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Abstract

This document summarises the results obtained within Task 2.1 “Artifact Verification and
Synthesis Techniques — Iteration 11”. Specifically, we present the requirements to be fulfilled in
order to develop effective procedures for the verification and synthesis of artifact systems, we
review the relevant state-of-the-art and present our original contributions in this line. These
include the development of a grounded semantics for the model checking of artifact systems,
the study of the model checking problem, abstraction techniques for the effective verification
of artifact-systems, and an application to the verification of GSM-based artifact-systems. All

original results included were or are to be presented in leading international conferences including
I1CS0C, IJCAI and KR.
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1 Introduction

This document describes the achievements of Task 2.1 (T2.1) “Artifact Verification and Synthesis
Techniques” at the conclusion of Work Package 2 (WP2). The ultimate goal of the task is to
develop a range of solid techniques for the verification and synthesis of artifact systems.

By verification of an artifact system we mean the following: given a formal model describing
(a suitable abstraction of) the evolution of an artifact system, one is able to check whether
some properties of interest are satisfied by this model, and hence by the system it represents.
Properties of interest span from simple ones, such as reachability of a particular state (e.g.,
checking if the system can reach a state where no artifact is present), to more complex ones,
such as checking that whenever an artifact is added, the system will eventually reach a particular
status, or that the data content of the system at each step always satisfies some (relational)
constraint, or even epistemic properties requiring that a participant has no strategy to access
some sensitive information.

By synthesis we mean the process of (automatically) constructing coordinating mechanisms
that make the artifacts of an artifact system interoperate. Moreover, this interoperation should be
organized in such a way that properties similar to those mentioned above are satisfied. Similarly
to the propositional case (which is much simpler), verification and synthesis techniques of artifact
systems share the very same theoretical framework, and verification techniques provide useful
guidelines for the development of synthesis procedures. Therefore, a good understanding of
verification in the artifact context can be seen as a necessary prerequisite to tackle the harder
issue of synthesis.

Two fundamental challenges were faced in order to accomplish T2.1. Both problems were
successfully resolved. Firstly, formal models for artifact systems were developed. Secondly, the
corresponding formalisms for the specification of the properties of interest have been adopted.
As expected, we encountered a trade-off between richness of the model and expressivity of the
specification formalism, and the complexity of the verification techniques. That is, the closer the
model to the actual artifact system and the more expressive the specification formalism, the
harder the algorithm to check the properties against the model.

Having in mind the objective of T2.1, our efforts have focused on identifying promising
models and formalisms to capture interesting verification problems, as well as on investigating
their computational properties, in terms of decidability and complexity. In doing so, we have
taken into consideration the outcome of WP1, where, in particular, a general abstract model for
artifact systems has been proposed. We introduced artifact models that are compliant with the
GSM-based specification of artifact systems as proposed by WP1.

The distinguishing feature of the GSM model developed in WP1, as largely anticipated in
preliminary analyses, is the presence of data and its infiniteness, which enables the systems
to deal with infinite-states. This clearly constitutes a major obstacle to both verification and
synthesis, as even simple problems easily become undecidable in this setting. This feature and
the fact that the data organisation is an aspect of interest—e.g., one may be interested in
whether each artifact instance, at some point, has a name and is associated to at least another
artifact instance—are the main ingredients that make the verification and synthesis problems
challenging. The results available in the literature do not provide actual techniques that can be
successfully employed off-the-shelf, nor easily adapted to solve them.

Now we give a quick overview how the current document is organized. We start in Section 2
by identifying a core of requirements to be fulfilled in order to develop a framework and
corresponding techniques for formal verification and synthesis in this context. This was achieved
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by extending the standard requirements of classical (propositional) verification of finite-state
systems to the case of infinite-state systems with data, essentially relying on previous work (cf.,
e.g., [CGP99, DSV07]) and past experience [LQRO9b].

After identifying these requirements, we proceed in Section 3 by reviewing related work. In
particular, we discuss the work on verification and synthesis of finite- and infinite-state systems,
and on abstraction techniques that was very useful in both narrowing the search space (thus
providing a further solution to the state-explosion problem) and reducing a verification problem
from infinite- to finite-state, thus guaranteeing decidability. Moreover, we briefly discuss the
critical points in the ACSI project that could not be directly tackled by the existing techniques.

After this, we describe our main contributions. First, in Section 4 we adapt a framework
for model checking multi-agent systems, namely that of Quantified Interpreted Systems [BLO09],
to the context of artifact systems, thus obtaining Artifact-centric Multi-agent Systems (AC-
MAS). AC-MAS constitute a natural framework for reasoning about the evolution of an artifact
system, as well as about epistemic properties involving the agents. This work shows how to use
AC-MAS to capture verification problems on artifact (infinite-state) systems. It also provides a
classification of abstraction methodology, while isolating cases of practical interest where the
problem can be reduced to finite-state (hence decidable) model checking.

In Section 5 we validate our approach by using AC-MAS to formalise the GSM models in
WP1. We then obtain decidability results for model checking GSM models.

The contribution described in Section 6, focuses on verification of temporal properties over
data, without epistemic modalities. It develops a technique to detect whether an artifact system,
specified by its data schema and exposed actions, deals with a bounded number of new elements,
when a given process is executed over it. Whenever this is the case, the verification problem can
be reduced to the finite case and is therefore addressed by means of (possibly adapted) standard
model checking techniques. Importantly, this work does not focus on a particular temporal
fragment, but considers the (very expressive) modal p-calculus over relational states.

Section 7 considers the problem of synthesizing an agent protocol satisfying LTL specifications
for multiple, partially-observable environments. A sound and complete procedure for this problem
is presented, which is shown to be computationally optimal from a theoretical complexity
standpoint. While Section 6 appeared in D2.1.1, Section 4, 5 and 7 are original.

Finally, we draw conclusions from the obtained results.
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2 Requirements

In this section, we discuss the requirements that our framework needs to fulfill in order to serve as
a formal basis in the development of actual tools for verification and synthesis of artifact(-based)
systems (see also D2.2.2).

Verification of artifact systems refers to the process of checking whether a given system
satisfies some design requirements. Such requirements can be broadly divided into two classes:

Intra-artifact requirements, capturing properties related to the internal structure of a par-
ticular artifact instance. They can refer to the current state of the artifact instance, e.g.,
requiring that every value of a particular attribute in an instance refers to another attribute
in the same artifact, or can be more complex and take into account the whole instance
lifecycle, requiring, e.g., that all along its evolution, the artifact instance goes through
some particular state infinitely often.

Inter-artifact requirements. More general than those above, requirements from this class
capture properties involving the interaction among artifact instances. An example is
checking that every sent message is eventually consumed, or that artifact instances of a
particular type are indeed generated by some instance of another type.

Conformance checking is the task of verifying an artifact system against a set of intra- and
inter-artifact requirements, meant to capture the intended lifecycle of artifact instances. This is
of particular interest as, when successful, guarantees that a system actually behaves as intended.
Indeed, one of the main goals of this WP is to build a formal framework providing the theoretical
foundations and the algorithmic support for conformance checking. This suggests, as a first
requirement, that our framework must provide:

R1 appropriate formalisms and techniques able to capture and verify temporal properties.

However, this is not enough. As it turns out from WP1, the states of an artifact system can
be modeled as (sets of) relational database instances, whose evolution essentially depends on
updates performed by external participants, often human operators. As a consequence, no
assumption can be made, in general, on the domains of the new values introduced at each step,
and, in particular, such domains can be infinite, thus giving raise to infinitely many (relational)
states. Of course, such features need to be accounted for in our framework, which thus requires
that:

R2 the formalism for requirement specification be able to express relationships among data;

R3 the verification techniques have the ability to deal with some form of infinite-state systems,
possibly through approximations to finite models.

As to [R2], a natural choice is to consider specification languages that include appropriate
fragments of first-order logic. Concerning [R3], that is clearly affected by the (expressive power
of) the language above, it is clear that classical techniques developed for finite-state systems
cannot be applied, in general. Moreover, it turns out that all non-trivial, sufficiently general
problem formalizations are undecidable, so that no complete verification procedure can be
developed for the general case. Approaches to address this issue include: restricting the class
of requirements to verify, restricting the class of systems, or combinations of both. Under
such restrictions, it is often possible carrying out an abstraction process to produce a finite
representation, the abstract system, of the original, concrete, infinite system, that can then be
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processed using classical techniques for the finite case, so as to obtain relevant information on
the infinite behavior of the concrete system (cf., e.g., [BCGT05, DSV07, DHPV(09, DDV11]).
This is the approach explored in the ACSI project, although others, in particular incomplete
techniques that do not necessarily resort to abstraction, are certainly worth investigating.

We stress that dealing with infinite states is the main challenge for the verification and
synthesis tasks. Similarly to previous work (cf., e.g., Section 3), we were able to develop
effective techniques only under appropriate restrictions, or by relaxing some requirements (e.g.,
completeness) on the quality of the techniques. Nonetheless, under such restrictions procedures
able to solve interesting cases have been developed.

Observe that there is no reason, in general, for restricting verification to conformance
checking only. Indeed, once a framework for verification of intra- and inter-artifact requirements
is set, it can be used for the verification of any requirement, even if not (directly) related to
artifact lifecycles. Therefore, we refer to verification as the generic task of checking whether an
artifact-system fulfills a given set of (inter- and/or intra-artifact) requirements, which includes
conformance checking as a special case.

In addition to verifying natural requirements as those described above, which essentially
concern dynamic properties internal to the system, we also want to take a more external
perspective, and verify requirements that involve the knowledge each participant has about the
system, and in particular the data content. Such an interest is motivated by the observation
that, in many cases, access to artifact data may be restricted, e.g., for security reasons, so a
participant may be able to access only a partial fragment of the data content, and this might
affect its ability to carry out (some of) the operations it was originally expected to offer. For
instance, if a human participant, in order to serve a two-way call, needs to send an e-mail
to someone whose address is recorded in an artifact inaccessible to the participant, then the
required operation cannot be performed, and this may result in an undesired evolution of the
artifact that initiated the two-way call (that, possibly, considers the call unsuccessful, after a
timeout has occurred). But also more involved requirements are conceivable. Assume an artifact
system is designed to prevent a certain class of participants from accessing some information.
Verifying that the design actually enforces this property is certainly of interest, and this calls for
checking the requirement that participants of the “bad” class cannot act jointly to retrieve (any
fragment of) the reserved information.

In order to allow for verifying such epistemic requirements, our theoretical framework needs
to be able to express knowledge-related properties. Therefore, it needs:

R4 a formalism for requirement specification able to express epistemic properties involving data;

R5 werification technique(s) able to verify (an interesting class of) epistemic properties express-
ible in the formalism above.

As it turns out, [R4] is an extension of [R2], as epistemic properties refer to (relationships among)
data, and, similarly, also the corresponding verification techniques ([R5]) extend [R4]. Observe,
however, that verification procedures tailored on special classes of requirements, often more
effective than general ones, can be developed.

Importantly, as the objective of this WP is the development of actual, effective techniques
for the verification of artifact systems, it seems natural to consider formalisms for requirement
specification that are computationally grounded [Woo00] on existing models —such as the abstract
model developed in WP1- that are well-suited to describe the (possibly simplified) evolution of
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artifact systems. This essentially means that the semantics of formulas in the adopted language
must be provided in terms of such concrete (computational) models.

R6 The language for requirement specification must be computationally grounded on existing
computational models of artifact systems.

In particular, observe that when considering epistemic properties, the notion of agent (capturing
participants that interact with the artifact system) is an indispensable part of the model, as
it represents the subject of knowledge, while it can certainly be removed if knowledge-related
properties are not of interest.

Finally, we aim at actually implementing the techniques developed in this WP. In order for
instances of the verification problem to be encoded and provided in input to the verification tool,

R7 both computational models and requirement formalisms must be amenable to actual modelling
languages of future design.

In this respect, since the implementation is expected to be based on the existing tool MC-
MAS [LQRO9b] (see D2.2.2), the candidate language for models is ISPL (Interpreted Systems
Programming Language), possibly enriched to support first-order features.

As to synthesis in the context of artifact systems, broadly speaking, it refers to the definition
of control procedures able to interact with the clients of the artifact system, and to control the
system so as to guarantee desired requirements. Such requirements typically include properties
about the data content of the system, its evolution, and even the epistemic state of participants.

For instance, one may need to build a mediator process that, by interacting, on the one side,
with the artifact system, provides, on the other side, participant with a customized access to the
system, e.g., by enabling only a limited set of actions on artifacts, or restricting the access to
some artifact’s attribute. In other words, such a process would act as a filter.

Typically, synthesis is harder than verification. In the literature a notable example of such
a gap is the case of linear-time temporal logic, where the verification problem is PSPACE-
complete [CGP99], while the synthesis problem for the same logic has a doubly exponential
bound [PR89a] (both in the size of the requirement specification). These problems have a tight
connection in that synthesizing a system for a given requirement is successful if and only if the
obtained system can be successfully verified against the requirement. Intuitively, synthesis can
be seen as preparing a system for a successful verification test, thus suggesting that, similarly to
the case of synthesis for temporal specifications, in order to actually devise effective synthesis
techniques, we need that

R8 the framework and techniques developed for formal verification should be amenable for
use/extension to synthesis.

Observe that this includes the formalism for requirement specification and its respective semantics,
defined according to the requirements identified above. As a desirable side-effect, verification
techniques provide useful guidelines on the development of synthesis procedures.
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3 State of the Art

In this section, we review the existing contributions in formal verification, synthesis, and abstrac-
tion literature, that are relevant to ACSI. Moreover, we discuss the main ACSI requirements
that make such achievements not fully applicable in our context. As it often happens, even if the
existing results do not perfectly match all project requirements, thus are not straightforwardly
applicable, they certainly represent a solid background for solving problems that arise from
specific project needs.

3.1 \Verification

Approaches to formal verification can be broadly divided into two categories, depending on
whether the class of the systems verified is finite- or infinite-state. In the following we review
the previous contributions that are most relevant to ACSI.

3.1.1 Finite-state systems

By finite-state systems we mean (real) systems with a finite, (possibly huge) space of possible
configurations. Typical examples of such systems include traffic lights, communication protocols,
and hardware systems. One of the most popular techniques for verification of finite-state systems
is model checking [CGP99], a technique based on building a suitable mathematical description
of the system, referred to as model, of the requirement to verify, i.e., the specification, and then
executing a verification algorithm that checks whether the model satisfies the specification.

Formally, the model is described as a Kripke structure, or transition system, i.e., essentially,
a graph whose nodes represent different system states and whose edges capture possible state
transitions. Each state is associated with a finite set of propositional labels, each representing an
atomic property satisfied by the current state. For instance, if in the traffic-light example one
represents the colors of the lights currently displayed by means of propositions r(ed), y(ellow)
and g(reen), then the state where the red light is displayed would be labelled by r, while the
state where yellow and green are displayed at once would be labelled by y and g.

As for specifications, they are typically formulas expressed in (fragments of) the computation
tree logic CTL* [CES86, EH86], a language that, interpreted on Kripke structures, allows for
capturing temporal possibility and necessity of properties to happen over time, as the system
evolves. For instance, in the traffic-light example, one may express properties such as “it is
always the case that the red light is eventually displayed”, or “when the green light is displayed,
the yellow light is displayed next”.

Despite their relative simplicity, CTL* and its most widely used fragments, the branching-time
temporal logic CTL [BAPMS83, EC80] and the linear-time temporal logic LTL [Pnu81], proved
successful in capturing many specifications of interest in the practice, as witnessed by their
affirmation in industrial contexts for verification of both hardware and software (real) system
components (see, e.g., [CW96] for a list of notable examples). More general specifications of
Kripke structures can be expressed in propositional p-calculus [Koz83], a modal logic with least
and greatest fixpoint operators, powerful enough to capture the whole CTL* [Dam94].

As one may expect, depending on the expressive power of the specification language, one gets
different complexity bounds of the verification task. In particular, verification of CTL formulas
is polynomial in the size of the Kripke structure and the formula [CES86], LTL verification is
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PSPACE-complete [SC85], and so is CTL* [SC85]. For both LTL and CTL*, the best known
algorithms run in exponential time wrt the size of the requirement specification, while for
propositional p-calculus, the best known algorithm runs in exponential time in the alternation
depth ! of the specification [BCJ*97], and polynomial time in the size of the Kripke structure.

Typically, the model of a system (i.e., the Kripke structure) is not provided explicitly, i.e.,
listing all of its nodes, transitions and labels, but in a compact way, using a suitable language
that, when interpreted, generates the Kripke structure. By compact, we mean that the size of
the representation, also referred to as the program, is polynomial in the number of propositions
labeling the states.

However, the underlying Kripke structure may contain a number of states that is exponential
in that of propositions. The main problem associated with this phenomenon is known as the
state explosion problem. Due to this, the explicit search over the whole set of states represented
explicitly makes (explicit) model checking unsuitable for many real systems that, although finite,
are characterized by a huge number of states.

The great success of model checking is due to the existence of optimization techniques that
make the verification algorithms practically effective. Some of these are based on representing
the underlying Kripke structure in a symbolic way, by using Ordered Binary Decision Diagrams
(OBDD) [Bry86], i.e., an efficient representation of Boolean formulas used to characterize
states and transitions of the Kripke structure [BCM192]. Such optimizations made possible
the implementation of verification tools, known as symbolic model checkers, able to manipulate
models large enough to capture real systems, and consequently allowing for formal verification of
such systems. Examples of symbolic model checkers include SMV 2, NuSMV 3, CadenceSMV 4.

Other optimization strategies are based on partial order reduction, a technique that allows
for performing the search only on a representative subset of the state space, by exploiting the
fact that the execution order of some transitions leads to states that are equivalent with respect
to the requirement under verification. Typically, such techniques are best suited for concurrent
systems verification. Explicit model checkers include SPIN ® and UPPAAL 6.

An experimental comparison of the performance of various tools in the verification of LTL
specifications was carried out in [RV10], showing that, on such class of specifications, symbolic
tools significantly outperform explicit ones.

So far, we considered verification and model checkers for temporal specifications, only.
However, the verification approach based on checking a model against a specification applies in
general to other contexts. Of particular interest to ACSI is verification of multi-agent systems
(MAS) [Woo009] or, more specifically, model checking for temporal-epistemic logics [vdMS99,
KLPO04]. This essentially refers to verifying whether some agents, acting and interacting according
to their protocols, satisfy a desired specification. Such specifications, differently from the ones
above, not only express properties concerning the system’s evolution, but also allow for expressing
the knowledge state, whereby epistemic, of agents with respect to both other agents and the
environment they act in, as well as the ability of agent coalitions to achieve temporal-epistemic
goals. Examples include: “an agent knows that another agent knows something”, “all agents
know that a particular property holds at a given state”, “agents 1, 2, and 3, can cooperate so as

1A measure depending on the syntactic structure of the formula, which reflects the number of nested fixpoints
that need to be computed in order to verify the formula.
Zyww. cs . cmu. edu/~modelcheck/smv.html
nusmv. fbk.eu/
www.kenmcmil . com/smv.html
spinroot.com

3
4
5
Svww . uppaal.com
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to guarantee a particular property to be always satisfied”, “agents 1 and 2 can prevent agent 3
from knowing what they know”.

The relevance of MAS verification, and in particular model checking, comes essentially from
two observations. Firstly, tools and techniques for MAS model checking have been successfully
employed in the verification of several scenarios involving services as basic components [LQS08a,
LQSS07, LQS08b], thus showing that multi-agent frameworks can be successfully adopted to
capture service-oriented architectures. Secondly, agents can be used to model the interaction
among the stakeholders and the artifact system, thus allowing for the verification of properties
concerning not only the state of the system, but also the behaviour of each stakeholder, along
with its epistemic state. For instance, one may check whether a stakeholder can access some
information provided by the system, or if it can cooperate with other stakeholders so as to force
a particular evolution of the system.

