg (Tscier, S).

4. Relating LTL and SCIFF

As we have seen in Sect. 2.3 and 3.2, even if LTL and SCIFF rely on different logics, when capturing
regulatory models they both act as compliance evaluators. Each framework has its own notion of
compliance, nevertheless both approaches capture the same idea of compliance. We now provide a
formal account of such a similarity, introducing a mapping between LTL and SCIFF execution traces,
and a notion of “behavioural equivalence” between the two frameworks with respect to compliance.

4.1. Trace mapping

A very intuitive mapping can be introduced to map an LTL trace 7rrr onto a corresponding SCIFF
trace Tscier and vice versa: the states of an LTL trace are mapped onto time instants over N in a
corresponding SCIFF trace, where the fact that e is executed in state ¢ is represented as H (e, t).

Definition 4.1. (Trace mapping)
Given an LTL trace 7. = (N, <, vocc) and the set of atomic propositions £, we map any possible
pair (e, ) into a corresponding SCIFF event H (e, i), where e € £ and i € N, (note that such event
mapping is a bijective function).

A trace mapping tm is a transformation which maps an arbitrary LTL trace 7y, onto a corre-
sponding SCIFF one, by applying the event mapping to each proposition belonging to 7L, i.e. to
each e € £ and for each i € v,cc(€):

tm(Tir) = {H (e, i)|e € E,i € voec(e) }
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Example 4.2. (Trace mapping)
Let us consider an LTL execution trace Ty = (N, <, voc), Where £ = {a, b, ¢, d} is the set of
propositional events and v, is defined as follows:

Voce(a) = {0, 1} Voce(b) = {2} Voce(c) = {3} Voce(d) = 1)
Then tm (7o) = { H(a,0), H(a,1), H(b,2), H(c,3) }

Note that, being tm based on the bijective function mapping the events, it can be applied back and forth.
The inverse translation, which starts from a SCIFF execution trace and produces a corresponding LTL
trace, will be denoted by tm™!.

4.2. Behavioural equivalence

Thanks to the trace mapping function tm, it is possible to evaluate whether the “same” execution trace
complies with an LTL and a SCIFF specification: if the two regulatory models agree, then they express
in some sense “‘equivalent” prescriptions with respect to the trace. Generalizing, if such an agreement
is valid for all the possible execution traces, then the two specifications are behaviorally equivalent.

Definition 4.3. (Behavioural equivalence w.r.t. compliance)
A SCIFF specification S and an LTL formula ¢ are behaviorally equivalent with respect to compliance
(¢ «*» &) if and only if for each LTL trace Trr it holds that:

CcMPrrL (TiTL, @) <= CMPscrrr (tm (i), S) -

We might notice that Definition 4.3 does not pose any constraint on the SCIFF specification S: in-
deed, only the trace 7y is somehow constrained by the application of the mapping function tm. This
captures the fact that the compliance goal is to rule in or out traces: the following Section 5 will intro-
duce an automatic way for generating a proper SCIFF specification S that guarantees the behavioural
equivalence.

5. On the expressiveness of SCIFF

Starting from the similarities of LTL and SCIFF when evaluating compliance, we now formally in-
vestigate the relationship between the two approaches. In particular, we show that an arbitrary LTL
formula can be expressed in SCIFF by providing an automatic translation procedure from LTL to
SCIFF which preserves the compliance equivalence. To this end, we exploit the Separated Normal
Form (SNF) introduced by Fisher et al. [27] for LTL formulae.

5.1. A separated normal form for LTL formulae

Fisher et al. [27] introduced SNF to express an arbitrary LTL formula by adopting a conjunction of
three basic forms, while preserving satisfiability.
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Definition 5.1. (SNF Formula [27])
An LTL formula ¢ is in SNF iff ¢ is a conjunction of formulas of the following forms:

START — \/ le (an initial LTL-clause)

O ( /\ ke = O \/ ld> (a step LTL-clause)
a d

O ( /\ ky — <>l> (a sometime LTL-clause)
b

where k; and [; are literals (i.e., atomic propositions or negation of atomic propositions) and START
is a special symbol true only at the initial time (i.e., whose valuation function is the set {0}). In this
case, we say that ¢ is an SNF formula.

Definition 5.2. (LTL to SNF translation [27])
snf is a function which translates an arbitrary LTL formula to a corresponding SNF formula. The
transformation rules are given in [2777.

Computational costs for the snf function are known: the number of introduced clauses is polynomial
in the size of the original formula (Theorem 7.1.2 in [27]). The same holds for the number of intro-
duced propositional symbols, again polynomial w.r.t. to the size of the initial formula (Theorem 7.1.4
in [27]).