As it turns out, the language for such specifications needs, of course, appropriate constructs,
including temporal operators such as those found in CTL*, cooperation modalities [AHKO02] that
allow for considering agent coalitions, and epistemic operators [FHMV95] to express properties
about agents’ and coalitions’ state of knowledge. Many languages can be used, depending on the
class of specifications one needs to capture. Of course, generality has a cost. For instance, the
well-known Alternating-time temporal logic (ATL*) [AHKO2], which provides temporal operators
and cooperation modalities, but no epistemic operators, is a very rich language, strictly more
expressive than CTL*, and, as expected, computationally more demanding. Precisely, ATL*
model checking is a 2EXPTIME-complete problem [AHKO02]. For this reason, the ATL* fragment
ATL, where temporal operators are required to occur paired with a cooperation modality, is
often preferred, as it provides a good compromise between expressivity and complexity. Indeed,
ATL model checking is PTIME-complete [AHKO02] (specifically, polynomial in the size of the
structure to verify and the size of the specification) thus “only” exponential in the compact
description of the problem instance. This suggests that the specification language needs to be
carefully chosen, so as to obtain enough expressive power to capture (most of) the specifications
of interest, while guaranteeing feasibility of the verification task.

In this project, we focus our attention on the MAS verification tool MCMAS 7 [LQR09b],
as a starting point for our implementation. It is a symbolic model checker able to verify MAS
against temporal-epistemic specifications with cooperation modalities. Properties are specified
in the logic ATLK, a suitable extension of ATL with epistemic operators and cooperation
modalities [LQRO9b]. Observe that being CTL subsumed by ATL, and being ATLK an extension
of ATL, it turns out that MCMAS can also be employed as a classical model checker for reactive
systems. This suggests that while the approaches are very similar in spirit, MAS verification is,
in fact, a (non-trivial) extension of reactive system verification (observe also that ATL* subsumes
full CTL* [AHKO02]). Details about the use of MCMAS as a verification tool in the ACSI project
are provided in D2.2.2.

We remark that, in general, verification techniques for finite-state systems may represent
a viable option for the verification of infinite-state systems. Indeed, one can provide a finite,
high-level description of an infinite-state system, by taking into account only a finite number
of (propositional) properties of interest. In other words, one can construct a coarse-grained
system model and execute the verification procedure on it. Of course, this approach does not
guarantee all specifications of interest to be verifiable, but may provide answers in some cases of
interest. This approach is the basic idea behind abstraction, i.e., the process of simplifying a

"http://www-lai.doc.ic.ac.uk/mcmas,/
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given model by only considering the aspects that are relevant to the particular property to be
verified. Existing approaches to abstraction in verification are addressed later on in this Section.

3.1.2 Infinite-state systems

The main problem associated with the verification of infinite-state systems is the general
impossibility of performing an exhaustive search in the state space. Classical algorithms for
model checking finite-state systems essentially fail because there is no guarantee that a fixpoint
is eventually reached after a finite number of iterations. In fact, it is easy to find examples of
undecidable verification tasks for infinite-state systems (e.g., reachability of a halting state in a
Turing Machine).

Infinite-state systems often occur in the practice, and their verification is certainly of great
practical interest. For instance, any C or Java program is potentially infinite-state, and so do
artifact-based systems, as artifacts may contain values from infinite domains.

In the last two decades, the scientific community has paid great attention to this problem.
System models have been proposed to capture relevant properties of infinite-systems, together
with appropriate formalisms for requirement specification, classes of decidable (and undecidable)
problems have been identified, and corresponding algorithms have been developed.

Technically, the definition of the model checking problem for the infinite-state case is exactly
the same as for the finite-state case, that is, given a transition system and a property over
it, check whether the property holds in the transition system. However, as said above, the
infiniteness of the transition system makes the algorithms for classical model checking essentially
useless in the general case.

A number of solutions have been proposed to deal with state infiniteness.® Many of them are
based on identifying interesting classes of transition systems, definable by suitable formalisms,
and some respective classes of decidable properties. Two fundamental results in this respect
are [Biic62] and [GS84], where properties represented in Monadic Second-order Logic (MSO)
are shown decidable respectively over linear orders and complete binary trees (representing the
transition systems structure).

From these, a series of more general results are derived, over more complex structures
obtained by suitable manipulations of basic transition systems, for which decidability results are
known. Examples of such manipulations include transductions [Cou94], tree-iterations [Wal02]
and unfoldings, that can be intuitively thought of as operations that build transition systems out
of transition systems, by preserving some regularities that can be exploited by the verification
algorithms.

For instance, in [Cau02], starting from the infinite complete binary tree, a hierarchy of
infinite transition systems whose MSO-theories (i.e., sets of MSO properties defined over them)
are decidable is obtained by means of MSO-definable interpretations [Cou94] and unfoldings,
these representing operations similar to those described above. Similarly, other results state that
the tree-iteration transformation preserves decidability of MSO theories [Sem84, Wal02]. On
the same line, decidability of MSO theories over transition systems obtained from pushdown
automata or prefix-rewriting systems is also proved [Cau03, MS85]. Concerning pushdown
systems, it is also worth mentioning the existence of symbolic techniques used for reachability
analysis [BEM97], and model checking algorithms for CTL properties [Wal00].

8Part of the following discussion follows [MPO06], where many results in the area are reported and summarised.
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Another approach is regular model checking [BJINT00, JNOO, BHV04], a uniform paradigm
for algorithmic verification of several classes of parameterized and infinite-state systems. In
this account system states are captured by strings of arbitrary length over a finite alphabet,
and the transition relation is given by a regular, length-preserving relation on strings, usually
represented by a finite-state transducer. The fundamental problem of computing the set of
reachable states from a given initial configuration, or reachability analysis, is tackled by using
two complementary techniques: an automata-theoretic construction, and a fixpoint computation.
Differently from the approaches discussed above, regular model checking is in general incomplete.
Observe that, although sufficient conditions on the transition relation that guarantee termination
are identified [BJNTO0], incomplete techniques are useful in the practice even without them.
Indeed, an incomplete algorithm can be executed over a finite temporal horizon, and provide
useful information in case of termination (while not allowing for concluding anything, in general,
when it does not terminate).

Other proposals and studies on model checking of infinite-state systems do exist —such as
[BG04], [FL0O2] and [KMM™01], just to mention some, which tackle the problem from both the
theoretical and the practical perspectives, and which are certainly relevant to ACSI as, ultimately,
artifact-based systems can be seen as a particular class of infinite-state systems. However, a
distinctive feature of artifact-based systems is the presence of data in each state and their
central importance with respect to both the evolution of the system, as the transition relation
depends, in general, on the actual data content of each state, and the properties of interest, as
the specifications to verify require, in general, to observe the data content and its (relational)
organization. Therefore, while, on the one hand, the existing approaches and techniques offer
a solid background for the development of actual verification procedures, on the other hand,
additional theoretical tools are needed in order to achieve a complete understanding of how data
explicitly represented in system states should be treated. While these points will be discussed
more in details later on, here we review the most relevant work on verification of (infinite-state)
systems with explicit representation of data. This relatively recent and little explored area deals
with systems whose states represent data organized in some way (e.g., relational), and whose
evolution depends on the data content of each state, its structure, and possible data received in
input at each step.

One of the earliest work on this topic is [AVFY00], where relational transducers are proposed
as a computational model of e-commerce applications. These are abstract machines whose states
are instances of a relational database, and that can interact with external actors by taking in
input and possibly returning in output some relations. The evolution of the system, as well as
its output, depends on the current state of the system (i.e., the current state of the database)
and the input it receives. The relation transition is specified in a declarative, relational language
(a restriction of FO), which essentially states the relationship among the current state, the
input, the next state, and the output. Several problems of interest are defined on such model,
the most relevant to ACSI probably being verification of temporal properties involving data
evolution. Importantly, the expressiveness of the language adopted has a significant impact on
the decidability of the verification tasks, so several restrictions are imposed. In particular, it is
required that the state is able only to accumulate all inputs received up to the current state.
While this clearly limits the expressive power of a relational transducer, called, under the above
restrictions, Spocus transducer, the model is still able to enforce non-trivial temporal properties
on the system’s (finite) runs.

The Spocus transducer of [AVFYO00] is generalised into the Abstract state machine (ASM)
relational transducer in [Spi03]. In this new model, the limitations on the state evolution are
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weakened, by essentially allowing more general FO formulas to occur in the specifications of the
transition relation, while preserving decidability of verifying a temporal formula (over infinite
runs) built using first-order formulas as atomic blocks.

ASM transducers are, in turn, extended in [DSVZ06, DSV07], where an enriched model,
called ASM™ transducer, is introduced. The relevance of ASM™ transducers essentially resides in
their ability to capture data-driven Web applications and to enable verification of FO temporal
properties, like those considered in [Spi03], under analogous restrictions. Such restrictions
constrain the way that elements in the current state can be accessed, by essentially introducing
a form of guarded quantification on both the specification of the transition relation and the
property to verify.

All the above transducers are, in general, infinite-state, as the databases (although finite) can
take values from an infinite interpretation domain, thus giving rise to an infinite number of (finite)
instances, whereby the difficulty of the verification task follows. Importantly, the (constructive)
decidability proof developed in [DSV07] shows how, by means of an abstraction process made
possible by the guarded quantification restriction, the verification problem for an (infinite-state)
ASMT transducer can be reduced to classical model checking over a finite structure, built starting
from the original transducer and the property to verify. Notably, this reduction represents the
core of a verification procedure actually implemented in a real system [DMS™05].

The relevance of these works to the ACSI project becomes even more apparent in recent
work [DHPV09] where a variant of the ASM™ framework presented above is adapted and
extended to capture so-called data-centric business processes, which essentially correspond to
particular classes of artifact systems. Furthermore, recently, in [DDV11] a variant of the framework
adopted in [DHPV09] is proposed, where the verification task has been proved decidable for
(suitable classes of) artifact systems in presence of data dependencies and arithmetic operations.

As it turns out, while there exist a large pool of results about infinite-state systems where
data is not explicitly considered, much (theoretical and practical) work is still needed to verify
systems that store and exchange data with the environment, as it is the case for artifact systems.
Moreover, the work on the former focused, so far, on finding classes of systems and problems for
which the verification task is decidable, and in particular allowing for a reduction to finite-state
model checking, while no incomplete technique of practical relevance have been investigated yet,
to the best of our knowledge. Finally, we remark the great relevance of exploring the connections
between verification techniques that take data into account and those that do not, as it seems
reasonable to expect the latter providing useful guidelines for the former.

3.2 Synthesis

Intuitively, synthesis is the problem of building a program that satisfies a given specification.
Originally known as Church’s problem [Chu62], in the last two decades the community of formal
verification has paid great attention to this problem. Its importance becomes clear by observing
that while verification allows for discovering flaws in a system after it has been built, synthesis
allows for obtaining a system that is correct by construction, hence yielding a dramatic reduction
of the effort needed to guarantee compliance of the system with the intended behaviour.

Open systems are central to synthesis. These are finite-state systems able to interact with
the environment they act in, by reading and changing the (finite) values of a (finite) set of
variables, over time. Such a model turns out to be quite expressive. For instance, it is able to
model the evolution of a protocol that responds to incoming messages, or the behaviour of a lift
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that, upon receiving a request, changes its position accordingly, and becomes ready to serve new
requests. An open system essentially captures the way a system reacts to the stimuli incoming
from an external environment. Precisely, by synthesis, we refer to the construction of a controller
module (typically finite-state) that, when interacting with the system (e.g., the protocol or the
lift) in a closed loop, results in a behavior guaranteed to satisfy a desired temporal specification.
Intuitively, we can think of the system as a car, the controller as the driver, and the desired
specification as, e.g., “drive safely around a building”.

Cornerstones in this area are [BL69] and [Rab72], where general solutions to Church’s problem
have been proposed, and, more directly related to this project, [PR89a] where a procedure for
synthesising a controller (a.k.a. reactive module) starting from an LTL specification is provided.
The obtained algorithm is based on checking emptiness of Rabin automata on infinite trees, and
has a doubly exponential bound in the length of the specification. While representing a notable
achievement from a theoretical point of view, the approach, due to its prohibitive complexity,
turns out to be ineffective in practice.

Importantly, [PR89a] characterises synthesis as a form of verification on game structures,
which are essentially transition systems along whose runs two types of states alternate: those
representing the (open) system’s actions, and those representing the environment’s replies.
The synthesis task then amounts to guaranteeing that the system has a strategy to fulfil the
specification, no matter how the environment replies to its actions (along every run). The tight
relation between synthesis and verification becomes even more apparent in the case of MAS
verification where, e.g., verification of ATL formulas reduces, in fact, to a particular class of
synthesis, in that the existence of a strategy to satisfy a specification is checked for (although
the strategy itself is not computed).

To overcome the obstacle represented by the high problem complexity, and make synthesis for
LTL specifications a task practically feasible, some efforts have been made towards identifying
classes of more tractable specifications of practical interest [PPS06b, AMPS98, AT04]. In
particular, [PPS06b], whose results can be seen as a generalisation of those in [AMPS98, AT04],
presents an actual algorithm for the synthesis of so-called generalised reactivity (1) formulas
(GR(1)), for which the synthesis task is singly exponential, and provides examples showing the
practical interest of such class of specifications. This algorithm has been implemented (together
with others) in the system TLV ? (temporal logic verifier) and, recently, in its new, Java-based
extension JTLV [PSZ10].

It is worth noticing that the above results served as basis for a series of works on the
composition of behavioural services and agents [GMP09, GP09, GFPS10], where it is shown
how the problem of building a desired behavior by suitably coordinating, through a synthesised
controller, a set of given behaviours, can be reduced to an instance of the LTL synthesis problem.
Based on the interpretation of the stakeholders as agents interacting with the artifact system,
we believe that these results can provide a solid bases in tackling synthesis problems that involve
the interaction between stakeholders and artifact system.

Finally, we mention [BCG05], which is the only result we are aware of about (a form of)
synthesis in presence of data. This work presents a technique for constructing a mediator that,
placed in the middle between a set of services (able to exchange messages) and a set of users,
suitably coordinates the services so as to provide a new, desired service, not available otherwise.
Similarly to those discussed above, this work, although developed in a different setting, could
provide useful insights on the development of techniques for the synthesis of control procedures
that guarantee stakeholders to interact with the system, while satisfying desired requirements

9%www.cs.nyu.edu/acsys/tlv/
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(e.g., access restrictions to particular artifacts).

3.3 Abstraction

Generally speaking, abstraction in verification is a technique for simplifying finite- or infinite-state
systems by removing details that are not relevant to the property under verification. Typically,
abstraction techniques amount to clustering states of the original system that satisfy some
common properties into so-called abstract states, then deriving abstract transitions among
such abstract states, and finally verifying the obtained (abstract) system. Different criteria
defining how states are clustered and how the transition relation is derived, give raise to different
abstraction approaches. However, all of them have in common the fact that since the abstract
state space is typically smaller than the concrete space, the approach generally results in a
significant reduction on the execution time of the verification algorithm, or in the possibility of
verifying a property otherwise unverifiable, in the case of infinite-state systems. Of course, these
advantages do not come, in general, for free, but require some limitations on the properties that
can be verified on the abstract system.

Although abstraction as a mean for program verification dates back to the late 70’s, with
the foundational work by P. Cousot and R. Cousot [CC77], who proposed a general framework
for the construction of sound approximations (abstractions) of mathematical structures, here we
review more recent results, in particular those related to model checking, as directly relevant to
the ACSI project.

One of the most popular abstraction approaches in model checking is described in [CGJT03]
(that can be seen as an extension of the earlier ezistential abstraction framework presented
in [CGL94|), where a technique, known as counter-example guided abstraction refinement (CE-
GAR), is presented. It is proved complete over the class of CTL* formulas that admit a single
run as counterexample (namely, ACTL*), if the original system is finite-state.

The proposed algorithm intuitively works as follows:

1. an initial abstraction is derived from a compact specification (program) of the concrete
model and the property under verification. In general, this step produces an abstract model
that over-approxrimates the original model, that is, it contains spurious transitions not
capturing any concrete transition;

2. the current abstract model is verified against the property of interest;

3. if the property is satisfied in the abstract model, it is guaranteed to be satisfied in the
concrete model, too, and the process terminates successfully;

4. otherwise, the counterexample returned by the verification step is checked against the
concrete model, to see if it captures any concrete behavior;

5. if it does, the process terminates, with the property of interest guaranteed not being
satisfied by the concrete model;

6. if it does not, the current abstract model is refined by removing the spurious transitions,
and a new iteration starts from step 2.

Even though the approach does not guarantee completeness for infinite-state systems, it still
provides a viable, though incomplete, option in these cases. For instance, one can fix a bound on
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the number of iterations on the algorithm, and try to check the property of interest over the
abstract models within the fixed bound. If the process terminates before reaching the bound,
then the answer it provides is correct, while nothing can be said otherwise.

As discussed above (see Section 2), artifact system verification has many similarities with
classical verification (of finite-state systems), in that the former can be seen as transition systems
whose states have a particular (data) structure. Also, from our discussion above, it turned out
that temporal-epistemic properties with first-order features, that can be seen as generalising
classical temporal properties in model checking, are of interest for artifact systems. Moreover,
the artifact-centric paradigm includes a formal, compact, representation of artifact systems, i.e.,
GSM or FSM, as discussed in WP1 report for M1.

These observations candidate the verification approach of [CGJT03] as a possible starting
point for the development of effective verification procedures for artifact systems. In particular,
if an abstraction procedure for artifact systems were available that would guarantee, similarly
to the propositional case, the preservation of interesting properties from the abstract to the
concrete model, one could adapt the general structure of the CEGAR algorithm, so as to obtain
an effective, though possibly incomplete, verification procedure for artifact systems.

However, two main obstacles make such an extension challenging: firstly, the presence of
data, that makes the system infinite-state, and the relevance of its organization to the properties
of interest, and, secondly, the interest in epistemic properties, that adds a further dimension to
take into account in the verification procedure. As for the latter issue, efforts in that direction
have already been undertaken. In particular, [CDLR09] adapts the existential abstraction
approach proposed in [CGL94]| to the context of interpreted systems, a well-known framework
constituting the theoretical bases of MAS’s and their corresponding (propositional) epistemic
logics [FHMV95]. In Section 3.4, we further extend this work to the framework of artifact-
systems, thus developing abstraction-based verification procedures in the artifact context. Such
an extension finds its theoretical bases in recent work [BL09], where the standard (propositional)
framework of interpreted systems, used to model multi-agent systems and to reason about
agents knowledge, is extended to account for generic first-order properties. This results in a
more general model that is particularly well-suited also for artifact systems (see Section 3.4 for
details).

The abstraction approach of [CGJT03] is not the only one proposed in the model checking
context. Another similar approach, known as predicate (or boolean) abstraction, based on
partitioning the state space of the concrete system according to relevant properties satisfied by
each state is proposed in [GS97] and [Sai00]. Despite the approach being slightly more general, it
achieves analogous results, in particular the preservation of ACTL* satisfaction from the abstract
to the concrete level, the possibility of iteratively refining the abstract model by exploiting the
obtained counterexamples, and the incompleteness result for infinite systems. Therefore, from
the ACSI point of view, the challenges to be faced in order to suitably extend these approaches
happen to be exactly the same.

The abstraction approaches described so far are tailored on propositional model checking.
While their extension to the ACSI framework is certainly worth exploring, this is not the
only available option to build effective verification procedures for artifact systems. Of course,
(complementary) ad-hoc procedures tailored on artifact systems can also be developed. With
respect to this, we mention again the series of works [DSVZ06, DSV07, DHPV09, DDV11],
where abstraction techniques well-suited for systems that deal with explicit data are developed,
that we believe can be adapted in the context of ACSI, and possibly extended to take the
epistemic properties into account.
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In Section 3.4, we describe a framework for the verification of temporal properties, involving
data, over artifact systems. In such a work, an ad-hoc abstraction technique is developed to deal
with new values that actor interacting with the system can possibly introduce as the system
evolves.

3.4 Discussion

In this section, we have reviewed the literature on verification and synthesis of finite- and
infinite-state systems that is most relevant to the ACSI project, and in particular to Task 2.1.
This includes classical approaches for finite-state systems, such as model checking and synthesis
for temporal properties, for infinite-state systems, and ad-hoc approaches to deal with data.