During the transformation, new proposition symbols are introduced to rename complex sub-formulae
and to allow the translation of the f operator. As a consequence, snf preserves satisfiability but not
equivalence (due to the presence of these new propositional symbols). We differentiate, among the
whole set of proposition symbols, the subset used to represent activities/events, and the subset intro-
duced by snf for renaming.

Definition 5.3. (Proposition symbols, renaming and event sets)
Given an LTL formula ¢, P(p) is the set of proposition symbols contained in ¢. Given an SNF
formula o s.t. 0 = snf(y), it holds that () = £(0) U R (0), where:

1. event set E(0) is the set of atomic propositions contained in the original LTL formula ¢, which
denote events (£(o) = P(p))

2. renaming set R (o) is the set of atomic propositions introduced by snf for renaming during the
transformation.

Example 5.4. (SNF representation of the “precedence’” formula)
Let us consider LTL “precedence” formula stating that the send_receipt activity can be executed only
after having executed the pay activity:

p = msend_receipt W pay

"Note that in [27] the snf function is called 7.
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Hence, ?(¢) = {pay, send_receipt}. The SNF translation of ¢ is:

o = snf [-send_receipt W pay| =
= START = X A snf [X = (—send_receipt W pay)] =

snf [X = (—send_receipt V pay)| A
snf [X = (Y V pay)| A

= START = XA . =
Y = O (—send_receipt V pay) A
Y = O (Y Vpay)
START = (—X V —send_receipt V pay) A
TRUE = O (—X V —send_receipt V pay) A
TART -XVY
—  START=XA { D = X VY Vpay) A

TRUE = O (=X VY Vpay) A
Y = O (—send_receipt V pay) A
Y = O(YVpay)

Therefore, ® (¢) = {START, X, Y, TRUE}.

5.2. Translation from SNF formulae to SCIFF

We now provide a syntactic procedure which translates an arbitrary SNF formula to SCIFF, and prove
that such a translation preserves compliance.

Definition 5.5. (ZC-mapping)
An ZC-mapping icm is a function which translates an SNF formula to a set of SCIFF integrity con-
straints, and is defined as follows®:

icm [/\ ;| & U icm [p]

START = \/lc £ icm([start,0] — \/icm ., 0].
O (/\k — Q\/ld>
a d

D(/\ka — <>z> 2 Niem ke, T] = icn[l, To] ATy > T.

a

icm

icm

é/\icm[kza,T] — \/(iCI’[l[ld,Tg] AN, =T+1).
d

icm

icm [start,0] = OCC(start,0)
icm [true, T] = TRUE(T)
icm[a,T] £ OCC(a,T)

] £ NOT_-OCC(a,T)

icm[-a, T

8 Abducible predicates will be represented as bold terms.
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Where a stands for a generic propositional symbol. The ZC-mapping maps the presence of a certain
proposition in a given state onto an abducible OCC/2, which states that the proposition occurs in that
state. Conversely, the absence of the proposition is mapped onto an abducible NOT_OCC/2, which
expresses that the proposition does not occur in that state. Quantification of variables is the same given
for SCIFF integrity constraints, as mentioned in Section 3.1.

Definition 5.6. (S-mapping sm)

Given an SNF formula ¢ and a set 7/ C P(y) of proposition symbols, the S-mapping sm translates ¢
to a SCIFF specification depending on V.

sm is defined as:

sm[p, V] = (0, {E/2,EN/2, TRUE/1,0CC/2,NOT_OCC/2},7C))
where
ZC = icm(p) U{

true — OCC(start,0). (S)
true — TRUE(O). (Ty)
TRUE(T) — TRUE(T,)) ATy = T + 1. (T»)
Vp € P(p) :

p # start, TRUE(T) — OCC(p,T) V NOT_-OCC(p, T). (2V)
OCC(X,T) ANOT.-OCC(X,T) — L. )
H(X,T)AX € V - OCC(X,T). )
OCC(X,T)AX € 7 — E(X,T). (E1)
NOT_OCC(X,T)A X € ¥ — EN(X, T). } (E»)

The role of set ¥/, used in the last three constraints, is related to the snf function specified in Def-
inition (5.2). snf introduces a number of auxiliary propositional symbols (for renaming purposes).
Intuitively, the translation should not impose expectations on renaming symbols, i.e., it should be
restricted to the set 9/ of events only. In Lemma (5.12) we will restrict the projection to the set
E (snf [¢]). Concerning integrity constraints, S-mapping applies ZC-mapping and then augments
the obtained constraints with further general rules. Such rules capture specific aspects of the LTL
semantics. In particular:

e (5) translates the special START symbol, which is introduced by SNF and is true only at the
initial state (i.e., at time point 0).

e (T1) and (T3) formalize the LTL true atom, which is implicitly subject to the formula O(true).
To this aim, the TRUE abducible is introduced, using an initial rule (77) and a recursive rule
(T>) to represent that it holds at all time points.

e (2V) and (C) are used to model the two-valued semantics of LTL, i.e., that in each state a
proposition is either true or false. Note that (2V') indeed is a shortcut for a set of integrity
constraints, a constraint for each propositional symbol p € P(¢). We exclude the symbol
“start”, which is introduced by Fisher et al. as a special symbol holding only in the initial state.
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e (0), (E1) and (F£>») relate the (non) occurrence of each proposition in each state with the SCIFF
concepts of happened events and positive (negative) expectations. Notice also that for readabil-
ity reasons we use the expression X € 4/: such notation is not allowed in the SCIFF syntax,
and it would be substituted by a prolog membership predicate.

The following theorem states that sm preserves compliance, hence an arbitrary SNF formula is
translatable to a behaviourally equivalent SCIFF specification.

Theorem 5.7. (SCIFF can express SNF formulae [38, p.103])
Given an SNF formula o and the SCIFF specification S = sm [0, P(0)], it holds that o «*» S.

Proof:

First of all, it is worth noting that LTL and SCIFF share the same semantics for basic logical con-
nectives AND(A), OR (V), and implication (= in LTL and — in SCIFF). Negation is intended as
Negation As Failure. We will therefore focus only on the simplest SNF-forms, consisting of single
proposition symbols instead of conjunctions/disjunctions of them. We consider each basic SNF-form
separately.

o = (START =)
If [ is a positive literal, say, [ = a, each compliant LTL execution trace 7r; must satisfy the
property that a € Trr(0), because START always holds in state 0. The obtained S contains
the corresponding IC

icm[START = a| = OCC(start,0) — OCC(a,0).

By taking into account also the two general ICs (S) and (F1), all abductive explanations of S
must expect a at time point 0, i.e., they must contain E(a,0). Therefore, each compliant trace
Tscirr must contain H(a,0). By considering the trace mapping function tm, this is exactly
the same property required for compliant LTL traces, and therefore compliance is preserved by
switching from o to S or vice-versa. The case in which [ is a negative literal, say, [ = —a, can
be proven in a similar way: each compliant LTL trace 7rpr. must satisfy the property that a ¢
TirL(0), each compliant SCIFF trace Tgcpr must satisfy the property that H(a,0) € Tscigr,
and the two properties are equivalent.

o=0(k=Ql)
Let us consider a first case where both k and [ are positive literals, and focus on one side of the
equivalence (~~); the other side can be proven in a very similar way. Towards a contradiction,
suppose there exists an execution trace Ty which is compliant with o, but whose correspond-
ing trace Tgcpr is not compliant with S = sm [0, ?(0)]. Notice that, by Definition 5.6 (applying
(O) and (E1)), S explicitly foresees that in case k happens at a time ¢, then [ is expected to hap-
pen at time to, to = t+ 1. Hence, to violate S, Tscrrr must contain, for a certain time ¢ the event
H(k,t), while H(l,t5) & Tscirr. By applying the tm~! function on this trace, one obtains a
TirL which obeys the following properties: (1) k& € TrrL(t), and (2) I & Trrn(t + 1). The sec-
ond property in particular implies that 7yr is not compliant with o, hence the initial hypothesis
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does not hold. The other side of the implication (<) can be proved in the same way, exploiting
again the characteristics of the tm function. This same proving schema can be applied also to
the case where k is a positive literal, and [ is a negative literal: the only difference is that S will
contain a negative expectation EN, rather than a positive one as before.