Since artifact systems can be seen as transition systems, we expect model checking approaches,
both in the finite- and the infinite-state case, to provide useful insights about verification of
artifact systems, even including the possibility of extending existing algorithms to deal with
artifact systems.

However, we have identified two major obstacles that need to be overcome before MC-based
techniques can become effective over artifact systems. Precisely, such obstacles arise from the
presence of infinite data (and the fact that properties referring to the actual data content of the
system are of interest), and the fact that such properties can be, in general, epistemic. Since
verification of systems dealing with data is a little explored area, and even less verification
of epistemic properties in presence of data, a major effort on the theoretical side is certainly
required in order to understand how the problem can be effectively addressed.

Previous works of particular interest, which can serve as starting points in our investigation,
include contributions on data-aware systems [DHPV09, DSV07] and abstraction techniques for
MAS [CDLRO09, BL09]. The former provide some bases for reducing MC over infinite systems
that deal with data to MC over finite systems, while the latter both extend a popular abstraction
technique to the framework of interpreted systems and introduce an extension of interpreted
systems able to capture data in the state of the system. Ideas from these works can be successfully
combined so as to build a new framework and actual procedures for the verification of temporal
and temporal-epistemic properties over artifact systems.

Finally, we observe that existing approaches are typically aimed at identifying decidable
classes of systems and/or properties that guarantee decidability. Considering that such decidable
classes yield an (exponential) complexity bound that makes the problem, in general, unfeasible,
it turns out that also incomplete techniques, possibly used in conjunction with complete ones,
represent a further viable option to address the problem, certainly worth exploring.
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4 An Abstraction Technique for the Ver-
ification of Artifact-Centric Systems

In this section we explore the verification problem for artifact-centric multi-agent systems,
i.e., systems of agents interacting through artifact systems, by means of a knowledge-based
perspective. We operate in a first-order setting with knowledge and branching time (FO-CTLK).
We first remark that the general problem is undecidable and then proceed to give abstraction
results that enable us, in a large class of cases of practical interest, to be able to analyse the
model checking of finite approximations rather than the plain infinite model with unbounded
database schemas.

The rest of the section is as follows. In Section 4.1 and following we identify the problem,
give a general semantics for artifact-centric multi-agent systems (AC-MAS), as well as comment
on the undecidability of the model checking problem in the general case. In Section 4.5 we
explore abstraction results that enable us to translate the problem to the model checking of
finite models. Relevant proofs are provided in the Appendix 9. Most of the material in this
section has not appeared in D2.1.1, and has been published in [BLP11a, BLP11b, BLP12].

4.1 Databases and First-order Logic

We fix the terminology on databases that will be used in the rest of the section [AHV95a].

Definition 4.1 (Database schema): A (relational) database schemaisaset D = {Pi/qi1,...,Py/qn}
of relation symbols P;, each associated with its arity ¢; € N.

Interpretations of database schemas are defined over countable interpretation domains.

Definition 4.2 (Database interpretation): Given a database schema D, a D-interpretation (or
D-instance) over an interpretation domain U is a mapping D associating each relation symbol
P; € D with a finite g;-ary relation over U, i.e., D(P;) C U%.

The set of all D-interpretations over an interpretation domain U is denoted by D(U). The
active domain of an interpretation D, denoted as adom(D), is the set of all individuals in U
occurring in some tuple of some predicate interpretation D(P;). Observe that, since D contains
a finite number of relation symbols and each D(F;) is finite, so is adom(D).

Next, we briefly recall the syntax of first-order formulas with the equality symbol. Let Var
be a countable set of individual variables and C' be a finite set of individual constants. A term is
any element t € Var U C.

Definition 4.3 (FO-formulas over D): Given a database schema D, the formulas ¢ in the
first-order language Lp are defined as follows:

o u= t=t|Pt1,...,tx) | "¢ | p — ¢ | Vap

where P; € D, t1,...,tq is a g;-tuple of terms, and ¢,¢" are terms.

Lp is a standard first-order language over the relational vocabulary D, with no function
symbols other than constants, and with finitely many constant symbols from C. The fact that
we consider a finite set of constants does not constitute a limitation. Indeed, as long as one deals
with a finite set of formulas, as it is the case in our setting, C' can always be extended so as
to include all the (finitely many) constants occurring in such formulas. We use the standard
abbreviations 3, T, L, A, V, and #. Free and bound variables are defined as standard. For a
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formula ¢ we denote the set of its variables as vars(y), the set of its free variables as free(y),
and the set of constants in ¢ as const(yp). We write ¢(Z) to list explicitly in arbitrary order all
the free variables x1, ...,z of ¢. By slight abuse of notation, we treat T as a set, thus we write
Z = free(p). A sentence is a formula with no free variables.

Assume an interpretation domain U such that C' C U. An assignment is a function o : Var —
U. For an assignment o, we denote by o (%) the assignment such that: (i) (7)) (z) = u; and (ii)

u

o(2)(2") = o(a’), for every o’ € Var different from z. For convenience, we extend assignments

as the identity on constants, so that o(t) = ¢, if t € C. We can now define the semantics of Lp.

Definition 4.4 (Semantics of FO-formulas): Given a D-interpretation D, an assignment o, and
an FO-formula ¢ € Lp, we inductively define whether D satisfies ¢ under o, written (D, o) | ¢,
as follows:

(D,0) |= Pi(ta, -, tg) iff (o(t1),...,0(ty,)) € D(P)

(D,o) =t=1t iff o(t) =o(t')

(Do) = ¢ iff (Do) o

(Do) =1 ifft  (D,o)FEpor (Do)=Y

(D,0) =Vzp iff for all u € adom(D), (D,o (%)) k= ¢

A formula ¢ is true in D, written D |= ¢, iff (D, o) = ¢, for all assignments o.

Observe that we are adopting an active-domain semantics, that is, quantified variables range
over the active domain of D. Also notice that constants are interpreted as themselves, i.e., two
constants are equal if and only if they are syntactically the same. In the rest of the section, we
assume that every interpretation domain includes C'.

Finally, we introduce an operator on D-instances that will be useful in the rest of the section.
To this end, let the primed version of a database schema D be the schema D' = {P{/q1,..., P} /qu}
obtained from D by (syntactically) replacing each predicate symbol P; with its primed version
P!

Definition 4.5 (& Operator): Given two D-interpretations D and D', D @ D’ is the (DU D’)-
interpretation such that (i) D @ D'(P;) = D(F;); and (ii) D & D'(P!) = D'(P;).

4.2 Artifact-Centric Multi-Agent Systems

We extend the definition of AC-MAS in [BLP12] so as to incorporate parametric actions. We
start by introducing the notion of agent.

Definition 4.6 (Agent): Let U be an interpretation domain. An agent over U is a tuple A =
(D,U, L, Act, Pr), where:

e D is the local database schema;
e L CD(U) is the set of local states;

e Act is the finite set of action types of the form «(p), where ' is the tuple of formal
parameters;

o Pr: L 249U) is the local protocol function, where Act(U) is the set of (ground) actions
of the form (@) for a(p) € Act and @ € U'P! a tuple of actual parameters.

Agents can be thought of as modules that can be composed together to obtain artifact-centric
multi-agent systems (AC-MAS) as defined below.
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Definition 4.7 (Artifact-centric multi-agent system): Given a set Ag = {Ao, ..., A,} of agents
A; = (D;,U, L;, Act;, Pr;), an artifact-centric multi-agent system is a tuple P = (S, U, s, T),
where:

e SC Lgx---x Ly is the set of reachable global states;
e U is the interpretation domain of P;
e 59 € S is the initial global state;

o 7:8 x Act(U) + 25 is the global transition function, where Act(U) = Acto(U) x --- x
Acty,(U) is the set of global (ground) actions, and 7({lo, ... 1), (o(U0), ..., an(ty))) is
defined iff a;(;) € Pri(l;) for i < n.

Usually, agent Ag is referred to as the environment E. To simplify the notation, we denote a
global ground action as d(u), where & = (ag(po), - - -, an(pn)) and @ = (dy, ..., U,), with each
u; of appropriate size.

In the rest of the section we assume the function 7 to be computable. In particular, for any
state s € S and ground action @(%) € Act(U), we assume that |7(s,d(w))| is finite. This will
allow us to abstract from the way 7 is actually specified.

We define the transition relation — on SxS s.t. s — s’ if and only if there exists @(@) € Act(U)
such that s’ € 7(s,d(w)). If s — &', we say that s’ is a successor of s. A run r from s € S is an
infinite sequence s® — s! — ... with s% = s. For n € N, 7(n) = s™. A state s’ is reachable from
s if there exists a run r from the global state r(0) = s such that r(i) = s’ for some i > 0. We
assume that the relation — is serial, and that S is the set of states reachable from so. T'wo global
states s = (lo, ..., 1) and &' = (lj), ..., 1) are said to be epistemically indistinguishable for agent
A;, written s ~; ¢, if I; = []. This is consistent with the standard definition of knowledge as
identity of local states [FHMV95]. Notice that when U is infinite, so is S, and the AC-MAS P
is an infinite-state system. Finally, we define the global database schema D of an AC-MAS as
D =DyU---UD,. Every global state s = (l,...,1,) is associated with the (global) D-instance
D; € D(U) such that Ds(P;) = Ujea, li(F), for P; € D. We omit the subscript s when it is
clear from the context and we write adom(s) for adom(Ds). Notice that for any s € S there
exists a unique Dy, while the converse is not true in general.

4.3 Model Checking

We focus on the problem of verifying an artifact-centric multi-agent system against a temporal-
epistemic specification of interest. Since the states of an artifact are characterised by their
data content, the atomic components of the specifications need to capture relational properties
pertaining to the states. This, together with the fact that the domain of data may be infinite,
makes the problem substantially more challenging than standard model checking [CGP0O].

We now define the first-order temporal epistemic specification language to be interpreted on
AC-MAS.

Definition 4.8 (FO-CTLK): The first-order CTLK formulas ¢ over a database schema D are
inductively defined by the following BNF:

o = ¢l —e|Vep | AXp | ApUp | E@Uep | Kip | Cyp

where ¢ € Lp and 0 < i < n.
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The notions of free and bound variables for FO-CTLK extend straightforwardly from Lp, as
well as functions vars, free, and const. We use the abbreviations F X ¢, AFp, AGp, EF ¢, and
EGp as standard. The epistemic formulas K;p and Cy are read as “agent A; knows that ¢’
and “it is common knowledge that ¢” respectively. Observe that free variables can occur within
the scope of modal operators, thus allowing for the unconstrained alternation of quantifiers and
modal operators. In what follows we consider also the sentence atomic fragment saFO-CTLK of
FO-CTLK defined in the following BNF form:

?

o = ¢|AXe | ApUp | EoUyp | Kip | Cp

where ¢ is a sentence in Lp and 0 < 7 < n. In saFO-CTLK no free variable occurs in the scope
of a modal operator.

The semantics of FO-CTLK formulas is defined as follows.
Definition 4.9 (Semantics of FO-CTLK formulas): Consider an AC-MAS P, an FO-CTLK
formula ¢, a state s € P, and an assignment 0. We inductively define whether P satisfies ¢ in s
under o, written (P, s,0) = ¢, as follows:

(P,s,0) = iff (Ds,0) = ¢, if ¢ is an FO-formula

(P,S,O’) ): R iff ('P7s,0') I# ¥

(Poso)ep—g M (Pso) e por (Ps,o) ¢

(P,s,0) = Vxp iff for all u € ad(Dy), (P,s,0(%)) E ¢

(P,s,0) = AXp iff for all r, if 7(0) = s then (P,r(1),0) = ¢

(P,s,0) E ApUy' iff for all r, if 7(0) = s then there is k > 0 s.t. (P,r(k),0) = ¢/,

and for all j, 0 < j < k implies (P,r(j),0) F ¢
(P,s,0) E EoUy' iff for some r, r(0) = s and there is k > 0 s.t. (P,r(k),0) E ¢/,
and for all j, 0 < j < k implies (P,r(j),0) E ¢

(P,s,0) E Kip iff for all &', s ~; ' implies (P,s',0) = ¢
(P,s,o0) =Cyp iff for all s, s ~* &' implies (P, s',0) E ¢
where ~* is the transitive closure of |J 4,4, ~i-

A formula ¢ is said to be true at a state s, written (P,s) = ¢, if (P,s,0) | ¢ for all
assignments o. Moreover, ¢ is said to be true in P, written P |= ¢, if (P,s0) E ¢.

In the rest of the section we explore model checking of AC-MAS against first-order temporal
epistemic specifications. Formally, the problem can be stated as follows:

Given an AC-MAS P and an FO-CTLK formula ¢, find an assignment ¢ such that
(Pv 50, U) ): -

Even in the context of a purely temporal language, the problem is decidable whenever the
domain U is finite, and undecidable in general [BLP11b]. Since we are here operating on a
strictly stronger language than the one of [BLP11b], the following result immediately follows.

Theorem 1. The model checking problem for AC-MAS w.r.t. FO-CTLK is undecidable.

This result is obviously negative. However, in this section we identify a large class of AC-MAS,
covering interesting cases, for which model checking is decidable.
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4.4 A Computationally-Grounded Semantics for
Artifact-Centric Systems

We begin by reporting results from [BLP11a] in which we initially developed a grounded semantics
for artifact centric systems as well as initial abstraction results. The semantics developed abstracts
from database views (see Section 4.5) and is inspired by the semantics of quantified interpreted
systems [BLO09].

4.4.1 Simulation

The standard notion of simulation for reactive systems states that a system simulates another
if every behaviour of the latter is a behaviour of the former [CGL94]. Since ACTL operators
quantify over all behaviours (runs), any ACTL property that holds in the simulating system
holds also in the simulated system. To extend this preservation property to FO-YACTLK, i.e.,
the fragment of FO-CTLK containing universal modalities and the universal quantifier only,
we require that any epistemic possibility in the simulated system is matched by an epistemic
possibility in the simulating system. Similar conditions apply to individuals.
Definition 4.10 (Sublanguage): Let £ and L’ be first-order temporal epistemic languages as in
Def. 4.8, with alphabets A and A’ respectively. £’ is a sub-language of £, or L' C L, if A’ C A.
We now define the structures of interest and a notion of simulation.
Definition 4.11 (QIS): A quantified interpreted system is tuple P = (S, U, so, 7, 1) s.t. S, U, sg
and 7 are defined as for AC-MAS. Further, [ is a first order interpretation for £, that is, for
every n-ary predicate symbol P" € £, I(P",s) is an n-ary relation on U.
Notice that, differently from the previous section, £ can contain an infinite number of
predicate symbols.
Definition 4.12 (Simulation): Let P = (S, U, so, 7, 1) be a QIS on the set Ag of agents and
the language £, and let P’ = (S',U’, s, 7', 1') be a QIS on the same set Ag of agents and a
sub-language £ C £. A simulation between P and P’ is a pair of relations ~ C § x &’ and
~ C U x U’ such that:

(a) sp =~ sp;
(b) if a € U then there exists a’ € U’ such that a ~ a/;
and if s ~ s’ then:
(c) if s — u then s’ —' u/ for some v’ such that u ~ u/;
(d) if s ~; u then s’ ~/ ' for some «’ such that u ~ u’;
(e) forall P" € L', if @~ d then d e I[(P",s)iff @ € I'(P",s);
(f) for all c € L', I(c) = I'(c);

where — and —' are the transition relations in P and P’ respectively. If there is a simulation
pair between P and P’, we say that P’ simulates P, or P < P’.

According to (a) the initial state in P has to be matched by the initial state in P’. Similarly
for (b) and individuals. According to (c) and (d) every temporal and epistemic transition in P
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has to be matched by a transition in P’. According to (e) and (f) related states must agree on
the sub-language L'.

Any FO-VACTLK property is preserved from the simulating QIS P’ to the QIS P being
simulated:

Lemma 1. Assume that P’ simulates P. For any FONACTLK formula ¢ € L', if P' = ¢ then
P E ¢.

Differently from the propositional level, we can define a strengthening of the notion of
simulation, so that also existential formulas are also preserved.

Definition 4.13 (Simulation™): A simulation™ between P and P’ is a pair of relations ~ C § x &’
and ~ C U x U’ such that:

(a) ~ and = are a simulation pair between P and P’;
(b) if @’ € U’ then there exists a € U such that a ~ d’.

If there is a simulation™ pair between P and P’, we say that P’ simulates™ P, or P <+ P’.

We can now prove the following strengthening of Lemma 1.

Lemma 2. Assume that P’ simulatest P. For any FO-ACTLK formula ¢ € L', if P' = ¢ then
P = ¢.

In the rest of the paper we focus on simulation™ and the FO-ACTLK fragment.

4.4.2 Existential abstraction of QIS

In systems with large state spaces, it is infeasible to verify design requirements by considering all
reachable states, even if represented symbolically [BCM™92]. In existential abstraction [CGL94],
one reduces a large, possibly infinite reactive system - referred to as the concrete system - into a
possibly smaller reactive system - referred to as the abstract system - by partitioning the system
states into equivalence classes. Each equivalence class, called an abstract state, forms a state in
the abstract system.

Here, we extend existential abstraction to quantified interpreted systems by abstracting each
agent ¢ and the quantification domain U separately. Formally, the abstract QIS is defined as a
quotient construction as follows. Assume a quantified interpreted system P over the set Ag of
agents and the language L. For each i € Ag assume the equivalence relations =; C L; x L; and
=; C ACT; x ACT;. Further, assume an equivalence relation = C U x U. For | € L;, write [I]
for the equivalence class of [ w.r.t. =;, and [a] for the equivalence class of a« € ACT; w.r.t. =;.
Similarly, [a] is the equivalence class of a € U w.r.t. =. Write [s] for ([s1],...,[sn]) and write [@]
for ([a1],...,[an]). Finally, let £ C £ be a sub-language of £ that does not distinguish between
equivalent local states and individuals, i.e.,

(*) forall P" € £, if s=s" and @ = @ then @ € [(P",s) iff @ € [(P",s').

Definition 4.14 (Quotient QIS): The quotient of P is the QIS P’ on the set Ag of agents and
the sub-language £’ C £ such that:

1. U =A{la] |ae U}
2. Li=A{[l] |l € L;};
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3. ACT! = {[o] | « € ACT;};

4. B ={{{l}, [a]) [ (I, @) € Bi};

5.7 = {([s], [a], [s']) | (s,@,8") € T};

6. so = [so];

7. for all P" € £/, [d] € I'(P™, [3]) iff @ € I(P™, s);
8. forall c € £, I'(c) = [I(c)].

Note that the interpretation I is well defined by condition (*) on the sub-language L'.
Observe that Def. 4.14 does not specify how the equivalence relations are chosen. This issue is
addressed in Section 4.4.3 below. The important property of quotient systems, however, is that
specifications are preserved from abstract systems to concrete ones. This is because the abstract
system simulates™ the original system.

Lemma 3. If P’ is a quotient of P, then P’ simulates™ P.

Since the abstract system simulates™ the concrete system, design requirements expressed in
FO-ACTLK are preserved.

Theorem 2 (Preservation). Let P’ be a quotient of the QIS P. For any FO-ACTLK formula ¢
in L' C L, if P ¢ then P = ¢.

The proof follows from Lemmas 2 and 3.
When applying the theorem, the challenge is to choose suitable equivalence relations =; on
local states and actions. We provide a partial answer in the following section.

4.4.3 Constructive abstraction

In this section we introduce a methodology for defining the equivalence relations in the previous
section. In what follows we fix a sub-language L’ of the first-order temporal epistemic language
L, and a QIS P. We first define equivalences on the set U™ of n-tuples of individuals.
Definition 4.15 (Equivalence on tuples): Let s € S and let a, b be n-tuples in U™. We say that
@ and b are equivalent in s, or @ ~ b, if for all P" € L', @ € I(P",s) iff b € I(P™,s).

We can easily check that the relation ~ is indeed an equivalence relation for every s € S.
Definition 4.16 (Equivalence on individuals): Let s € S and let a, b be individuals in U. We
say that a and b are equivalent in s, or a =4 b, if for all @, @’ € U™, if @ is obtained from a by
uniformly substituting a with b, then @ ~, a’.