Let us now consider the case in which k is a negative literal, say k = —a, and [ is a positive
literal, say [ = b; again, the case in which [ is a negative literal can be proven in the same way.
Each compliant 7y trace must obey the following property: V¢, a € TrrL(t) Vb € Torn(t+1).
The IC obtained by the application of icmis NOT_OCC(a,T) — OCC(b,T2) NTo =T + 1.
For each time ¢, if a happens at time ¢ then rule (O) states that OCC(a,t) is abduced, rule
(C) prevents NOT_OCC(a,t) to be abduced and thus the IC does not trigger. If, conversely,
a does not happen at time ¢, by rule (2V') we can have two options. In the first, OCC(a, t)
is abduced, which imposes that also E(a, t) is abduced (rule E1); since a does not happen at
time ¢, this assumption is not fulfilled. In the second, NOT_OCC(a,t) is abduced, the IC
triggers, abducing OCC(b, t + 1), which in turn triggers (£;), imposing that b is expected to
happen at time ¢ + 1. Therefore, each SCIFF compliant execution trace 7Tgcpr must satisfy that
Vit,H(a,t) € Tscirr V H(b,t 4+ 1) € Tscirr, Which is equivalent, under tm, to the property on
LTL traces.

oc=0(k= 90l
This case trivially follows from the discussion made for the previous LTL-clause. The only
difference is that the constraint T, = 7" + 1 is substituted by 75 > T' in this more general case.

Having proven that sm preserves compliance for each SNF basic form, we must prove that the trans-
lation preserves compliance when applied to a conjunction of these forms. This is straightforward,
because a trace complies with a SCIFF specification if all the integrity constraints are respected. O

5.3. Translation of arbitrary LTL formulae to SCIFF

By exploiting one of the main results presented in [27], and the fact that sm is able to represent all
the SNF formulae in SCIFF, we now demonstrate that also an arbitrary LTL formula can be encoded
in SCIFF preserving compliance. The main technical problem that must be still tackled is the fact
that the SNF translation introduces new symbols (used for renaming complex sub-formulae) which
do not represent events. At the SNF level, the distinction between concrete events and renaming
symbols gets lost, and therefore the SCIFF specification produced by applying in cascade the SNF
and the sm translation does not preserve compliance with respect to the original LTL formula: positive
expectations are imposed also on renaming symbols, which however do not appear in the original LTL
formula, leading to a mismatch between the two notions of compliance.

Example 5.8. (Compliance mismatch)

Let ¢ = Qa; its SNF translation is 0 = snf(0a) = O(START = Y) AO(Y = ¢{a). The LTL
execution trace containing only the execution of a in state 0 is compliant with ¢, but it is not compliant
with o, which requires also the presence of Y in state 0.
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To overcome this issue, the intuitive idea is to propose a translation that does not impose expectations
on renaming symbols, i.e., restricts the set 7’ involved in the definition of the sm function only to
events. The (compliant) execution traces considered by the SNF translation and the corresponding
SCIFF representation extend the execution traces compliant with the original LTL formula with sym-
bols taken from the renaming set. The first step is therefore to define, in both settings, a suitable trace
projection, which filters an execution trace by maintaing only certain symbols (in particular, the ones
which correspond to events), ruling out the others.

Definition 5.9. (SCIFF trace projection)
Given a SCIFF execution trace Tscrrr and a set 9 of predicate symbols, the trace projection of Tscrrg
on vV (Tscirr|y) is the subset of Tscipr containing only events taken from 7:

Tscire|ly = {H (e, t) | H(e,t) € Tscirr A e € V}

Definition 5.10. (LTL trace projection)
Given an LTL execution trace Trr. = (N, <, 0occ) and a set ¥ of proposition symbols, the trace
projection of T, on V (TiyL|e) is the subset of 7y 1. containing only events taken from 7:

Voce(€) ife € V;

ﬂTL‘fV = (N, < Uocc/) s.t. Uocc/(e) £ .
0 otherwise.

Lemma 5.11. (Commutativity between trace projection and trace mapping)
For each LTL execution trace 7y 11, and for each set of proposition symbols ¥

tm [Tor|e] = tm [Ter] o

Proof:

From the definitions of trace mapping (Def. 4.1) and of trace projection (Def. 5.9 and 5.10). In
particular, let us first consider an element e belonging to 7. On the left side, the valuation function
of e is maintained by the LTL projection and then subject to the tm mapping; on the right side, the
valuation function of e is subject to the tm mapping, and the obtained result is maintained by the SCIFF
projection. Let us now consider an element ¢’ outside 9. On the left side, the valuation function of
¢’ is “emptied” by the LTL projection, and therefore no happened event concerning €’ is produced by
tm; on the right side, a set of happened events concerning ¢’ is produced by tm, but they are then ruled
out by the SCIFF projection. a

We now briefly recall one of the main results presented in [27], which proves that SNF preserves
satisfiability, i.e., in our setting, that it preserves compliance. Lemma 5.12 reviews the satisfiability
result by explicitly taking into account execution traces. In particular, it states that execution traces
compliant respectively with an LTL formula and its corresponding SNF are exactly the same if we
restrict the comparison only to concrete events (without considering the renaming symbols).

Lemma 5.12. (Compliance preservation via extended traces, adapted from [27])
For each LTL formula ¢, it holds that

V TirL eMPrrr (Tirw, sof [¢]) = CMPLrL (TirL|(sne () ©)
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¥V Torn eMPrre (7o, ) = 3Tpe 8-t Tor = Tl e(snzfe)) A CMPLIL (Time, snf [¢])
where we remember that (by Definition 5.3) Z (snf [¢]) = P(p).

Theorem 5.13. (SNF preserves satisfiability, adapted from [27])
An LTL formula ¢ is satisfiable (i.e., 371, 3 € N s.t.  TrrL, @ FEorL @) iff snf () is satisfiable.

With such preliminaries, it is possible to prove that each LTL formula is translatable to a SCIFF
specification, preserving compliance.

Theorem 5.14. (SCIFF can express LTL)
Given an arbitrary LTL formula ¢ and the SCIFF specification S = sm [snf [¢], P(¢)], it holds that
S« .

Proof:
Let us denote o = snf [¢]. From Def. 4.3, and by remembering that the event set of o contains all the
proposition symbols of ¢ (?(p) = E(0)), one has to prove that for each 7rrpit holds

CMPrrL(TirL, ) <= CMPscrrr (tm [Tir], sm o, E(0)])

Firstly we will prove one way of the implication (=), and then the opposite direction (<=). Both
proofs are organized in the same way: by applying the results obtained in Lemma 5.11, Lemma 5.12,
and Theorem 5.7, the problem of proving a formula is reduced to proving another, simpler formula.
Hence, each proof starts with a diagram that shows how each previous result is applied to a formula,
and then the simpler formula is proved.

(=) Let us consider the following schema, where for all Ty

(*)

CMPLTL(7LrL, ) CMPscrrr (tm [TirL], sm (o, E(0)])

HLemma 5.12 )

3T s.t. =T Theorem 5.7
7LTL3 {TLTL / 7LTL|z(o) ——————— CMPsCIFF (tm [71/TL] ,sm [U’ T(U)D
ACMPrrL (T, o)}

The schema shows that proving (x) reduces to proving (), i.e., to proving that
CMPsCIFF (tm [HTL] , S [07 ?(U)]) = CMPsCIFF (tm |:7i/TL"E(O'):| ; S [07 ‘E(J)]) (1)
By taking into account abducible sets, Def. 5.3 and Lemma 5.11, () becomes:

cMpscrrr? (Tscrre, ST) = cMPscrpr™ (Tscier (o), S) ()

where S™ = sm[o, £(c) U R (0)], S* = sm[o, E(0)] and Tscirr = tm [Ty ). To prove (f), we
demonstrate that

A"= A\ ({E(e,t)|e € R(0)} U {EN(e, t)|e € R(0)})
obeys the three properties required by the Definition 3.8 of SCIFF compliance:
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1. A’is an abductive explanation for S%CIFF‘ . . The only difference between S% and S*X is that,
E

for the first specification, rules (O), (E£1) and (FE»9) of Def. 5.6 do not trigger for events outside
(o) (in particular, they do not trigger for events inside ® (0)). From Remark 3.4 in Section
3.2, A is therefore a suitable abductive explanation for S* too. Furthermore, being (F1) and
(E2) the only constraints involving positive and negative expectations concerning elements in
R (o), it is not required for an abductive explanation to contain them anymore.

2. A’ is E-consistent, because A’ C A and A is E-consistent.

3. A’ is Tscipr|z(»)-fulfilled. Since Tscirr|z (o) is a projection of Tscrrr, A’ € A and A is Tscrrr-
fulfilled, no negative expectation in A’ can be violated by ECIFF\Z(U). Positive expectations
concerning elements in £(o) are maintained in A’, and so are the corresponding happened
events after the trace projection. Positive expectations concerning elements in % (o) are removed
from A when obtaining A’, and therefore the application of the trace projection, which rules
out happened events concerning elements in ® (o), does not compromise trace fulfillment.