From the fact that ~; is an equivalence relation we can derive that also =, is an equivalence
relation for s € S.

We now define the equivalence relation on states.

Definition 4.17 (Equivalence on states): Two states s, s’ € S are equivalent , or s = ¢/, if for all
Pre ' forallae U™ ae I(P",s)iffde I(P",s).
We can now introduce the abstract model obtained from the QIS P.

Definition 4.18 (Abstract model): Given the QIS P = (S, U, so, 7, I) we define an abstract model
M = (8" U, [so], 7', I') such that:
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S'={lsl s €S}

for each [s] € §', U'([s]) = {la]s | a € U};

e for any [s],[s'] € S, [s] = [¢] if s — &

o for P" € £/, [a]s € I'(P",[s]) iff @ € I(P™, s).

By definition of the individuals in each U’([s]) we can prove that the interpretation I’ is
well-defined and independent from the particular choice of representatives for the equivalence
classes in U’([s]).

Hereafter we introduce the satisfaction relation for the abstract model.

Definition 4.19: The satisfaction relation |= for ¢ € L', [s] € M/, and an assignment o is defined
as in Def. 4.9, but for the following clauses:

(M, [s],0) = PR@E) i ([ (t)]s, .- ., (17 (t)]s) € I'(P*, [s])
(M [s],0) E Vi) ifft  for all a € U([s]), (M, [s],0%) =

Now, we can prove the following result on M’.
Lemma 4. The abstract model M’ simulatest P.
The next result is immediate from Lemmas 2 and 4.
Lemma 5. For every FO-ACTLK formula ¢ in L', if M' = ¢ then P | ¢.

Thus, we have obtained an effective way of constructing the quotient system M’ starting
from P and £’. More in detail, given a FO-VACTLK formula ¢ to be model checked on P, L’
can be thought of as the sub-language of £ consisting of all predicate letters and constants in ¢.

Finally, we observe that if a QIS P has infinitely many states and individuals, then also
the abstract model M’ will in general be infinite both in states and individuals. However, the
construction above does in some cases generate finite approximations.

Lemma 6. Given a QIS P, its abstract model M’ has the following cardinality:

P M
) U S’ U’
infinite | infinite | infinite | infinite
finite | infinite | finite | infinite
infinite | finite finite finite
finite finite finite finite

The proof is immediate by definition of M’ from P.

We have therefore identified a non-trivial case (infinite S and finite U) in which the technique
presented above generates a feasible model checking problem. Additionally, observe that in the
case of finite S and infinite U if all state interpretations are finite (e.g., I maps states into
database instances) we also obtain, as result of the abstraction process, a finite U’ in M.
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4.5 Abstraction of AC-MAS

In this section we show that under appropriate assumptions the model checking problem for
FO-CTLK is decidable. We do so by proving that instead of checking the concrete, infinite-
state AC-MAS P, we can perform the verification step on an abstract, finite-state P’, that
can effectively be derived from P, and that is equivalent to P w.r.t. satisfaction of FO-CTLK
formulas. We start by defining a general notion of bisimilarity, i.e., a relation which captures the
fact that two AC-MAS satisfy exactly the same FO-CTLK formulas. With such a notion at hand,
we then introduce finite abstractions and prove that they are bisimilar to the concrete system.
In the rest of the section, we let P = (S,U, so,7) and P’ = (S',U’, s(, 7) be two AC-MAS, and
assume, unless stated differently, that s = (lp,...,l,) € S and s’ = (lj,,..., ) € S.

4.5.1 Bisimulation

To introduce the notion of bisimilarity between AC-MAS [BLP12], we first need to state when
two AC-MAS states are isomorphic.

Definition 4.20 (Isomorphism): Two states s and s’ are isomorphic, written s ~ s, iff there
exists a bijection ¢ : adom(s) U C — adom(s’) U C such that:

(i) ¢ is the identity on C;
(i) for every P € D, @€ U%, and j € Ag, u € [;(P;) iff 1(d) € I;(F).

Notice that isomorphisms preserve the constants in C' and the structure of the interpretation
of the relation symbols in D. In particular, it can be seen that since ¢ is a bijection, Dy and Dy
are isomorphic according to the standard notion of isomorphism between relational structures.
Any function ¢ as above is called a witness for s ~ s’. Obviously, the relation ~ is an equivalence
relation. Given a function f : U +— U’ defined on adom(s), f(s) denotes the state in S” obtained
from s by renaming each u € adom(s) as f(u). If f is also injective (thus invertible) and the
identity on C, then f(s) =~ s.

Being isomorphic is not a sufficient condition for two states to satisfy the same FO-formulas,
as assignments to free variables need to be taken into account, as well. To this end, we introduce
the following notion.

Definition 4.21 (Equivalent assignments): Let V' C Var be a set of variables, and assume s ~ s'.
Two assignments o : Var — U and ¢’ : Var — U’ are equivalent for V iff there exists a bijection
v adom(s) UC U o (V) — adom(s') UC U’ (V) s.t.

(1) Vladom(s)uc is a witness for s =~ s;
(ii) oly =vyooly.

Intuitively, equivalent assignments preserve all (in)equalities of variables in V| and are
consistent with some witness for s ~ s'. We say that two assignments are equivalent for an
FO-CTLK formula ¢ if they are equivalent for free(y).

We remark that isomorphic instances preserve non-modal first-order formulas:

Proposition 4.22: Given two isomorphic states s and s’, an FO-formula ¢, and two assignments
o and ¢’ equivalent for ¢, we have that

(DS,U) ):SO iff (DS/,O'/) ): ¥
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Notice that, if ¢ is an FO-sentence, then it is easy to check that for all assignments o, o’
(not necessarily equivalent), (Ds,0) = ¢ iff (Dg,0’) = .

According to Prop. 4.22 isomorphic states do not distinguish FO-formulas. We now extend
this result to FO-CTLK.

Definition 4.23 (Similarity): The AC-MAS P’ simulates P, written P < P’, iff there exists a
simulation relation < on & x 8 s.t. (i) s = s(; and (ii) if s < s’ then

1. s~ g
2. for every t € S, if s — t then thereis t/ s.t. s’ —t/, s®t~s' @t and t < t/;
3. for every t € S, if s ~; t then thereis t/ s.t. t ~;t/, s®t ~s' @t and t <X t.

Observe that =< is well-defined as s ®t ~ s’ @ t' implies ¢t ~ . Based on the notion of
simulation, can now define when two AC-MAS are bisimilar.

Definition 4.24 (Bisimilarity): The AC-MAS P and P’ are bzszmzlar written P ~ P’, iff there
exists a bisimulation relation ~ on 8 x &’ s.t. both ~ and ~~!= {(s,s) | s ~ s} are simulation
relations.

Obviously, if s &~ s’ then s < s’ and s’ < s. However, the viceversa is not true in general.
Notice that = is an equivalence relation.
We can prove the following result about specifications in sentence-atomic FO-CTLK.

Theorem 3. Consider two bisimilar AC-MAS P and P’, and an saFO-CTLK formula . Then

PEy iff PlE¢

In the next section we show how to extend this result to FO-CTLK.

4.5.2 Uniform systems

We introduce the class of AC-MAS of interest, for which we prove invariance w.r.t. FO-CTLK
formulas, and the main abstraction results.

Definition 4.25 (Uniformity): An AC-MAS P is uniform iff for every s,t,s' € S, t' € D(U),

1. if t € 7(s, (@) and s Dt ~ s’ & t’ for some witness ¢, then for every bijection " extending
Lt er(s al/(a)).

2. ifs~;tand s@t~s @t/ then s’ ~; t'.

Intuitively, uniformity requires that transitions and epistemic relation do not depend on the
data content of each D-instance, apart from constants in C. Put differently, the requirements
above capture the fact that the system is unable to distinguish among states containing the
same constants and having the same data structure. This condition still allows for a vast number
of AC-MAS, as it includes most systems of interest, such as those in Section 6 (but see also
Section 5).

Proposition 4.26: If an AC-MAS P satisfies req. 1 in Def. 4.25 and adom(sg) C C, then req. 2 is
also satisfied.

We now show that uniformity, together with bisimilarity and boundedness, is sufficient to
preserve FO-CTLK formulas,
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Proposition 4.27: If an AC-MAS P is uniform, then for every s,s’ € S, s ~ s’ implies s ~ s'.
We now prove some partial results, which are necessary to the proof of the preservation
theorem for bisimilar and uniform AC-MAS.

Proposition 4.28: Consider two bisimilar and uniform AC-MAS P and P’, two isomorphic states
s € Pand s’ € P, and an FO-CTLK formula ¢. For every assignments o and ¢’ equivalent for
¢ w.r.t. s and ', we have that:

1. for every ¢, if s — ¢ and |U’| > |adom(s) U adom(t) U C U o(free(y))|, then there exists ¢’
st. s =t/ t~t, and o and ¢’ are equivalent for ¢ w.r.t. t and ¢'.

2. for every t, if s ~; t and |U’| > |adom(s) U adom(t) U C' U o(free(y))|, then there exists ¢/
st. s’ ~;t', t ~t, and o and ¢’ are equivalent for ¢ w.r.t. t and ¢’

In what follows a temporal epistemic run r from s € S is an infinite sequence s ~» s! ~» ...

such that s* — st or s' ~ s'T!, for some k € Ag. For n € N, r(n) = s". A state s is said
to be t.e. reachable from s iff there exists a temporal epistemic run r from the initial global
state r(0) = s s.t. (i) = &, for some ¢ > 0. T.e. runs are not to be confused with the (purely
temporal) runs introduced in Sec. 4.1.

Prop. 4.28 generalizes to temporal epistemic runs.

Proposition 4.29: Consider two bisimilar uniform AC-MAS P and P’, two isomorphic states
s € P and s’ € P/, an FO-CTLK formula ¢, and two assignments o and ¢’ equivalent for ¢
w.r.t. s and s’

For every t.e. run r, if 7(0) = s and for all ¢ > 0, |U’| > |adom(r(4)) U adom(r(i + 1)) U C' U
o(free(y))|, then there exists a t.e. run 7’ s.t. for all i > 0:

(i) r'(0) =
(i) r(@) ~r'(i);
(iii) o and ¢’ are equivalent for ¢ w.r.t. r(¢) and /(7).
We can now prove the following key result.

Lemma 7. Consider two bisimilar and uniform AC-MAS P and P’, two isomorphic states
s€P and s € P, an FO-CTLK formula ¢, and two assignments o and o' equivalent for ¢
w.r.t s and s'. If

1. for every t.e. run r s.t. r(0) = s, for all k > 0 we have |U'| > |adom(r(k)) U adom(r(k +
1)U CUa(free(w))] + [vars(p) \ free(p)|;

2. for every t.e. run 1’ s.t. ' (0) = &, for all k > 0 we have |U| > |adom(r'(k)) U adom(r'(k +
1) UC U o' (free(p))| + |vars(e) \ free(p)|;

then
(P,s.o) Fe iff (P 0")E¢
Finally, we prove the main result of this section.

Theorem 4. Consider two bisimilar and uniform AC-MAS P and P', and an FO-CTLK
formula ¢. If
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1. for all t.e. run v s.t. r(0) = sg, and for all k >0, |U'| > |adom(r(k)) U adom(r(k + 1)) U
C| + |vars(p)|

2. for all t.e. run 1’ s.t. ¥'(0) = s{, and for all k > 0, |U| > |adom(r'(k)) U adom(r'(k + 1)) U
Cl + |vars(p)|

then
Pleo iff Py

In this section we proved that bisimilar and uniform AC-MAS satisfying assumptions 1 and 2
in Lemma 4 validate the same FO-CTLK formulas. In the next section we make use of this result
to reduce, under some additional assumptions, the verification of an infinite-state AC-MAS to
that of a finite-state one.

4.5.3 Finite abstractions

We now define a notion of finite abstraction for AC-MAS, and prove that it is bisimilar to the
concrete model we start with. In the rest of the section we assume without loss of generality that
for any AC-MAS P, adom(sp) C C. If this is not the case, C' can be extended so as to include
all the (finitely many) elements in adom(sy).

Definition 4.30 (Bounded AC-MAS): An AC-MAS P is b-bounded, for b € N, if for all s € S,
|adom(s)| < b.

Observe that boundedness imposes no restriction on the domain U of P. Thus, even though
each state in P does not contain more than b distinct elements, if U is infinite, so is the
state space of P in general. The next results show that, although infinite-state, an uniform
b-bounded AC-MAS P can in principle be verified by techniques for finite-state model checking
applied to a particular AC-MAS that is a the finite abstraction of P. In what follows N4, =
ZAieAg maxa(f)EActiﬂf”'

Definition 4.31: Let Ag be a set of agents, and let U’ be a set. For each agent A; = (D, L, Act, Pr, T)
in Ag we define an agent A = (D', L', Act’, Pr', ') s.t.

e D' =7D;
o ' =D (U");
o Act' = Act;

o a(w) € Pr'(l') iff there is | € L s.t. I’ ~ [ for some witness ¢, and «(//(@)) € Pr(l) for some
bijection ¢/ extending ¢;
Let Ag’ be the set of all A].

We remark that each A/ is indeed an agent. Notice that the definition of A/ depends on the
set U’. However, we omit U’ when it is clear from the context.

Definition 4.32 (Abstraction): Let P be an AC-MAS over Ag, the abstraction P’ = (S',U’, s(, 7')
over Ag' is s.t.

® 5, = 50;

e S’ =D(U’) is the set of reachable states.
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o t' € 7/(¢,a(w)) iff there are s,t € S, and @' € U" s.t. t € 7(s,a(d)), sDt ~ s @t for
some witness ¢, and @ = /(@) for some bijection ¢ extending ¢.

Notice that P’ is an AC-MAS. In particular, P’ satisfies the conditions on protocols and
transitions. In fact, if ¢’ € 7/(s’, a(@)), then there are s,t € S, and @' € U™ s.t. t € 7(s, (@),
s®t~s @t for some witness ¢, and @ = /(d’) for some bijection ¢/ extending ¢. This means
that a;(d;) € Pr;(l;) for i < n. By definition of Pr] we have that «;(@;) € Pri(l}) for i < n.
Further, P’ is finite whenever U’ is.

Lemma 8. The abstraction P’ of a uniform AC-MAS P is uniform.
We can now prove the main result of this section.

Theorem 5. Given an infinite, b-bounded and uniform AC-MAS P, an FO-CTLK formula ¢,
and a finite set U' O C s.t. |U'| > 2b+ |C| + max{vars(¢), Nag}, the abstraction P’ is finite,
uniform and bisimilar to P. Morever,

Py iff PEe¢

This result states that by using a sufficient number of abstract values in P’, U’, we can
reduce the verification of an infinite AC-MAS to the verification of a finite one.

Further, if we drop the assumption of uniformity on P, we still obtain a preservation result
for the fragment saFO-CTLK.

Theorem 6. Given an infinite, b-bounded AC-MAS P, an saFO-CTLK formula @, and a finite
set U' D C s.t. |U'| > 2b+|C| + max{vars(p), Nag}, the abstraction P’ is finite and bisimilar
to P. Morever,

PEe iff Py

Notice that U’ can be taken to be any finite subset of U satisfying the condition on cardinality.
By doing so, the finite abstraction P’ can be defined simply as the restriction of P to U’. Thus,
every infinite, b-bounded and uniform AC-MAS is bisimilar to a proper finite subsystem, which
can be effectively generated.

4.5.4 The complexity of model checking FO-CTLK

We now briefly analyse the complexity of the model checking problem for finite AC-MAS
w.r.t. the specification language FO-CTLK. This is tantamount to, given an AC-MAS P on a
finite domain U and an FO-CTLK formula ¢, finding an assigment o such that (P, sp,0) | ¢.
Hereafter we follow [Gro01] for the setting of our investigation. We encode AC-MAS by listing
the elements in the domain U, the states in S, and all the tuples of all relations. The length
of the encoding of the AC-MAS P is denoted by ||P||. For a database schema D we have
I[Pl = ©(U| + [S] + X pep.pes | PD(Pi)]), where f(n) = ©(g(n)) means that there exist
no, k1, ko € N such that k1 - g(n) < f(n) < kg - g(n) for all n > ng. Further, the length of the
encoding of ¢ is denoted by ||p||. We now state the following complexity result.

Theorem 7. The complexity of the model checking problem for finite AC-MAS w.r.t. the
language FO-CTLK is PSPACE-complete.
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In this section we studied the model checking problem for AC-MAS. Even if it is of interest
to us, we do not consider here the implicit model checking problem [Sch02] defined directly
on AS programs. We do remark though that Theorem 7 is nonetheless a notable result as it
shows that for AC-MAS the complexity of model checking FO-CTLK formulas is better than
the complexity of checking the propositionalisation ¢’ of a FO-CTLK formula ¢, as ¢’ is usually
exponential in the size of ¢ [HVCGO7].
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5 Verification of GSM-based Artifact
Systems

In this section we take a step towards implementations and instantiate the AC-MAS semantics
by means of artifact system descriptions that are close to what used in practice. We show that
the setting complies with the conditions explored in the previous section thereby enabling us to
show results for artifact-centric implementations. By doing so we achieve two results. Firstly,
we provide a formal semantics to GSM programs via AC-MAS that can be used to interpret
FO-CTLK specifications. Secondly, this enables us to apply the finite abstraction methodology
in Section 4.1 to GSM programs. The material in this section has not appear in D2.1.1 and has
been submitted to a major conference.

5.1 GSM Programs

Artifact-centric systems are based on the notion of artifact, or a record of structured data, that
are born, evolve, and die during a system run either as a consequence of chains of internal actions
of other artifacts, or through external actions performed by actors. GSM [eall] is a declarative
language, interpreted by specialised toolkits, that enables the user to implement sophisticated
guard-stage-milestone models for artifact systems.

For simplicity, here we work on an untyped version of GSM programs in which we also
neglect timestamps. While GSM programs are richer, the version we consider enables us to
present concisely our decidability results while at the same time supporting complex usecases as
we show in Section 5.5.

Definition 5.1 (Artifact Type): An artifact type is a tuple AT = (P, z, Att, Stg, M st, Lcyc) s.t.
e P is the name of the artifact type;
e 1 is a variable that ranges over the IDs of instances of AT’

e Att is the set of attributes, which is partitioned into the set Attg,.4, of data attributes and
Attgaius Of status attributes;

Stg is the set of stages;

M st is the set of milestone;
e Lcyc is the lifecycle model of the artifact type AT.

Attgaie includes the attribute most RecEventType, which holds the type of the most recent
event. For each milestone m € Mst, in Attgqs there is a boolean milestone status value
attribute, denoted as m. Analogously, for each stage S € Stg, in Attsatus there is a boolean
stage status value attribute, denoted as activeg.

While the data content of an artifact type is specified by its datamodel, i.e., all its attributes
excluding its lifecycle, its execution is described by its lifecycle.

Definition 5.2 (Lifecycle): The lifecycle of an artifact type AT is a tuple Leye = (Substg, Task,
Owns, Guards, Ach, Inv) s.t.

e Substg is a function from Stg to finite subsets of Stg, where the relation {(S,S")[S’ €
Substg(S)} is a forest. The leaves are atomic stages.
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Task is a function from the atomic stages in Stg to tasks.

e Owns is a function from Stg to finite, non-empty subsets of M st, such that Owns(S) N
Owns(S") =0 for S # 5.

Guards is a function from Stg to finite sets of sentries.
e Ach is a function from M st to finite sets of achieving sentries.
e Inv is a function from M st to finite sets of invalidating sentries.

Intuitively, every artifact goes through a number of stages, which are activated by the relevant
guards. A stage is closed when the tasks associated with it and its substages are fulfilled. When
this happens the milestones associated with the stage become true and possibly trigger the
guards associated with another stage.

We now introduce GSM programs.

Definition 5.3 (GSM program): A GSM program I is a set of artifact types AT; for i < n.

As a convenience, we also assume that all of the context variables are distinct.
Artifact instances are then defined as mappings from artifact types to a possibly infinite
interpretation domain U.

Definition 5.4 (Al and GSM snapshot): A snapshot for the artifact type AT is a mapping o
from x, Att to the domain U.

A snapshot for the GSM program T is a mapping X from each type AT € I to a set X(AT)
of snapshots for type AT.

Notice that different instances of the same artifact type are distinguished by their IDs o(x),
usually denoted as p.

We assume that no confusion will arise from the use of ¢ for assignments in AC-MAS and
snapshots in GSM programs. The context will disambiguate. In [eall] snapshots are assumed to
satisfy the extra conditions GSM1-3, which we omit. In fact, it can be shown that GSM1-3
always hold by definition of execution for GSM programs.

5.2 Execution of GSM programs

In GSM programs events are responsible for the evolution of the system from one snapshot
to the next. Three kinds of incoming events are considered: 1-way messages M, 2-way service
call returns F"% and artifact instance creation requests createCAa:lFl. A ground event e has a
payload (Ay : c1,..., Ayt ¢,) where A; is a data attribute and ¢; is a value in the interpretation
domain U. Intuitively, incoming events are processed by the sentries associated with guards and

milestones.

Definition 5.5 (Immediate effect): The immediate effect of a ground event e on a snapshot X, or
ImmEffect(3, e), is the snapshot that results from incorporating e into ¥, including

e changing the values of the mostRecEventType attribute of affected (or created) artifact
instances;

e changing the values of data attributes of affected artifact instances as indicated by the
payload of e.
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The operational semantics for GSM programs is built around the notion of business step, or
B-step, which represents the impact of a single ground incoming event e on a snapshot 3. The
semantics of B-steps is characterised by 3-tuples (X, e, ¥') s.t.

1. ¥ is the previous snapshot;
2. e is a ground incoming event;
3. Y is the next snapshot;

4. there is a sequence X, 31, ..., %, of snapshots s.t. (i) Xo = X; (i) X1 = ImmEffect(X, e);
(iii) ¥, = ¥'; and (iv) for 1 < j <n —1, ¥;41 is obtained from X; by a PAC rule.

The semantics of GSM programs is Business steps are based on a variation of Event-Condition-
Action rules, called Prerequisite-Antecedent-Consequent (PAC) rules. To introduce PAC rule
we first define formally event expressions and sentries. In what follows 747 is a path expression
z. < path > where z is the ID variable for AT € I'. We assume that no confusion arises with
the transition function 7 for AC-MAS.

Definition 5.6 (Event expression): An event expression {(x) for an artifact type AT with ID
variable x has one of the following forms:

¢ Incoming event expression z.e: (i) z.M for 1-way message type M; (ii) z.F %™ for

service call return from F'; (iii) :v.createi{l# for a call to create an artifact instance of type

AT.

e Internal event expression: (i) +7477.m and —7477.m, where m is a milestone for type
AT'; (ii) +7agr.activeg and —Ta7r.activeg, where S is a stage of type AT".

We can now define sentries for guards and milestones. These represent the conditions to
open and close stages.

Definition 5.7 (Sentry): A sentry for an artifact type AT is an expression x(x) having one of
the following forms: on &(x) if ¢(x) A x.actives, on &(z), or if p(x) A z.activeg s.t. (i) (x) is
an event expression; and (ii) ¢(x) is an FO-formula over the artifact types occurring in I' that
has exactly one free variable.

We now briefly discuss when a snapshot ¥ satisfies a sentry x, or ¥ |= x. Satisfaction of an
FO-formula ¢ at ¥ is straightforward. Further, the expression p.e for an artifact instance p is
true at X if p.most RecEventType = e. Finally, the internal event expression ®p.7.s for polarity
® € {+, —}, path expression 7, and status attribute s, is true at ¥ if the value of p.7.s matches
the polarity.

Definition 5.8 (PAC rules): A PAC rule is a tuple (7(x), a(z),y(z)) s.t.
e 7(z) is of the form 7.m, =7.m, T.activeg, or —7.activeg;

e «a(x) is of the form x(z) A 9(z), where x(z) is a sentry and () is of the form 7.m, -7.m,
T.activeg, or —T.activeg;

e 7(z) is an internal event expression as in Def. 5.6.

Given a B-step ¥ = ¥y, %1,...,%; for a ground event e, the PAC rule (7, a,7) is applicable
if ¥ =7 and ¥; = o. Applying such a rule yields a new snapshot ¥;41, which is constructed
from YJ; by applying the effect called for by ~.

Additional conditions are also assumed for the application of PAC rules, which notably ensure
the absence of cycles. We do not present these here and refer to [eall] for further information.
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5.3 Embedding of GSM Programs into AC-MAS

In this section we introduce an embedding of GSM programs into AC-MAS. By doing so we
achieve two results. Firstly, we provide a formal semantics to GSM programs via AC-MAS that
can be used to interpret FO-CTLK specifications. Secondly, this enables us to apply the finite
abstraction methodology in Section 4.1 to GSM programs.

To begin, for each artifact type AT = (P, x, Att, Stg, M st, Lcyc) we introduce a predicate
symbol P with attributes z, Att. Hence, the arity of P is gp = 1 + | Att|.

Definition 5.9: Given a GSM program I' = { AT} } <, we define a database schema Dr = {P;};<p
s.t. each P; is the predicate symbol corresponding to the artifact type AT}.

We now introduce agents in GSM programs.

Definition 5.10: Given a GSM program I' and an interpretation domain U, an agent is a tuple
1= <DZ, Li, Acti, P7“Z> S.t.

e D, C Dr is the local database schema, and Dg = Dr;
e L; =D;(U) is the set of local states, and Lr = Dr(U);

e Act; is the set of actions a.(¥) for each event e with formal payload . Further, we introduce
a skip action skip; for each agent i. Actp is defined similarly.

e For every ground action o, (@), for every local state l;, a; (i) € Pri(l;), i-e., a ground action
a; (1) is always enabled.

We observe that the original formulation of GSM programs in [eall] does not account for
agents. In fact, artifacts are bundled together in the Interaction Hub (IH), which interacts with
the external environment through incoming and generated events. By Def. 5.10 the Interaction
Hub of GSM programs is mapped into the environment of AC-MAS; while the environment of
GSM programs is mapped to agents in AC-MAS. So, the notion of environment corresponds
to different entities in GSM programs and AC-MAS. We keep the original terminology, as
the distinction is clear. Furthermore, each agent, including the environment, perform actions
corresponding to sending an event to the Interaction Hub. Actions are always enabled as no
protocol is explicitly given for GSM programs.

Given a set of agents defined as above, the AC-MAS Pr associated to the GSM program T"
is defined according to Def. 4.7. Specifically,

Definition 5.11 (AC-MAS): Given a set Ag of agents over the GSM program I" and a snapshot
Yo, the AC-MAS associated with I' is a tuple Pr = (S, U, X, 7) s.t.

e SC L, x Ly x---x Ly, is the set of reachable global states;
e U is the interpretation domain;
e Dy, € S is the initial global state corresponding to ¥o;

7 : S x Act(U) — 25 is the global transition function s.t. D' € 7(D, () iff (i) if
a = (e, ai,...,a,) then at most one «; is different from skip;; (ii) if a; = ae then
(Xp,e,Xpr) holds in ', where @ is the payload of event e.

Notice that there is a one-to-one correspondence between snapshots in I' and states in the
AC-MAS Pr. Given a snapshot 3 we denote the corresponding state as Dy. Also, GSM programs
do not specify initial states; therefore the definition of Pr is parametric in Xg, i.e., the snapshot
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chosen as the initial state of I'. Most importantly, the transition function 7 mirrors the B-step
semantics of GSM programs. Since each B-step consumes a single event, we require that at most
one agent performs an event action at each given time, while all other agents keep idle. This
has correspondences with other approaches based on multi-agent systems such as interleaved
interpreted systems [LPQ10].

5.4 Finite abstractions of GSM programs

In this section we show that GSM programs admit finite abstractions. Specifically, by suitably
restricting the language of sentries we can prove that the AC-MAS Pr obtained from a GSM
program I' is uniform. So, by applying Theorem 5 we obtain that if Pr is also bounded, then it
admits a finite abstraction, hence its model checking problem is decidable. The key notion of
this subsection is that of amenable GSM program.

Definition 5.12 (Amenable GSM programs): A sentry x(x) is amenable if p(z) in x(z) belongs
to language Lp,, i.e., p(z) is an FO-formula built on the predicate symbols in Dr.

A GSM program is amenable iff all sentries occurring in some guards and milestones are
amenable.

It is known that, given a database schema D, the language Lp built on it is sufficiently
expressive to define a wide range of systems [BLP12, HCG*11]. As an example, the scenario we
investigate in the next section adheres to this property. Therefore we see amenable GSM programs
as an interesting and powerful class of GSM programs with potentially wide applicability.

The next results show that the AC-MAS Pr is uniform whenever I' is amenable.

Lemma 9. For every D, D’ € Pr, if D ~ D' for some witness ¢, then Xp = 1(Xp).
The next result is key in the proof of uniformity for Pr.

Lemma 10. For every D, D' , D" € S, D" € Dp(U), if D ® D' ~ D" & D" for some witness
L, then

(Xp,e,Xp) implies (Spw,i'(e),pm)
where ' is any bijection extending t
This enables us to state the first of our two key results.
Theorem 8. If the GSM program I' is amenable, then the AC-MAS Pr is uniform.

By combining Theorem 5 with 8 we obtain a decidable model checking procedure for amenable
GSM programs. Specifically, a GSM program is b-bounded if the cardinality of all snapshots
is bounded, i.e., there is a b € N s.t. |X| < b for all snapshots ¥. Hence, we have the following
result:

Corollary 5.13: Assume a b-bounded GSM program I" on an infinite domain Uy, an FO-CTLK
formula ¢, and a finite set Uy O C's.t. |Ua| > 2b4|C|+max{var(¢), Nag, }. Then, the abstraction
P’ of Pr is uniform and bisimilar to Pr. Moreover, Pr |= ¢ iff P’ = ¢.

Thus, to verify a GSM program we can model check the finite abstraction of the corresponding
AC-MAS. By the remarks at the end of Section 4.5.3 the latter procedure can be computed
effectively.

To conclude, in Section 4.5.4 it was proved that the model checking problem for finite
AC-MAS is PSPACE-complete in the size of the state space S and the specification ¢. So, we
obtain the following:
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Figure 1 — The Requisition Order datamodel and part of its lifecycle.

Proposition 5.14: Model checking amenable GSM programs is PSPACE-hard in the number of
snapshots and the length of the specification.

5.5 Case Study

The Requisition and Procurement Orders (RPO) scenario is a business process use-case in which
a GSM program is used to implement the procurement process in a business setting [eall]. We
illustrate some of the results of the section in the context of a fragment of this scenario. In
RPO a Requisition Order is sent by a Customer to a Manufacturer to request some goods. The
Requisition Order has one or more Line Items, which are bundled into Procurement Orders and
sent to different Suppliers. A Supplier can either accept or reject a Procurement Order. In the
latter case, the rejected Line Items are bundled into new Procurement Orders.

In GSM programs the Requisition and Procurement Orders are implemented as artifact
types. Specifically, the datamodel of the Requisition Order, i.e., all its attributes excluding the
lifecycle, are encoded as in the lower part of Fig. 1. Notice that in the datamodel we have both
data and status attributes; the latter contains milestone and stage data.

The upper part of Fig. 1 illustrates part of the lifecycle for the Requisition Order. Stages are
represented as rounded boxes. The stage Creating Proc Orders contains the child-stages Launching
Line Items and Planning Proc Orders; the former is atomic. Milestones are shown as small circles
associated with stages. For instance, the milestones All Line items ordered and Req Order cancelled
are associated with the stage Creating Proc Orders. The former is an achieving milestone, i.e.,
when All Line items ordered becomes true the stage is closed; while the latter is invalidating,
that is, when Req Order cancelled holds, the stage is then reopened. The diamond nodes are
guards. The stage Creating Proc Orders is triggered by the guards Initiate Req Order and Re-order
Line Items of Rejected Proc Orders. A diamond with a cross represents a “bootstrapping” guard,
which indicates the conditions to create new artifact instances.

As discussed in Section 5 the execution of GSM programs is governed by PAC rules. To
illustrate these we consider PAC2 in [eall]:

Prerequisite 7 | Antecedent o | Consequent ~y
PAC2 x.activeg on e(x) if p(x) +z.m

where stage S has milestone m and on e(x) if ¢(x) is an achieving sentry for m. Suppose
that ¥o,31,...,%; is a sequence of snapshots in a B-step. Intuitively, if ¥ = 7 then there is an
artifact instance p s.t. p.activeg is true, i.e., the stage S is active for p. Furthermore, if ¥; = «,
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then p.mostRecEventType = e and the achieving condition ¢ for milestone m holds. Finally,
> j+1 is obtained by applying +p.m, i.e., by toggling true the flag m for the milestone status
value of S.

Now we briefly show how the GSM program RPO for the RPO scenario translates into the
corresponding AC-MAS Prpo. Firstly, we associate the RPO scenario with the database schema
Drpo containing a predicate symbol Pro for the Requisition Order artifact type, as well as
a predicate symbol Ppp for the Procurement Order artifact type. In particular, the predicate
symbol Pro has data and status attributes as specified in the datamodel in Fig. 1.

A number of agents appears in the RPO scenario: a Customer C, a Manufacturer M, and
one or more Suppliers S. By Def. 5.10 each agent has a partial view of the database schema
Drpo = {Pro, Pro}. We can assume that the Customer can only access the Requisition Order
(i.e. Dc = {Pro} ), and the Supplier only the Procurement Order (i.e. Ds = {Ppo}), while the
Manufacturer can access both (i.e. Dy = {Pro, Pro} = Drpo). Finally, the AC-MAS Prpo
defined according to Def. 5.11, is designed to mimic the behaviour of the GSM program RPO
for the RPO scenario. In particular, we have a temporal transition D — D’ in Prpo iff there is
some event e s.t. (Xp, e, Xp/) holds in RPO.

By means of the AC-MAS Pgrpo we can model check RPO against first-order temporal
epistemic specifications. For instance, the following FO-CTLK formula specifies that the man-
ufacturer M knows that each Procurement Order has to match a corresponding Requisition
Order:

¢ = AGVro.id,7 (PO(id,ro_id,¥) — Ky 3y RO(ro_id,¥))

We remark that the GSM program RPO can be defined so that any clause ¢(z) in some
sentry x(z) belongs to the FO-language Lp,,,. Hence, RPO is amenable. Finally, by Def. 4.32
we can introduce the finite abstraction P’ of Prpo as the subsystem defined on a finite subset
of the interpretation domain satisfying the cardinality condition. By Corollary 5.13 we can check
whether RPO satisfies ¢ by model checking it in the finite abstraction P’.

5.6 Discussion

This section stems from an observation regarding the current lack of support for verification in
GSM environments. While abstraction methodologies for various artifact-inspired systems have
been put forward [HCG*11, BLP12, DHPV09], they all lack support for program verification
and operate on logical models, thereby making automatic model checking impracticable. Our
objective in this section was to surpass this severe limitation and position the GSM approach
firmly in an agent-based semantics so that information-theoretic properties such as knowledge of
the participants could be verified. We achieved this by extending minimally the semantics of
AC-MAS [BLP12] to account for parametric actions while at the same time maintaining the key
results concerning finite abstractions. We then proceeded to map constructs of GSM into the
corresponding constructs of the revised AC-MAS and identified what we called “amenable” GSM
programs that we showed to admit finite abstractions. We remarked that amenable GSM is not
a significant limitation in applications and showed the key passages of the approach presented
on a fraction of a notable usecase from [eall]. The work in this paper brings us considerably
closer to an implementation for automatic model checking of GSM programs.
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6 Foundations of Relational Artifacts
Verification

In this section we study the foundations of artifact-centric systems that use relational databases
for their data component. Specifically, we consider several artifacts (fixed in advance) forming
a relational artifact system, each constituted by a relational database evolving over time. To
characterize such an evolution, we rely on a very rich notion of lifecycle, directly based on stating
dynamic properties in terms of intra-artifact and inter-artifact dynamic constraints. We express
such constraints, and other dynamic properties of interest, in a suitable variant of u-calculus,
one of the most expressive temporal logics used in verification [LPP70, Eme96].

We consider processes over artifacts constituted by a set of actions (aka atomic tasks,
atomic services) and a set of condition-action rules, which specify when such actions can be
executed. The action specification is possibly the most characterizing part of our framework.
Following [CGRR10], actions are specified in terms of preconditions and postconditions on
artifacts’ databases. Such a specification is strongly influenced by the notion of mappings in the
recent literature on data exchange and data integration [FKMPO05, Len02]. In a nutshell, our
action specification considers the current state of the database, and the one obtained by executing
an action as two databases related through a set of mappings. In the literature, mappings typically
establish correspondences between conjunctive queries, also called tuple-generating dependencies
(TGDs) in the database jargon [AHV95b]. However here, differently from [CGRR10], we do
use negation and more generally full first-order queries in defining the preconditions of actions.
Technically speaking, this choice requires us to abandon the theory of conjunctive queries and
homomorphisms at the base of the results in [CGRR10, FKMPO05, Len02].

We are interested in two main reasoning tasks. The first one is conformance of a process
to an artifact system, which consists in checking whether a given process generates the correct
lifecycle for the various artifacts and, more generally, whether it satisfies all intra-artifact and
inter-artifact constraints. The second reasoning task is process verification, that is checking
whether a process (over an artifact system) verifies general dynamic properties of interest. Both
these reasoning tasks in principle can be based on model checking, though, in our setting, one
has to deal with potentially infinite states.

We show that both reasoning tasks are undecidable even for very simple artifact systems
and processes. We then introduce a very interesting class of processes for which decidability is
granted. We call such processes weakly acyclic, since they satisfy a condition analogous to weak
acyclicity of a set of mappings in data exchange [FKMPO05]. Under such a restriction, we are
guaranteed that the number of new objects introduced by the execution of actions is finite, and
hence, the whole process is finite-state.

The rest of the section is organized as follows. Sections 6.1, 6.2, and 6.3 introduce the
framework and illustrate it through a running example. Section 6.4 reports the undecidability of
conformance and verification in our framework even for simple cases. Section 6.5 introduces the
notion of weakly acyclic processes, and shows that such a restriction makes both conformance
and verification decidable. Section 6.6 discusses briefly further works.

The material in this work has appeared in D2.1.1 and has been published in [HCGT11].
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6.1 Relational Artifacts Systems

In this section, we start the description of our framework by introducing relational artifact
systems. In the following, we assume the reader to be familiar with standard relational databases,
and their connection with first-order logic (FOL). In particular, queries are seen as (possibly
open) FOL formulas. Also, we consider as special FOL queries conjunctive queries (CQs), i.e.,
formulas formed only by conjunctions and existential quantifications, and their unions (UCQs)
[AHV95D].

A relational artifact systems RAS is constituted by a set of artifacts, each formed by a
relational database evolving over time under restrictions imposed by certain dynamic constraints.
We deal with two types of constraints: the intra-artifact dynamic constraints, that involve each
artifact in isolation, and the inter-artifact dynamic constraints, taking into account relations
between artifacts. In this section we introduce such systems.

6.1.1 Relational artifact

A relational artifact is a relational database evolving over time. Hence, it is characterized
by the usual notions of database schema, giving the structure of the database, and database
instance, detailing the actual data contained in it, and it is furthermore augmented by a set
of intra-artifact dynamic constrains. These are temporal constraints expressed in the temporal
logic L introduced later, which allows us to express various constraints over the database: we
can assert the usual ones, such as inclusion dependencies, which now become safety temporal
constrains, and also what is typically called the artifact lifecycle, namely, dynamic constrains on
the sequencing of configurations the database may pass through. More formally, a relational
artifact is a tuple A = (R, Iy, ®) where:

e R={Ry,...,R,} is a database schema, constituted by a set of relation schemas;

e [j is a database instance, compliant with the schema R, that represents the initial state of
the artifact;

e & is a puL formula over R constituted by the conjunction of all intra-artifact dynamic
constraints of A.

Notice that if we project the dynamic formula ® over the initial artifact instance Iy, we may
get (depending on the structure of ®) static, i.e., local, constraints on Iy. From now on, we
assume to deal with well formed artifacts, namely, artifacts whose initial instance satisfies such
local constraints.