(<=) We move then to prove the reverse direction of the double implication stated in this theorem.
Again, let us consider the following schema, where for all Tgcrpr it holds:

(%)

CMPLTL ( [TSCIFF] (,0) CMPscirF (7scirr, sm [0, E(0)])

Lemma 5.12, then Lemma 5.11 “(?g)

CMP ( [7’ } ) <:Theorem 5: 7: 3 Tscrer S-t. {TSCIFF = 7-SCIFF|£ (0)
LTL SCIFF ACMPSCIFF (,TSCIFF’ sm U fP )}

The schema shows that proving (xx) reduces to proving (§), i.e. to proving that

A £ A E
¥V Tscire, CMPscier” (Tscire, 8¥) = 3 Tscrrr, Tscier = Tscirel (o) A CMPsciee™ (Tscmrrs S™F)

®)

where S*X = sm [0, (o) U R (0)] and S* = sm [0, E(0)].

First of all, it is worth noting that S¥% extends S by imposing that rules (O), (E1) and (E3) can
be also triggered by OCC/NOT_OCC abducibles involving symbols in R (o), generating a larger set
of expectations. Since ’TS’CIFF D Tscirr, an abductive explanation A’ can be therefore found for S
by extending A with the new generated expectations: A’ = A U AQ,Ei U AQE{N, where AQ,Ei and A%N
respectively represent the inserted positive and negative expectations.

A is E-consistent. Indeed, since A% and A%N contain only expectations generated by rules (E7)
and (E3), by construction we have:

VE(a,t), E(at) € Af = OCC(a,t) € A’

VEN(a,t), EN(a,t) € ARN = NOT_OCC(a,t) € A’ 33
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Towards a contradiction, assume there exist a, ¢ (with a € R (o)) s.t. E(a,t) € A% and EN(a,t) €
ARN. In this case, (§§) would state that OCC(a,t) € A’ and NOT_OCC(a,t) € A’. This would
violate rule (C).

Therefore A’ is an abductive explanation, and we can construct an execution trace Tgqygr compli-
ant with ST as follows:

Tscirr = Tscire U Tgéppps where H (a,t) € Tl <> E(a,t) € AR
Notice that:

1. A’ is left untouched by T¢qpg. Indeed, the only impact of TS%IFF on the ICs of S% is to trigger
rule (O), generating corresponding OCC abducibles. However, from (§§) we know that all
these abducibles are already contained in A’.

2. A’is Tpe-fulfilled by construction.

3. Tscirplz(e) = Tscirr, because all the happened events contained in Tstpr involve symbols

belonging to R (o), and are therefore ruled out by applying the projection.
O

6. Discussion and related works

In this work we compare the framework SCIFF with the widely adopted LTL, from the viewpoint of
the compliance verification task. To this end, we have proposed a formal notion of compliance for each
one of the approaches, and defined the equivalence of the two notions. Then, exploiting a previous
result in [27] about Separated Normal Form of LTL formulae, we provide an automatic translation
between LTL-based and SCIFF-based specifications. We formally prove that such translation indeed
preserves the notion of compliance, with respect to the previously defined equivalence.

Several research works have focused on the translation of temporal logics specifications into logic
programs, with the aim of checking temporal logic properties. Among them, we recall that ASP
was applied to the problem of bounded model checking in Petri nets [39]. The proposed encoding
models associates each step in the monitored net with an integer number. Since ASP solving is based
on a bottom-up computation of the models, it relies on a grounding phase of the program, in which
the objective is to obtain a (subset of the) complete grounding that must be stored in memory. This
limits the application of the encoding to bounded traces of events. Nevertheless, the experimental
results show that ASP is a quite competitive approach to the problem of bounded model checking with
respect to the NuSMV model checker. The main difference of our work with [39] is that we do not
approach the model checking problem, but we encode LTL into abductive logic programming for the
problem of compliance verification.

Delzanno and Podelski [40] propose to translate a concurrent system specification S into a CLP
program Ps. Computational Tree Logic (CTL) properties, as existential properties, are then repre-
sented with the set of states satisfying each of them. These sets are obtained by composing (according
to two operators) sets of constrained facts F' (a.k.a. of intentional representation of sets of atoms)
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with the translated program, and by the least and the greatest fix-point sets of these compositions.
Universal properties can be checked in the complement of the two fix-point sets. They therefore adopt
a bottom-up approach, based on fix-points, to represent CTL properties. Nonetheless, the temporal
properties are undecidable for the general class of concurrent systems considered by Delzanno and
Podelski (as in our case). Therefore, for checking CTL properties, the authors propose a possibly
non-terminating model-checking procedure. They introduce abstractions in it to enforce or (simply
speed-up) termination on practical examples. An implementation in SICStus Prolog is also provided.