6.1.2 Relational artifact system

A relational artifact system is composed by several relational artifacts in execution at the same
time, each consisting of a database and a set of intra-artifact dynamic constraints. The dynamic
interaction between them is regulated through additional constraints, also expressed in uLl,
which we call inter-artifact-dynamic constraints.

In the following, we make the assumption that artifacts cannot be created or destroyed during
the evolution of the system. Under it, we get quite interesting undecidability and decidability
results. We are indeed very interested in dropping these limitations in future works, starting
from the results presented here. For this reason we start with a finite set of artifacts, and over
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the whole evolution of the system these will remain the only ones of interest. If an artifact has a
terminating lifecycle it becomes dormant, but it will persist in the system.

Formally, an artifact system is a pair A = ({A1,..., An}, Pinger), where {Ay,..., A, } is the
finite set of artifacts of the system (each with its own database and intra-artifact dynamic
constraints expressed in pL), and ;e is a pL formula expressing the conjunction of inter-
artifact dynamic constraints. To distinguish relations of various artifacts in A, we use the usual
dot notation of object-orientation, hence, a relation R; of artifact A; of A is denoted by A;.R;.
When clear from the context, we drop the artifact A; and we use R; for the relation. We denote
by Zy the disjoint union of all initial instances of the artifacts in A, i.e., Zo = J;,_; ,, fo,;- More
generally, 7 represents the instance obtained by the (disjoint) union of the current instances of
each artifact in A.

Given a database instance I, we denote by constl the active domain of I, i.e., the set of
individuals (typically constants) appearing in I. Hence, the active domain of Z is constZy, which
is made up by all constants appearing in the initial instances of the various artifacts in A.

Notice that, while artifact systems evolve over time, they do not include a predefined
mechanism for progression. Progression is due to the execution of actions, tasks, or services over
the system, according to a given process that we will introduce later on. Here it is sufficient to
assume that a progression mechanism exists, and its execution results in moving from the initial
state, given by the instance Zy, to the next one, and so on.

In this way we build a transition system [CGP99] 2, whose states represent possible system

instances, and each transition an atomic step in the progression mechanism (whatever it is). In
principle, we can model-check such a transition system to verify dynamic properties [CGP99],
that is exactly what we are going to do next. However, one has to consider that, in general, 2
is infinite, hence the classical results on model checking [CGP99, Eme96|, which are developed
for finite transition systems, do not apply. The main goal of this work is to find interesting
conditions under which such a transition system is finite.
Ezxample 1: We model the process of purchasing items within a company. In particular, when a company’s
employee, that assumes the role of a requester, wants to purchase some items, he has to turn to a buyer,
also internal to the company, who is responsible for purchasing such items from external suppliers. In our
scenario, we have five actors: two requesters (Bob and Alice), a buyer (Trudy) and two suppliers (SupplierA
and SupplierB). The whole purchasing process works as follows: in a first phase, the requester has to
fill a so-called requisition order with some line items chosen from a catalogue. In our simple example
the catalogue contains only a monitor, a mouse and a keyboard. Once the requester has completed this
process, he sends the order to the buyer, which extracts the line items from it, and purchases each of
them separately. In particular, the buyer groups together into a procurement order line items (belonging
to a requisition order) that will be purchased from a particular supplier. As a result of this phase, we get
different procurement orders, each containing line items that the buyer requests from a single supplier.
Then the supplier ships back to the buyer the items included in the procurement order he received, and
finally, the items are delivered to the original requester. Of course, we can have many orders processed
simultaneously in the system, although we will impose some restrictions.

In this example, we consider the relational artifact system A = ({ReqOrders, ProcOrders}, ®;pzer)
containing two relational artifacts, holding all relevant data about requisition orders and procurement
orders in the system.

ReqOrders = (Rro, lo,ro, Pro)

e Rro ={ RO(RoCode, ReqName, BuName), ROltem(RoCode, ProdName, Status),
Requester(RegName), Lineltem(ProdName, Price),
Buyer(BuName), Status(StatusName) }
A requisition order is meant to hold the data associated to every pending requisition order:
indeed, as soon as the items are delivered to the corresponding requester, each information
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Figure 2 — Informal representation of dynamic intra-artifact constraints
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associated to them is removed from the system. Relation RO(RoCode, ReqName, BuName) holds
basic information associated to a single order i.e., order’s code and both requester’s and buyer’s
names. The requested items are kept in the relation ROltem(RoCode, ProdName, Status), whose
attribute Status keeps track of the status of each line item included in the order (it can be
either requested, purchased or shipped). Relations Requester( RegName), Lineltem(ProdName, Price),
Buyer(BuName) and Status(StatusName) are included in the schema for technical convenience; in
particular, the relation Status is needed in order to easily bind values of the attribute Status of
each line item in an order.

o Iy.ro = { Requester(Bob), Requester(Alice), Buyer(Trudy),
Status(requested), Status(purchased), Status(shipped),
Lineltem(keyboard, 20), Lineltem(mouse, 10), Lineltem(monitor, 200) }

According to the previous description of this example scenario, in the initial instance we only have
data referred to existing requesters, buyers, suppliers and the catalogue, featuring three line items.
There are no pending orders.

e As for intra-artifact constraints, here we only give an intuition of what will be presented formally
later. We want to trace the status of an ordered line item through the attribute ROltem.Status, so
we express constraints on the evolutions of all orders in the system by relying on this attribute, as
informally depicted in Figure 2a. Intuitively, at the beginning, we do not have any order placed
by requesters: in the current situation (henceforth called phase) the relations RO and ROltem are
empty [A]. As orders are placed, and new requisition orders are created, we will have a phase in
which all currently pending orders have status requested [B], and such condition will hold until,
eventually, some item in such status will be purchased by the buyer by creating procurement orders
to send to suppliers, hence changing status to purchased. At this point, we will be in a phase such
that all items belonging to existing orders are either requested or purchased [C] and finally, at
some point, all orders will be purchased [D]. Having all procurement orders sent to suppliers, some
of them will be shipped back, i.e., setting the status of corresponding items to shipped [E], and at
the end, all of them will be shipped back to the buyer [F]. Finally, as the items are delivered to the
requester, they will be removed from the system and the initial condition will be eventually met
again. Notice that we are imposing some restrictions on the evolution of the artifact: for instance,
we do not allow new requisition orders (for new line items) to be created unless all the existing
ones have been purchased [D]. Notice also that we will need a way to force the system to eventually
exit self-loops. Moreover, in addition to such dynamic constraints, we also have some static ones,
such as inclusion dependencies.

ProcOrders = <Rpo, IO,P07 CDPO>
e Rpo ={ PO(PoCode, RoCode, SupName), POltem(PoCode, RoCode, ProdName),
Supplier(SupName), Lineltem(ProdName, Price)}.

Recall that all line items assigned to the same procurement order must belong to the same req-
uisition order. Hence, similarly to requisition orders, a procurement order’s schema includes a
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relation PO(PoCode, RoCode, SupName) holding its code, the code of the corresponding requisi-
tion order and the name of the chosen supplier. Relation POltem(PoCode, RoCode, ProdName)
holds instead the set of line items in each procurement order. Attribute RoCode is replicated
in this relation for convenience. Supplier(SupName) keeps the set of existing suppliers whereas
Lineltem(ProdName, Price) is the same as the one in requisition order artifact.

e [y po = { Lineltem(keyboard, 20), Lineltem(mouse, 10), Lineltem(monitor, 200),
Supplier(SupplierA), Supplier(SupplierB)}.

e In this example we don’t want to constrain the dynamic evolution of the artifact so, informally, the
only intra-artifact constraints we will consider are those needed for consistency. L]

6.2 Dynamic Constraints Formalism

We turn to the dynamic constraints formalism, used both to specify intra and inter dynamic
constraints of artifact systems (including artifact lifecycles) to specify dynamic properties of
processes running over relational artifact systems. Several choices are possible: here we focus
on a variant of p-calculus [Eme96|, which is one of the most powerful temporal logics, which
subsumes both linear time logics, such as LTL and PSL, and branching time logics such as CTL
and CTL* [CGP99]. In particular, we introduce a variant of u-calculus, called pL that conforms
with the basic assumption of our formalism, namely the use of range-restricted FOL queries,
i.e., open formulas over a fixed set of constants, to talk about the information contained in the
instances.
Formally, puL formulas over A have the form

O:=Q| P | Py ADy | Py V Dy | Tz € constZy. D | Vo € constZy.® | [P] | (P) | uZ.P |vZ.® | Z,

where @) is a possibly open FOL formula over the relations in the artifacts of A, and Z is a
second order predicate variable. The symbols p and v can be considered as quantifiers, and
we make use of the notions of scope, bound and free occurrences of variables, closed formulas,
etc. Definitions of these notions are as in FOL, treating © and v as quantifiers. In fact, we are
interested only in closed formulas as specifications of temporal properties to verify.

For formulas of the form pZ.® and vZ.®, we require the syntactic monotonicity of ® wrt Z:
every occurrence of the variable Z in ® must be within the scope of an even number of negation
signs. In pL, given the requirement of syntactic monotonicity, the least fixpoint uZ.® and the
greatest fixpoint vZ.® always exist.

To define the meaning of a uL formula over an artifact system, we resort to transition
systems. Let 2 be a transition system generated by a given progression mechanism over the
artifact system A. We denote by g the states of 2, and by constl all terms (which are in
general infinite) occurring in any state of 2. Notice that trivially constZy C const.

Let V be a predicate and individual variable valuation on I, i.e., a mapping from the
predicate variables Z to subsets of the states X, and from individual variables to constants
in constA. Then, we assign meaning to L formulas by associating to 2 and V an extension
function (-)%, which maps pL formulas to subsets of $g. The extension function (-)3 is defined
inductively as shown in Figure 3, where Qv (resp., Zv) denotes the application of variable
valuation V to query @ (resp., variables Z), and ans(Qv,Z) denotes the result of evaluating the

/

(boolean) query Qv over the instance Z. Moreover, 7 L. holds iff the progression mechanism
allows to progress from Z to Z'.
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Figure 3 — Semantics of y£ formulas

Intuitively, the extension function ()%l assigns to the various pL constructs the following
meanings: The boolean connectives have the expected meaning, while (individual) quantification
involving transitions from some state to the next is restricted to constants of constly. The

/
extension of (®) consists of the states Z such that for some state 7' with 7 AN , we have that ®
holds in 7', while the extension of [®] consists of the states Z such that for all states Z' with

A i/, we have that ® holds in Z’. The extension of uZ.® is the smallest subset £, of Yo such
that, assigning to Z the extension &, the resulting extension of ® is contained in &,. That
is, the extension of uZ.® is the least fixpoint of the operator ((I))\%l[z /€] (here V[Z/&] denotes
the predicate valuation obtained from V by forcing the valuation of Z to be £). Similarly, the
extension of v X.® is the greatest subset &, of Yg such that, assigning to X the extension &,, the
resulting extension of ® contains &,. That is, the extension of v X.® is the greatest fizpoint of
the operator (CD)%‘[ X/€]" When @ is a closed formula, (@)%l does not depend on V, and we denote
it by ®%.

We say that a closed uL formula ® holds for 2, denoted as A = ®, iff Zy € ®*. We call
model checking verifying whether 2 = ® holds.
Ezample 2 (Continues from Example 1): Now that we have defined our constraints formalism, we are

in the position to express the constraints informally discussed in Example 1.
For ReqOrders, we first define formulas corresponding to the phases of the diagram in Figure 2a:

Ya = -3,y 2.ROltem(z,y, z)
Y = Va,y,z.(ROltem(x,y, z) — z = requested) A Iz, y.ROltem(x, y, requested)
Ye = Va,y,z.(ROltem(z,y, z) — (2 = requested V z = purchased)) A
3z, y.ROltem(x, y, requested) A Jz, y.ROltem(x, y, purchased)

Yp = Va,y,z.(ROltem(z,y, z) — z = purchased) A 3z, y.ROltem(x, y, purchased)
Yg = Va,y,z.(ROltem(xz,y,z) — (2 = purchased V z = shipped)) A

Jz, y.ROltem(z, y, purchased) A 3z, y.ROltem(z, y, shipped)
Yp = Va,y,z.(ROltem(x,y, z) — z = shipped) A 3z, y.ROltem(z, y, shipped).

Then, the dynamic constraints of ReqOrders are captured by the formula
Pro = pa ANVZ. (N, 11 Pi A D2Z).

It requires that in the initial state of 2 there are not any items included in any pending order, i.e., the
relation ROIltem is empty, and that all formulas ®; listed below hold in every state. Each of ®; to &g
corresponds to a single transition as in Figure 2a, expressing the constraint that the artifact remains in
its current phase until it reaches the following one, also requiring that such a phase is eventually reached
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in a finite number of steps, and that no other phase is reached until then:

Q) = Ya— pZ(YpV (YaNDZ)) ®y = Yp—uZWeV(pANDZ))
Qy; = Yp—pZ(YcV (YpADOZ)) b5 = Ygp—pZ(YrV (YrADZ))
®3 = Yo —pZ(YpV (Yo NDZ)) D5 = Yr— pZ(PaV(pADZ)).

The remaining formulas express static constraints, specifically inclusion dependencies and range restric-
tions:

®; = Vuz,y,z.(ROltem(z,y, z) — Ju,v.RO(x, u,v))

&5 = Vaz,y,2.(ROltem(z,y, z) — Status(z))

&y = Vuz.(Status(x) — (x = requested V x = purchased V = = shipped))
b9 = Va,y,z.(ROItem(z,y, z) — Jwlineltem(y, w))

oy, = Va,y,2.(RO(z,y,z) — (Requester(y) A Buyer(z)).

For ProcOrders, we just need to express some static specifications over instances. Hence, ® po is the
conjunction of the following formulas, expressing inclusion dependency constraints:

vZ.(Vx,y, z.(PO(x,y, z) — Supplier(z)) A OZ)
vZ.(Vx,y, z.(POltem(z, y, z) — Ju.PO(z,y,u)) A OZ)
vZ.(Vx,y, z.(POltem(z, y, z) — Ju.Lineltem(u, z)) A DZ).

Finally, the set of inter-artifact dynamic constraints ®;,e, is the conjunction of the following formulas:

vZ.(Vx,y.(ReqOrders.Lineltem(z, y) < ProcOrders.Lineltem(z,y)) A DZ)
vZ.(Vx,y, z.(POltem(z, y, z) — ROIltem(y, z, purchased)) A 0Z)
vZ.(Vz,y, z.(PO(z,y, z) — Jw, k.RO(y,w, k) ADOZ).

The first formula requires that the Lineltem relations in both artifacts have the same set of tuples, the
second one that every item belonging to a procurement order is also included in some requisition order,
and the third one that every procurement order corresponds to a requisition order. m

6.3 Processes over Artifact Systems

We now concentrate on progression mechanisms for relational artifact systems. In particular, we
specify such a mechanism in terms of one or more processes that use actions as atomic steps.
Actions represent atomic tasks or services that act over the artifacts and make them evolve.

6.3.1 Actions

We give a formal specification of actions in terms of preconditions and postconditions [HR99],
inspired by the notion of mapping in the literature on data exchange [Kol05]. However, we
generalize such a notion in order to include negation, arbitrary quantification in preconditions,
and the generation of new terms, through the use of Skolem functions in postconditions. Notice
that, while it is conceivable that most of the actions will act on one artifact only, we do not make
such a restriction. Indeed our actions are generally inter-artifact, which lets us easily account for
synchronisation between artifacts.
An action p for A has the form

p(p1y .- yom) : {e1,. .., em} where:

e p(p1,...,pm) is the signature of the action, constituted by a name p and a sequence
P1, - - -, Pm Of input parameters that need to be substituted by constants for the execution
of the action, and
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o {e1,...,en} is a set of effects, called the effects’ specification.

We denote by o a (ground) substitution for the input parameters with terms not involving
variables. Given such a substitution ¢, we denote by po the action with actual parameters. All
effects in the effects’ specification are assumed to take place simultaneously. Specifically, an
effect e; has the form

q;r ANQ; ~ I where:

° qj A Q; is a query whose terms are variables ¥, action parameters, and constants from
constZy. The query qi+ is a UCQ), and the query Q;, is an arbitrary FOL formula whose
free variables are included in those of qf . Intuitively, q;r selects the tuples to instantiate
the effect, and @, filters away some of them.

e [ is a set of facts for the artifacts in A, which includes as terms: terms in constZy, input
parameters, free variables of ¢;", and in addition terms formed by applying an arbitrary
Skolem function to one of the previous kinds of terms. Such Skolem terms are used as
witnesses of values chosen by the external user/environment when executing the action.
Notice that different effects can share a same Skolem function.

Given an instance Z of A, an effect e¢; as above, and a substitution o for the parameters of
e;, the effect e; extracts from Z the set ans((g;” A Q; )o,T) of tuples of terms, and for each such
tuple 6 asserts the set I/of of facts obtained from I'c by applying the substitution 6 for the
free variables of qj . In particular, in the resulting set of facts we may have terms of the form
f(t)of where £ is a set of terms that may be either free variables in #, parameters, or terms
in constZy. We denote by e;o(Z) the overall set of facts, i.e., e;o(Z) = Ueeans((qj/\Q;)a,I) Iloo.
The overall effect of the action p with parameter substitution o over Z is a new instance
7' = do(po,T) = Uy<;<p €i0(Z) for A.

Some observations are in order: (i) In the formalization above actions are deterministic, in
the sense that, given an instance Z of A and a substitution ¢ for the parameters of an action p,
there is a single instance Z' that is obtained as the result of executing p in Z. (ii) The effects of
an action are naturally a form of update of the previous state, and not of belief revision [KM91].
That is, we never learn new facts on the state in which an action is executed, but only on
the state resulting from the action execution. (i) We do not make any persistence (or frame)
assumption in our formalization [Rei01]. In principle at every move we substitute the whole
old state, i.e., instance, Z, with a new one, Z'. On the other hand, it should be clear that we
can easily write effect specifications that copy big chunks of the old state into the new one. For
example, R;(Z) ~» R;(Z) copies the entire set of assertions involving the relation R;.

6.3.2 Processes

Essentially processes are (possibly nondeterministic) programs that use artifacts in A to store
their (intermediate and final) computation results, and use actions in p as atomic instructions.
We assume that at every time the current instance Z can be arbitrarily queried through the
query answering services, while it can be updated only through the actions in p. Notice that,
while we require the execution of actions to be sequential, we do not impose any such constraints
on processes, which in principle can be formed by several concurrent branches, including fork,
join, and so on. Concurrency is to be interpreted by interleaving, as often done in formal
verification [CGP99, Eme96|. There can be many ways to provide the control flow specification
for processes for A. Here we adopt a very simple rule-based mechanism. Notice, however, that
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our results can be immediately generalized to any process formalism whose processes control
flow is finite-state. Notice also that the transition system associated to a process over an artifact
might not be finite-state, since its state is formed by both the control flow state of the process
and the data in the artifact system, which are in general unbounded.

Formally, a process I over a relational artifact system A is a pair (p, ), where p is a finite
set of actions and 7 is a finite set of condition-action rules.

A condition-action rule w in 7 is an expression of the form

Q — p,

where p is an action in p and @ is a FOL formula over artifacts’ relations whose free variables
are exactly the parameters of p, and whose other terms can be either quantified variables or
terms in constZy. Such a rule has the following semantics: for each tuple o for which condition
Q holds, the action p with actual parameters o can be executed. If p has no parameters then
@ will be a boolean formula. Observe that processes don’t force the execution of actions but
constrain them: the user of the process will be able to choose any of the actions that the rules
forming the process allow.

The ezecution of a process Il over a relational artifact system A is defined as follows: we
start from Zy, and for each rule @ — p in II, we evaluate ), and for each tuple o returned,
we execute po, obtaining a new instance Z' = do(pc,Zp), and so on. In this way we build a
transition system Y (II,.A) whose states represent possible system instances, and where each
transition represents the execution of an instantiated action that is allowed according to the

process. A transition 7 L Y (I1,.A)]Z" holds iff there exists a rule @ — p in II such that there

exists a o € ans(Q,Z) and Z' = do(po,Z). That is, there exist a rule in II that can fire on 7
and produce an instantiated action po, which applied on Z, results in Z'.

The transition system Y (II,.A) captures the behavior of the process II over the whole system
A. We are interested in formally verifying properties of processes over artifact-based systems, in
particular we are interested in conformance and verification, defined as follows:

Conformance. Given a process Il and an artifact system A, the process is said to be acceptable
if it fulfills all intra-artifact and inter-artifact dynamic constraints. In this case, we say
that II conforms to A. In order to formally check conformance, we can resort to model
checking and verify that:

T(H,A) ): (I)inter /\/\izl,...,n (I)i'

Verification. Apart from intra-artifacts and inter-artifact dynamic constraints, we are interested
in other dynamic properties of the process over the artifact system. We say that a process
IT over an artifact system A verifies a dynamic property ® expressed in pL if

T(IL, A) |= .

It becomes evident that model checking of the transition system Y(II, .A) generated by a process
over an artifact system is the critical form of reasoning needed in our framework. We are going
to study such a reasoning task next.

Example 3 (Continues from Example 2): We consider a process Il = (p,n) constituted by the
following actions p and conditions-action rules v. When specifying an action, we will use [...] to delimit
each of the two parts q;" and @; of the formula qj' A @Q; in the left-hand side of an effect specification.
Note that in such a formula the part corresponding to (); might be missing.
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Actions. The set p of actions is the following. Action Requestltem(r,i,b) is used by the requester r to
request a new line item ¢ to buyer b. Such an action results in adding 7 to the requisition order of r. Notice
that the RoCode denoting the requisition order is computed as a function of r and b only: performing
this action multiple times for the same requester and buyer will result into adding line items to the same
requisition order.

Requestltem(r,4,0) : { [Gw.(Requester(r) A Lineltem(i, w) A Buyer(b))] ~
{RO(f(r,b),r,b), ROltem(f(r,b), 1, requested)},
CopyAll }

Action Purchase(r, i, b, s) is used by buyer b for purchasing an item 4 belonging to requisition order r
from supplier s, thus creating (or updating) procurement orders (i.e., the relation ProcOrders.PO) and
updating the status of the corresponding items kept by the relation ReqOrders.ROltem. Again, notice
that PoCode is not a function of the item ¢ passed as parameter. By writing CopyAll \ ROltem we denote
the copy of all relations except ROltem.

Purchase(r,4,b,s) : { [3w.RO(r,w,b) A ROltem(r, i, requested) A Supplier(s)] ~
{PO(g(r,b, 5),7,5), POltem(g(r,b, ), 7 i),
ROIltem(r, %, purchased)},
[ROltem(z, y, )] A [-ROltem(r, %, requested)] ~~
{ROltem(z,y, 2)},
CopyAll \ ROltem }

The following actions are used to ship all items included in a given procurement order p, and to
deliver items belonging to a requisition order r to the corresponding requester, respectively. Notice that
the first avoids copying all facts concerning p whereas the latter does the same with all facts related to r.

Ship(p) :  { [POltem(p, x,y) A 3z.ROltem(x, y, z)] ~ {ROltem(z, y,shipped)},
[POltem(x, y, 2)] A [-POltem(p, y, z)] ~ {POltem(x,y, 2)},
[PO(I7 Y, Z)] A [_'Po(pv Y, Z)] ~ {PO(‘T7 Y, Z)},
CopyAll\ (POltem and PO) }
Deliver(r) : ~ { [ROltem(z,y, z)] A [-ROltem(r, y, )] ~> {ROltem(z,y, z)},
[RO(z, y, 2)] A[-RO(r, y, 2)] ~ {RO(,y, 2)},
CopyAll \ (ROltem and RO) }

Condition-action rules. In each condition-action rule of our process, we instantiate the parameters passed
to the action, while simply checking that they are meaningful, i.e., that they are in the current instance.
Hence:

7 = { Jx.(Requester(r) A Lineltem(i, ) A Buyer(b)) — Requestltem(r, i, b),
Jz.(RO(r, z, b) A ROltem(r, 7, requested) A Supplier(s)) — Purchase(r, i, b, s),
Jz,y.PO(p, z,y) = Ship(p),
3z, y.RO(r, z,y) — Deliver(r) }

We close our example by observing that the process we have specified conforms to the lifecycle in
Example 2. [

6.4 Undecidability of Conformance and Verifi-
cation

Next, we consider conformance and verification over relational artifact systems. We show that
they are both undecidable in general, even in simple cases. The undecidability result does not
come as a surprise, since the transition system of a process over an artifact system can easily be
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infinite-state. Moreover, our framework is so general that it does not force the infinite state space
regularity usually needed to apply known results on model checking on infinite state systems.
However, we show that the undecidability holds even in a very simple case.

We consider a relational artifact system of the form A, = ({A}, T) with A = (R, Iy, T). That
is A, is formed by a single artifact A with no intra-artifact or inter-artifact dynamic constraints.
In addition, we consider processes with only one action p, and only one condition-action rule
T +— p, that has a T condition and hence allows the execution of the action p,, at every moment.
The action p, is without parameters, its effects have the form

g ~ I,

where ¢; is a CQ (hence without any form of negation and of universal quantification), and it
includes CopyAll effects. We call these kinds of relational artifact systems and processes simple.
Next lemma shows that it is undecidable to verify in such cases the pL formula pZ.(q¢ vV (Z2)),
expressing that there exists a sequence of action executions that leads to an instance where a
boolean CQ ¢ holds.

Lemma 11. Verifying whether the uL formula pZ.(q vV (Z)) holds for a simple process over a
sitmple artifact is undecidable.

sketch. We observe that we can use the set of effects of p, to encode a set of tuple-generating
dependencies (TGDs) [AHV95b]. Hence we can reduce to the above verification problem the
problem of answering boolean CQs in a relational database under a set of TGDs, which is
undecidable [BV81]. (In fact, special care is needed because of the use of Skolem terms instead
of labeled nulls.) 0

Theorem 9. Conformance checking and verification are both undecidable for processes over
relational artifacts systems.

sketch. Lemma 11 gives us undecidability of verification, already for simple relational artifact
systems and processes. To get undecidability of conformance it is sufficient to consider the
simple process II, over relational artifact systems of the form A., = ({A.}, T), with A, =
(R, Iy, uZ.(q V (Z))). Note that A, is a variant of simple artifact systems A, in which the
artifact has as intra-artifact dynamic constraint exactly uZ.(¢ vV (Z)). The claim follows again
from Lemma 11, considering that, by definition, checking conformance of the simple process II,,
wrt A, is equivalent to checking whether Y(IL,, A,) = pZ.(q vV (Z)). O

6.5 Decidability of Weakly Acyclic Processes

Next we tackle decidability, and, inspired by the recent literature on data exchange [Kol05], we
isolate a notable case of processes over relational artifact systems for which both conformance
and verification are decidable. Our results rely on the possibility of building a special process
that we call “positive approximate”. For such a process there exists a tight correspondence
between the application of an action and a step in the chase of a set of TGDs [AHV95b, Kol05]

Given a process Il = (p, ), the positive approximate of II is the process IIT = (p™, &™)
obtained from II as follows. For each action p in p, there is an action p™ in p*, obtained from p
by

e removing all input parameters from the signature, and
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e substituting each effect qf A Q; ~» I! with the one that uses only the positive part of the
head of the effect specification, i.e., with q;r ~ I

Note that the variables in qi+ that used to be parameters in p, become free variables in p™.
Then, for each condition-action rule Q — p in 7, there is a rule T + p™ in «™. Hence, IIT
allows for executing every action at every step.

Now, relying again on the parallelism between chase in data exchange and action execution in
artifact systems, we take advantage of the notion of weak acyclicity in data exchange [Kol05] to
devise an interesting class of processes which are guaranteed to generate a finite-state transition
system, when run over a relational artifact system. This in turn guarantees decidability of
conformance and verification.

Let II be a process over an artifact system A, and I = (p*, w™) its positive approximate.
We call dependency graph of IIT the following (edge labeled) directed graph:

Nodes: for every artifact A = (R, Iy, ®) of A, every relation symbol R; € R, and every attribute
att or R;, there is a node (R;, att) representing a position;

Edges: for every action pt of pT, every effect ¢; (t) ~ I/(t, fi(t1),..., fa(tn)) of pT (where
for convenience we have made explicit the terms occurring in qi+ and I/, and where
consequently ' t1,...,t, C t are either constants or variables), every variable z € ¢, and
every occurrence of x in qi+ in position p, there are the following edges:

e for every occurrence of z in I} in position p’, there is an edge p — p';

e for every Skolem term fj(t) such that x € ¢ occurs in I] in position p”, there is a
special edge (i.e., one labeled by %) p = p”.

We say that II is weakly acyclic if the dependency graph of II™ has no cycle going through a
special edge.

Intuitively, ordinary edges keeps track of the fact that a value may propagate from position
p to position p’ in a possible trace. Moreover, special edges keeps track of the fact that a value
in position p can be taken as parameter of a Skolem function, thus contributing to the creation
of a (not necessarily new) value in any position p”. If a cycle goes through a special edge, then a
new value appearing in a certain position may determine the creation of another one, in the
same position, later during the execution of actions. Since this may happen again and again, no
bound can be put on the number of newly generated Skolem terms, and thus on the number of
new values appearing in the instance. Note that the definition allows for cycles as long as they
do not include special edges.

Lemma 12. Let II be a weakly acyclic process over a relational artifact system A with initial
instance Io, and let II'T be the positive approximate of II. Then there exists a polinomial in the
size of Iy that bounds the size of every instance generated by ITT.

sketch. The proof follows the line of that in [Kol05] on chase termination for weakly acyclic
TGDs. The difference here is that we use Skolem terms and don’t have the inflationary behavior
of TGDs in applying action effects. However, the key notion of rank used in [Kol05] can still be
used to bound the number of terms generated through the Skolem functions. O

Notice that as a direct result of this lemma, the transition system generated by the positive
approximate over A has a number of states that is finite, and in fact at most exponential in
the size of the initial instance Zy of A. Now we show that a similar result holds for the original
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process II. The key to this is the following observation that easily follows from the definition of
pT for an action p.

Lemma 13. For every action p over A, instances I1, Io of A, and ground substitution o for
the parameters of p, if Iy C Iy then do(po,I1) C do(p™,Zs).

We can extend the result above to any sequence of actions, by induction on the length of
the sequence. Hence, we get that the instance obtained from the initial instance by executing a
sequence of actions of the original process II is contained in the instance obtained by executing
the same sequence of actions of II'T. From this observation, considering the bound in Lemma 12,
we get the desired result for the original process.

Lemma 14. Let II be a weakly acyclic process over a relational artifact system A with initial
instance Zog. Then there exists a polinomial in the size of Ly that bounds the size of every instance
generated by I1.

From this, we obtain our main result.

Theorem 10. Conformance and verification of uL formulas are decidable for weakly acyclic
processes over relational artifact systems.

sketch. From Lemma 14, it follows that the transition system generated by a weakly acyclic
process over a relational artifact system .4 has a number of states that is at most exponential in
the size of the initial instance Zg of A. The claim then follows from known results on verification
of p-calculus formulas over finite transition systems (see e.g., [Eme96]). O

From the exponential bound on the number of states of the generated transition system
mentioned in the proof above, we get not only decidability of verification and conformance, but
also an EXPTIME upper bound for its computational complexity (assuming a bound on the
nesting of fixpoints).

6.6 Discussion

In this Section we have looked at foundations of artifact-centric systems, and we have shown
that weakly acyclic processes over relational artifacts are very interesting both from a formal
point of view, since reasoning on them is decidable, and from a practical point of view, since
weak-acyclicity appears to be a quite acceptable restriction.

Further research can take several directions. First, one can easily focus on different temporal
logics for specifying dynamic constraints, such as LTL or CTL. Observe that the results presented
here would apply, being p-calculus more expressive than both LTL and CTL, but certainly they
can be refined. Second, we may introduce special equality generating constraints to allow to
equate different terms, e.g., a Skolem term and a constant. We are particularly interested in
how to extend our decidability result to this case. Also we have assumed that no artifacts are
added or destroyed during the execution of a process. We are very interested in overcoming this
assumption. Notice that to do so we would need to introduce Skolem terms to denote artifacts,
and then extend the notion of weakly acyclic process to block the infinite accumulation of new
artifacts. Finally, we are interested in moving from a relational setting to a semantic one, based
on ontologies for data access [CDGL'11], believing that similar results apply.
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7  Synthesizing Agent Protocols From
LTL Specifications against Multiple
Partially-Observable Environments

A key component of any intelligent agent is its ability of reasoning about the actions it performs
in order to achieve a certain goal. If we consider a single-agent interacting with an environment,
a natural question to ask is the extent to which an agent can derive a plan to achieve a given
goal. Under the assumption of full observability of the environment, the methodology of LTL
synthesis enables the automatic generation, e.g., through a model checker, of a set of rules for
the agent to achieve a goal expressed as an LTL specification. This is a well-known decidable
setting but one that is 2EXPTIME-complete [PR89b, KV00] due to the required determinisation
of non-deterministic Biichi automata. Solutions that are not complete but computationally
attractive have been put forward [HRS05]. Alternative approaches focus on subsets of LTL, e.g.,
GR(1) formulas as in [PPS06a).

Work in Al on planning has of course also addressed this issue albeit from a rather different
perspective. The emphasis here is most often on sound but incomplete heuristics that are capable
of generating effective plans on average. Differently from main-stream synthesis approaches,
a well-explored assumption here is that of partial information, i.e., the setting where the
environment is not fully observable by the agent. Progress here has been facilitated by the
relatively recent advances in the efficiency of computation of Bayesian expected utilities and
Markov decision processes. While these approaches are attractive, differently from work in
LTL-synthesis, they essentially focus on goal reachability [BG09].

An automata-based approach to planning for full-fledged LTL goals covering partial informa-
tion was put forward in [DV99] where an approach based on non-emptiness of Biichi-automata
on infinite words was presented. An assumption made in [DV99] is that the agent is interacting
with a single deterministic environment which is only partially observable. It is however natural
to relax this assumption, and study the case where an agent has the capability of interacting with
multiple, partially-observable, environments sharing a common interface. A first contribution
in this direction was made in [HD11] which introduced generalized planning under multiple
environments for reachability goals and showed that its complexity is EXPSPACE-complete.
The main technical results of this section is to give a sound and complete procedure for solving
the generalized planning problem for LTL goals, within the same complexity bound.

A further departure from [HD11] is that we here ground the work on interpreted sys-
tems [FHMV95, PR85], a popular agent-based semantics. This enables us to anchor the framework
to the notion of agent protocol, i.e., a function returning the set of possible actions in a given local
state, thereby permitting implementations on top of existing model checkers [GvdM04, LQR09a].
As as already remarked in the literature [vdM96], interpreted systems are particularly amenable
to incorporating observations and uncertainty in the environment. The model we pursue here
differentiates between visibility of the environment states and observations made by the agent
(given what is visible). Similar models have been used in the past, e.g, the VSK model discussed
in [WLO1]. Differently from the VSK model, here we are not concerned in epistemic specifications
nor do we wish to reason at specification level about what is visible, or observable. The primary
aim, instead, is to give sound and complete procedures for solving the generalized planning
problem for LTL goals.

With a formal notion of agent, and agent protocol at hand, it becomes natural to distinguish
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several ways to address generalized planning for LTL goals, namely:

o State-based solutions, where the agent has the ability of choosing the “right” action toward
the achievement of the LTL goal, among those that its protocol allows, exploiting the
current observation, but avoiding memorizing previous observations. So the resulting plan
is essentially a state-based strategy, which can be encoded in the agent protocol itself. While
this solution is particularly simple, is also often too restrictive.

e History-based solutions, where the agent has the ability of remembering all observations
made in the past, and use them to decide the “right” action toward the achivement of the
LTL goal, again among those allowed by its protocol. In this case we get a perfect-recall
strategy. These are the most general solutions, though in principle such solutions could
be infinite and hence unfeasible. One of the key result of this section however is that if a
perfect-recall strategy exists, then there exist one which can be represented with a finite
number of states.

e Bounded solutions, where the agent decides the “right” course of actions, by taking into
account only a fragment of the observation history. In this case the resulting strategies
can be encoded as a new agent protocol, still compatible with the original one, though
allowing the internal state space of the original agent to grow so as to incorporate the
fragment of history to memorize. Since we show that if a perfect-recall strategy exists,
there exist one that is finite state (and hence makes use only of a fragment of the history),
we essentially show that wlog we can restrict our attention to bounded solution (for a
suitable bound) and incorporate such solutions in the agent protocol.

The rest of the section is organized as follows. First we give the formal framework for our
investigations, and we look at state-based solutions. Then, we move to history based solutions and
prove the key technical results of this section. We give a sound, complete, and computationally
optimal (wrt worst case complexity) procedure for synthesizing perfect-recall strategies from
LTL specification. Moreover, we observe that the resulting strategy can be represented with
finite states. Then, we show how to encode such strategies (which are in fact bounded) into
agent protocol. Finally, we briefly look at an interesting variant of the presented setting where
the same results hold.

The material in this work has been published in [FdAGL12].

7.1 Framework

Much of the literature on knowledge representation for multi-agent systems employs modal
temporal-epistemic languages defined on semantic structures called interpreted systems [FHMV95,
PRA&5]. These are refined versions of Kripke semantics in which the notions of computational
states and actions are given prominence. Specifically, all the information an agent has at its
disposal (variables, facts of a knowledge base, observations from the environment, etc.) is
captured in the local state relating to the agent in question. Global states are tuples of local
states, each representing an agent in the system as well as the environment. The environment is
used to represent information such as messages in transit and other components of the system
that are not amenable to an intention-based representation.

An interesting case is that of a single agent interacting with an environment. This is not only
interesting in single-agent systems, or whenever we wish to study the single-agent interaction,
but it is also a useful abstraction in loosely-coupled systems where all of the agents’ interactions
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take place with the environment. Also note that the modular reasoning approach in verification
focuses on the single agent case in which the environment encodes the rest of the system and its
potential influence to the component under analysis. In this and other cases it is useful to model
the system as being composed by a single agent only, but interacting with multiple environments,
each possibly modelled by a different finite-state machine.

With this background we here pursue a design paradigm enabling the refinement of a generic
agent program following a planning synthesis procedure given through an LTL specification, such
that the overall design and encoding is not affected nor invalidated. We follow the interpreted
system model and formalise an agent as being composed of (i) a set of local states, (ii) a set
of actions, (iii) a protocol function specifying which actions are available in each local state,
(iv) an observation function encoding what perceptions are being made by the agent, and (v) a
local evolution function. An environment is modelled similarly to an agent; the global transition
function is defined on the local transition functions of its components, i.e., the agent’s and the
environment’s.

Agent

d

obs() actions

_— . =
'perc(e0) perc(el)

aj C

Environment

Figure 4 — Interaction between Ag and Env

We refer to Figure 4 for a pictorial description of our setting in which the agent is executing
actions on the environment, which, in turn, respond to these actions by changing its state. The
observations of the agent depend on what perceived of the states of the environment. Notice
that environments are only partially observable through what perceivable of their states. So two
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different environments may give rise to the same observations in the agent.

Environment.
An environment is a tuple Env = (F, Act., Perc, perc, §, ep) such that:

e E = {ep,...} is a finite set of local states of the environment;

e Act. is the alphabet of the environment’s actions;

Perc is the alphabet of perceptions;

e perc: E — Perc is the perceptions (output) function;

e 0: FE x Acte — F is a (partial) transition function;

e ¢, € F is the initial state.

Notice that, as in classical planning, such an environment is deterministic.

A trace is a sequence trace = egaieiqs ... ane, of environment’s states such that e;41 =
d(ei,aiq1) for each 0 < i < n. The corresponding perceivable trace is the trace obtained by
applying the perception function: perc(trace) = perc(ep), ..., perc(ey).

Similarly, an agent is represented as a finite machine, whose state space is obtained by con-
sidering the agent’s internal states, called configurations, together with all additional information

the agent can access, i.e., the observations it makes. We take the resulting state space as the
agent’s local states.