In [41] the XSB logic programming language that extends Prolog with tabled resolution is ex-
ploited to encode in a declarative way CCS-like languages and a fragment of the modal mu-calculus,
and to perform model checking. The good performances, thanks to the use of XSB and optimization
techniques, show the feasibility of the approach. We share with [41] the use of logic programming
techniques, but we focus on the preservation of the notion of compliance through abduction and the
SCIFF framework, while in [41] the aim is to implement (trough XSB Prolog) a model checking algo-
rithm for verification. Exploiting optimization techniques in SCIFF for making the encoding efficient
and effective are for us subject of future work.

Nilsson and Liibcke [42] propose a model checking approach for a semantically complete frag-
ment of CTL based on CLP, tabling, and a limited form of constructive negation. They address both
symbolic model checking and local model checking. Since no implementation was available of tabling
with CLP and constructive negation, they developed their own implementation, not as a general tabling
system, but by hard coding tabling into the model checker. Preliminary experiments on the example
of the dining philosophers show that the approach is competitive in some cases with local and global
model checkers. The differences with our approach are mainly that Nilsson and Liibcke use CTL
instead of LTL, and that we do not address a model checking problem, but we translate LTL into a
SCIFF specification to address compliance verification. Interestingly, SCIFF also encloses constraints
and constructive negation, but it does not use tabling.

In [43] the addressed application domain is the same of Business Processes, with the aim of mod-
elling procedural and declarative (semantic) knowledge. An LP approach, and in particular the Fluent
Calculus, is used for modelling and executing different reasoning tasks such as verification and trace
compliance. Specifically, a model checking methodology based on CTL is implemented by means
of logic programming rules. Our work is related to [43] in advocating the importance of translating
relevant aspects of workflow in an expressive language logic-based. Distinctive in our approach is the
use of Abductive Logic Programming instead of the fluent calculus. Moreover, we are not interested
here to mimic model checking techniques, but rather to investigate if and how models are preserved
from one logic to another.

The Business Process domain is addressed also in [44], where the authors exploit the Dynamic
Linear Time Temporal Logic (DLTL) [45], extended with constraints upon variables with finite do-
mains. The resulting language is essentially a propositional language and preserves the decidability
property of DLTL. Authors borrow from previous works a translation of the BP domain to ASP, to-
gether with an ASP encoding of Bounded Model Checking (BMC). The emphasis is about verification
of temporal properties of a business process, including verification of compliance to business rules. In
a previous work [21] we focused on the same issue, but ALP was used instead of ASP, and the SCIFF
proof procedure was exploited to reasoning on a small LTL fragment.
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The exploitation of LTL Separated Normal Form formulae raised some technical problems. SNF
allows us to prove that any LTL formula can be translated into a SCIFF specification while preserving
behavioural equivalence. Unfortunately, the translation of an LTL formula into its SNF equivalent
comes with the introduction of several additional propositional symbols (for renaming complex sub-
formulae). Section 5.3 is entirely devoted to prove that, despite the introduction of these renaming
symbols, the behavioural equivalence with respect to compliance is preserved. In some previous
works [20, 8] we took a different approach: by focusing on a significant fragment of LTL, we were
able to provide ad-hoc translation into a SCIFF specification. However, the price to be paid was the
loss of generality with respect to the approach presented here.

7. Conclusions

LTL-based techniques for verification have a number of strengths and weaknesses, as well as the
SCIFF framework that inherits advantages and limits of the logic programming approaches. An im-
portant result of this work is to better clarify the links between the two techniques: this opens up to
the possibility of an integrated approach based on First Order Logic and Computational Logic in par-
ticular, where the best of both worlds (LTL and SCIFF) can be exploited. Indeed, ALP can be actually
exploited for throwing a bridge between systems using LTL for dealing with compliance issues and
trace verification (such as [6, 10, 46]), and the ones based on (extensions of) logic programming (see
e.g. [47, 16, 18, 21]). Moreover, under specific conditions, SCIFF can be used to prove the satisfiabil-
ity of properties, as discussed in [21]. Finally, a further advantage is given by the fact that a number of
model checker tools are available for LTL; SCIFF as well is equipped with a proof procedure’. Users
can focus on a logic formula expressing the property to be verified; they can express such formula in
LTL, and then they can freely choose the best tool depending on the task: e.g., SCIFF proof proce-
dure might be preferable when dealing at run-time with dynamic, open, evolving environments; model
checkers might be used instead to verify traces of infinite length.

A limit of the presented approach stems from the semi-decidability issues of (refutation-based)
logic programming, and by the discussed automatic translation technique of LTL specifications into
SCIFF specifications. The SCIFF framework suffers the same semi-decidability issues of LP: SCIFF
ensures termination [16] by imposing syntactic restrictions on the logic programs and integrity con-
straints, and in particular, acyclicity and boundedness conditions of abductive logic programs [48].
However, the automatic translation presented here does not meet these restrictions: in particular
boundedness is not guaranteed, due to the presence of infinite traces and of infinite abductive explana-
tions. In particular, the proposed translation of SNF step LTL clauses into SCIFF introduces an infinite
number of abductive explanations. Fisher and colleagues pointed out in [49] that “mechanising modal
(or temporal) logics becomes complex when interactions occur between modalities () (next time) and
[ (always), since the interaction is of an inductive nature, which can be particularly complex”. In the
past many attempts have been done to overcome the problem: for example, the authors in [50] propose
a CLP-based model checking technique, where the model of the observed system is specified through

9SCIFF Web Site: http://lia.disi.unibo.it/sciff/
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an automaton. However, they cannot handle infinite sequences without the intervention of the user
specifying a finite number of event sequences.

From a practical viewpoint the problem can be avoided by restricting to a significant fragment of
LTL, and providing ad-hoc translations for which termination is guaranteed. For example, in [20, 8] we
investigated how declarative business constraints (whose semantics was given in terms of a small LTL
fragment) could be represented in SCIFF and, more important, could be reasoned upon. In [28] we
compared SCIFF performances against model checking techniques, showing that logic programming
and abduction can be (under specific conditions) a viable alternative to LTL techniques for compliance
verification.

Alternatively, it is possible to notice that a number of applications inherently require finite traces,
like e.g. business processes [6], that are developed to reach a business goal (such as delivery of a
product) in a finite number of finite steps. Notice also that, as argued in [51], a huge class of LTL
patterns are insensitive to “infiniteness”, i.e., their interpretation over finite traces is obtained from the
standard infinite-trace semantics by just adding a further proposition “end” that becomes true at some
point and that makes it impossible for any other proposition to be true (this does not hold in general).
For such a class of properties, the translation presented here can be directly employed in a finite-trace
setting, making it possible to readily apply the SCIFF proof procedure for monitoring purposes. In
general, the finite trace assumption can be done for domains in which LTL formulae are used for
monitoring and run-time verification, because even if the overall trace of the system could be infinite,
reasoning must be carried out on partial, evolving finite traces [46]. Hence, by adopting a finite trace
semantics for LTL (such as in [52]), SCIFF can be exploited for monitoring LTL specifications without
incurring into the termination issue. Indeed, the SCIFF declarative semantics is specifically thought to
deal with dynamic, evolving environments, and can have both a closed or an open flavour, capturing in
this way finite as well as open (i.e., subject to extension) sequences of events. Automatic translation
of any LTL formula within a finite trace semantics into a SCIFF corresponding model is matter of
ongoing work.
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A. List of the symbols used within the paper

M
TrTL

Vocc

T (i)
ErrL

cMPrrL(7iTL, )

An LTL model M(see Definition 2.1)
An LTL execution trace (see Definition 2.2)

Valuation function mapping each event e € Z to the set of all time
instants ¢ € N at which e occurred (see Definition 2.2).

i-th state of 7. (see Definition 2.2).
LTL Logical Entailment (see Section 2.3)

Compliance of a trace 7y w.r.t. a formula ¢ based on LTL semantics
(see Definition 2.3)

TScIFF
(S, TsciFr)
cMPscrrr (TsciFr, S)

SCIFF notation: an event £ has happened at time 7" (see Section 3.1)

SCIFF notation: an event E is expected to (not) happen at time 7T,
respectively (see Section 3.1)

A SCIFF specification, as introduced in Section 3.1
A SCIFF execution trace, see Definition 3.1
A SCIFF instance, see Definition 3.2

Compliance of a trace Tgcrr W.r.t. a SCIFF specification S, based on
the SCIFF semantics (see Definition 3.8)

tm

icm
sm
Tscrrr|v

TirL|v

A transformation between an LTL trace 7; . and a SCIFF trace Tscirr
(see Definition 4.1).

Behavioural equivalence w.r.t. compliance of a LTL formula ¢ and a
SCIFF specification S (see Definition 4.3)

A transformation between a SNF formula to a set of SCIFF integrity
constraints (see Definition 5.5)

S-mapping, a transformation from a SNF formula to the behaviourally
equivalent SCIFF specification S (see Definition 5.6)

Trace projection, on the base of the set 7/, of a SCIFF trace (see Defini-
tion 5.9)

Trace projection, on the base of the set 7/, of an LTL trace (see Defini-
tion 5.10)
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