Agent.
An agent is a tuple Ag = (Conf, Act,, Obs, 0bs, L, poss, dq, cp) where:

e Conf ={cp,...} is a finite set of the agent’s configurations (internal states);

e Act, is the finite set of agent’s actions;

Obs is the alphabet of observations the agent can make;
e 0bs : Perc — Obs is the observation function;

e L. = Conf x Obs is the set of agent’s local states;

e poss: L — p(Act,) is a protocol function;

e 0,: L x Act, — Conf is the (partial) transition function;

e co € Conf is the initial configuration. A local state [ = (c, 0) is called initial iff ¢ = co.

Agents defined as above are deterministic: given a local state [ and an action «, there exists a
unique next configuration ¢’ = d,(l, a). Nonetheless, observations introduce non-determinism
when computing the new local state resulting from action execution: executing action « in a
given local state [ = (¢, 0) results into a new local state I’ = (¢, o) such that ¢ = §,(l, @) and o’
is the new observation, which can not be foreseen in advance.

Consider the agent and the environment depicted in Figure 4. Assume that the agent
is in its initial configuration ¢y and that the current environment’s state is eg. Assume also
that obs(perc(eg)) = o, i.e., the agent receives observation o. Hence, the current local state is
lo = (co, 0). If the agent performs action b (with b € poss(lp)), the agent moves from configuration
cp to configuration ¢; = d4({co, 0),b). At the same time, the environment changed its state from
eo to e1, so that the new local state is [ = (¢1,0’), where o/ = obs(perc(ey)).
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Notice that the protocol function is not defined with respect to the transition function, i.e.,
according to transitions available to the agent. In fact, we can imagine an agent having its
own behaviours, in terms of transitions defined over configurations, that can be constrained
according to some protocol, which can in principle be modified or substituted. Hence, we say
that a protocol is compatible with an agent iff it is compatible with its transition function, i.e.,
a € poss({c,0)) — 3¢’ € Conf | 64({c,0),a) = ¢/. Moreover, we say that a protocol poss is an
action-deterministic protocol iff it always returns a singleton set, i.e., it allows only a single
action to be executed for a given local state. Finally, an agent is nonblocking iff it is equipped
with a compatible protocol function poss and for each sequence of local states lpaqlics . .. anl,
such that I; = (¢;, 0;) and a1 € poss({ci,0;)) for each 0 < i < n, we have poss(l,) # 0. So, an
agent is nonblocking iff it has a compatible protocol function which always provides a non-empty
set of choices for each local state that is reachable according to the transition function and the
protocol itself.

Finally, given a perceivable trace of an environment Env, the observation history of an agent
Ag is defined as the sequence obtained by applying the observation function: obs(perc(trace)) =
obs(perc(eg)), . . .,obs(perc(ey)). Given one such history h € Obs*, we denote with last(h) its
latest observation: last(h) = obs(perc(ey)).

7.2 LTL Specifications against Multiple Envi-
ronments

In this section, we consider an agent Ag and a finite set £ of environments, all sharing common
actions and the same perception alphabet. Such environments are indistinguishable by the agent,
in the sense that the agent is not able to identify which environment it is actually interacting with,
unless through observations. The problem we address is thus to synthesize a (or customize the)
agent protocol so as to fulfill a given LTL specification (or goal) in all environments. A planning
problem for an LTL goal is a triple P = (Ag, £,G), where Ag is an agent, £ an environment set,
and G an LTL goal specification. This setting is that of generalized planning [HD11], extended
to deal with long-running goals, expressed as arbitrary LTL formulae. This is also related to
planning for LTL goals under partial observability [DV99].

Formally, we call environment set a finite set of environments & = {Envy,..., Env},
with Env; = (E;, Acte;, Perc, perc;, 0;, eq;). Environments share the same alphabet Perc of
the agent Ag. Moreover the Ag’s actions must be executable in the various environments:
Acty C mi:l,...,k Act.;. This is because we are considering an agent acting in environments with
similar “interface”.

As customary in verification and synthesis [BKO08], we represent an LTL goal with a Biichi au-
tomaton'? G = (Perc, G, go, v, G%*), describing the desired behaviour of the system in terms of
perceivable traces, where:

e Perc is the finite alphabet of perceptions, taken as input;
e (G is a finite set of states;
e g is the initial state;

e 7:G x Perc — 2% is the transition function;

101y fact, while any LTL formula can be translated into a Biichi automaton, the converse is not true. Our results
hold for any goal specified as a Biichi automaton, though for ease of exposition we give them as LTL.
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o (G C (@ is the set of accepting states.

A run of G on an input word w = pg, p1, . .. € Perc” is an infinite sequence of states p = go, 91, - - -
such that g; € v(gi—1,pi), for i > 0. Given a run p, let inf(p) C G be the set of states occurring
infinitely often, i.e., inf(p) = {g € G | Vi 3j > i s.t. g;j = g}. An infinite word w € Perc®
is accepted by G iff there exists a run p on w such that inf(p) N G # (), i.e., at least one
accepting state is visited infinitely often during the run. Notice that, since the alphabet Perc is
shared among environments, the same goal applies to all of them. As we will see later, we can
characterize a variant of this problem by considering the environment’s internal states as G’s
alphabet.

FEzample 4: Consider a simple environment Env; constituted by a grid of 2x4 cells, each de-
noted by e;;, a train, and a car. A railroad crosses the grid, passing on cells e13, e23. Initially,
the car is in e;; and the train in e;3. The car is controlled by the agent, whereas the train
is a moving obstacle moving from ej3 to es3 to ej3 again and so on. The set of actions is
Acter = {goN, goS, goE, goW,wait}. The train and the car cannot leave the grid, so actions
are allowed only when feasible. The state space is then E; = {ej1,...,ea} X {e13, €23}, rep-
resenting the positions of the car and the train. We consider a set of perceptions Perc =
{posA, posB, danger,dead,nil}, and a function perc; defined as follows: perc;({e11,e;)) = posA,
perci({eas, 1)) = posB, percy({e13,e23)) = perci({e2s,e13)) = danger and perci({e13,e13)) =
percy({eas, e23)) = dead. perci({e,e:)) = nil for any other state.

=
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Figure 5 — Environments Env; and Enuvs

We consider a second environment Enuvy similar to Env; as depicted in Figure 5b. We skip
details about its encoding, as it is analogous to Enwv;.

Then, we consider a third environment Enwvs which is a variant of the Wumpus world [RN10],
though sharing the interface (in particular they all share perceptions and actions) with the other
two. Following the same convention used before, the hero is initially in cell e1;, the Wumpus in
es1, gold is in e3yq and the pit in eg3. The set of actions is Actes = {goN, goS, goE, goW, wait}.
Recall that the set of perceptions Perc is instead shared with EFnv; and Enve. The state space is
Es = {e11,...,e34}, and the function percs is defined as follows: percs(e11) = posA, percs(ess) =
posB, percs(ess) = percs(es;) = dead, percs(e) = danger for e € {ey3, €21, €22, €24, €32, €33},
whereas percs(e) = nil for any other state. This example allows us to make some observation
about our framework. Consider first the perceptions Perc. They are intended to represent
signals coming from the environment, which is modeled as a “black box”. If we could distinguish
between perceptions (instead of having just a danger perception), we would be able to identify
the current environment as Enwvs, and solve such a problem separately. Instead, in our setting
the perceptions are not informative enough to discriminate environments (or the agent is not
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able to observe them); so all environments need to be considered together. Indeed, Envs is
similar to Env; and Envy at the interface level, and it is attractive to try to synthesize a single
strategy to solve them all. In some sense, crashing in Env; or Envs corresponds to falling into
the pit or being eaten by the Wumpus; the same holds for danger states with the difference that
perceiving danger in Env; or Enve can not be used to prevent an accident.

LA ad
gla|=| .

Figure 6 — Environment Enuvg

Notice that in our framework we design the environments without taking into account the
agent Ag that will interact with them. Likewise, the same holds when designing Ag. Indeed,
agent Ag is encoded as an automaton with a single configuration ¢y, and all actions being loops.
In particular, let Act, = Acte;, © = 1,2, 3. Notice also that, by suitably defining the observation
function obs, we can model the agent’s sensing capabilities, i.e., its ability to observe perceptions
coming from the environment. Suppose that Ag can sense perceptions posA,danger, dead,
but it is unable to sense posB, i.e., its sensors can not detect such signal. To account for
this, it is enough to consider the observation function obs as a “filter” (i.e. Obs C Perc),
such that Obs = {posA,danger,dead,nil} and obs(posA) = posA, obs(danger) = danger,
obs(dead) = dead, and obs(nil) = obs(posB) = nil. Since Ag is filtering away perception posB,
the existence of a strategy does not imply that agent Ag is actually able to recognize that it has
achieved its goal. Notice that this does not affect the solution, nor its executability, in any way.
The goal is achieved irrespective of what the agent can observe.

Moreover, Ag has a “safe” protocol function poss that allows all moving actions to be
executed in any possible local state, but prohibits it to perform wait if the agent is receiving
the observation danger: poss({cg,0)) = Act, if o # danger, Act, \ {wait} otherwise.

Finally, let G be the automaton corresponding to the LTL formula ¢g = (OOposA) A
(O<OposB) A O—dead over the perception alphabet, constraining perceivable traces such that the
controlled objects (the car / the hero) visit positions A and B infinitely often. .

7.3 State-Based Solutions

To solve the synthesis problem in the context above, the first solution that we analyze is based
on customizing the agent to achieve the LTL goal, by restricting the agent protocol while keeping
the same set of local states. We do this by considering so called state-based strategies (or plans)
to achieve the goal. We call a strategy for an agent Ag state-based if it can be expressed as a
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(partial) function
ap : (Conf x Obs) — Act,

For it to be acceptable, a strategy also needs to be allowed by the protocol: it can only select
available actions, i.e., for each local state [ = (c,0) we have to have o,(l) € poss(l).

State-based strategies do not exploit an agent’s memory, which, in principle, could be used
to reduce its uncertainty about the environment by remembering observations from the past.
Exploiting this memory requires having the ability of extending its configuration space, which at
the moment we do not allow (see later). In return, these state-based strategies can be synthesized
by just taking into account all allowed choices the agent has in each local state (e.g., by exhaustive
search, possibly guided by heuristics). The advantage is that to meet its goal, the agent Ag does
not need any modification to its configurations, local states and transition function, since only
the protocol is affected. In fact, we can see a strategy o, as a restriction of an agent’s protocol
yielding an action-deterministic protocol poss derived as follows:

at, iff op(c,0) =«
poss((e.0)) = | *1 Moo
0, if op(c, 0) is undefined
Notice that poss is then a total function. Notice also that agent Ag obtained by substituting
the protocol function maintains a protocol compatible with the agent transition function. Indeed,
the new allowed behaviours are a subset of those permitted by original agent protocol.

FEzample 5: Consider again Example 4. No state-based solution exists for this problem, since
selecting the same action every time the agent is in a given local state does not solve the problem.
Indeed, just by considering the local states we can not get any information about the train’s
position, and we would be also bound to move the car (the hero) in the same direction every
time we get the same observation (agent Ag has only one configuration cg). Nonetheless, observe
that if we could keep track of past observations when selecting actions, then a solution can be
found.

7.4 History-Based Solutions

We turn to strategies that can take into account past observations. Specifically, we focus on
strategies (plans) that may depend on the entire unbounded observation history. These are often
called perfect-recall strategies.

A (perfect-recall) strategy for P is a (partial) function

o :0bs* — Act,

that, given a sequence of observations (the observation history), returns an action. A strategy
o is allowed by Ag’s protocol iff, given any observation history h € Obs*, o(h) = « implies
a € poss({c,last(h))), where ¢ is the current configuration of the agent. Notice that, given
an observation history, the current configuration can be always reconstructed by applying the
transition function of Ag, starting from initial configuration ¢g. Hence, a strategy o is a solution
of the problem P = (Ag,&,G) iff it is allowed by Ag and it generates, for each environment
Enwv;, an infinite trace 7 = ep;a1e1;az . . . such that the corresponding perceivable trace perc(r)
satisfies the LTL goal, i.e., it is accepted by the corresponding Biichi automaton.

The technique we propose is based on previous automata theoretic approaches. In particular,
we extend the technique for automata on infinite strings presented in [DV99] for partial observ-
ability, to the case of a finite set of environments, along the lines of [HD11]. The crucial point is
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that we need both the ability of simultaneously dealing with LTL goals and with multiple environ-
ments. We build a generalized Biichi automaton that returns sequences of action vectors with one
component for each environment in the environment set £. Assuming |E| = k, we arbitrarily order
the k environments, and consider sequences of action vectors of the form @ = (a1, ..., ax), where
each component specifies one operation for each environment. Such sequences of action vectors
correspond to a strategy o, which, however, must be executable: for any pair i,j € {1,...,k}
and observation history h € Obs* such that both o; and o; are defined, then o;(h) = o;(h). In
other words, if we received the same observation history, the function select the same action. In
order to achieve this, we keep an equivalence relation =C {1,...,k} x {1,...,k} in the states of
our automaton. Observe that this equivalence relation has correspondences with the epistemic
relations considered in epistemic approaches [JvdH04, LR06, PS11].

We are now ready to give the details of the automata construction. Given a set of k environ-
ments € with Env; = (E;, Acte;, Perc, perc;, §;, eo;), an agent Ag = (Conf, Act,, Obs, 0bs, L, poss, 84, co)
and goal G = (Perc, G, go, v, G%), we build the generalized Biichi automaton Ap = (Act®, W, wq, p, W)
as follows:

o Actf = (Act,)¥ is the set of k-vectors of actions;
o W = EF x Conf* x GF x p(=);1!

® wWo = <6107"'>€k07007'"7007907"'790750> where

i =¢ j iff obs(perci(ein)) = obs(perc;i(ejo));

— —

L4 <é¥’é¥7gyvzl>6p(<€7C’§7E>7a) iﬁ

— if 4 = j then a; = ay;
/

— e, = d;(e;, 0);

— i = 0q(l;, ;) Ny € poss(l;)

where l; = (¢;, obs(perc;(e;)));

9; = v(gi, perci(ei));
N ———

° WG,CC:{
EF x Conff x G x G x...xGx=, ...,
E* x Conf* x G x ... x G x G*x =}

Each automaton state w € W holds information about the internal state of each environment,
the corresponding current goal state, the current configuration of the agent for each environment,
and the equivalence relation. Notice that, even with fixed agent and goal, we need to duplicate
their corresponding components in each state of Ap in order to consider all possibilities for the
k environments. In the initial state wg, the environments, the agent and the goal automaton are
in their respective initial state. The initial equivalence relation =g is computed according to the
observation provided by environments. The transition relation p is built by suitably composing
the transition function of each state component, namely J, for agent, J; for the environments,
and ~ for the goal. Notice that we do not build transitions in which an action « is assigned to
the agent when either it is in a configuration from which a transition with action « is not defined,
or « is not allowed by the protocol poss for the current local state. The equivalence relation

"'We denote by p(=) the set of all possible equivalence relations = C {1,...,k} x {1,...,k}.
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is updated at each step by considering the observations taken from each environment. Finally,
each member of the accepting set W contains a goal accepting state, in some environment.

Once this automaton is constructed, we check it for non-emptiness. If it is not empty, i.e.,
there exists a infinite sequence of action vectors accepted by the automaton, then from such
an infinite sequence it is possible to build a strategy realizing the LTL goal. The non-emptiness
check is done by resolving polynomially transforming the generalized Biichi automaton into
standard Biichi one and solving fair reachability over the graph of the automaton, which (as
standard reachability) can be solved in NLOGSPACE [Var96]. The non-emptiness algorithm itself
can also be used to return a strategy, if it exists.

The following result guarantees that not only the technique is sound (the perfect-recall
strategies do realize the LTL specification), but it is also complete (if a perfect-recall strategy
exists, it will be constructed by the technique).

this technique is correct, in the sense that if a perfect-recall strategy exists then it will return
one.

Theorem 11 (Soundness and Completeness). A strategy o that is a solution for problem

P = (Ag,E,G) exists iff LIAp) # 0.

Proof. (<) The proof is based on the fact that £(Ap) = 0 implies that it holds the following
persistence property: for all runs in Ap of the form r, = woajwidaws ... € W there exists
an index ¢ > 0 such that w; ¢ W% for any j > i. Conversely, if L(Ap) # 0, there exists an
infinite run r,, = woajwidows ... on Ap visiting at least one state for each accepting set in
Waee infinitely often (as required by its acceptance condition), thus satisfying the goal in each
environment. First, we notice that such an infinite run r,, is the form r,, = r/(r")* where both
r’ and r” are finite sequences. Hence such a run can be represented with a finite lazo shape
representation: r = wodiws . . . ApWyan+1Wy With m < n [Var96]. Hence we can synthesize the
corresponding partial function o by unpacking r (see later). Essentially, given one such r and
any observable history h = op,...,0, and denoting with «j; the i-th component of @;, o is
inductively defined as follows:

e if /=0 then o(0g) = ay; iff og = obs(perc;(ep;)) in wy.

e if 0(0p,...,00—1) = a then o(h) = «j; iff oy = obs(perc;(e;;)) in w; = (€}, ¢, G, =;) and «
is such that o = ay, with ¢ =; z for some z, where j = /£ if £ < m, otherwise j = m + ¢
mod(n-m). If instead oy # obs(perc;(e;;)) for any ej; then o(h) is undefined.

Indeed, o is a prefix-closed function of the whole history: we need to look at the choice
made at previous step to keep track of it. In fact, we will see later how unpacking r will result
into a sort of tree-structure representation. Moreover, it is trivial to notice that any strategy o
synthesized by emptiness checking Ap is allowed by agent Ag. In fact, transition relation p is
defined according to the agent’s protocol function poss.

(=) Assume that a strategy o for P does exist. We prove that, given such o, there exists
in Ap a corresponding accepting run r, as before. We prove that there exists in Ap a run
Ty = Wodiw1daws . . ., with wy = (€, &, gy, =¢) € W, such that:

1. (¢=0) o(obs(perci(en;))) = au; for all 0 < i < k;

2. (€ > 0) if o(obs(perci(e—1);))) = a for some 0 < i < k, then a = ay and ey =
di(e(r—1)i> ae;) and o(obs(perci(es;))) is defined;

3. 7, is accepting.
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In other words, there exists in Ap an accepting run that is induced by executing o on Ap
itself. Point 1 holds since, in order to be a solution for P, the function ¢ has to be defined for
histories constituted by the sole observation obs(perc;(ep;)) of any environment initial state.
According to the definition of the transition relation p, there exists in Ap a transition from
each eq; for all available actions « such that 0;(eg;, «) is defined for Env;. In particular, the
transition (w, @, w’) is not permitted in Ap iff either some action component «; is not allowed
by agent’s protocol poss or it is not available in the environment Env;, 0 < ¢ < k. Since o is a
solution of P (and thus allowed by Ag) it cannot be one of such cases. Point 2 holds for the
same reason: there exists a transition in p for all available actions of each environment. Point 3
is just a consequence of ¢ being a solution of P. O

Checking wether £(Ap) # () can be done NLOGSPACE in the size of the automaton. Our
automaton is exponential in the number of environments in £, but its construction can be done
on-the-fly while checking for non-emptiness. This give us a PSPACE upperbound in the size of
the original specification with explicit states. If we have a compact representation of those, then
we get an EXPSPACE upperbound. Considering that even the simple case of generalized planning
for reachability goals in [HD11] is PSPACE-complete (EXPSPACE-complete considering compact
representation), we obtain a worst case complexity characterization of the problem at hand.

Theorem 12 (Complexity). Solving the problem P = (Ag,E,G) admitting perfect-recall solutions
is PSPACE-complete (EXPSPACE-complete considering compact representation).

We conclude this section by remarking that, since the agent gets different observation histories
from two environments Env; and Envj, then from that point on it will be always possible to
distinguish these. More formally, denoting with r a run in Ap and with ry = (€, &, gr, =¢) its
£-th state, if ¢ =, j, then ¢ =y j for every state ry.p. Hence it follows that the equivalence
relation = is indentical for each state belonging to the same strongly connected component of
Ap. Indeed, assume by contradiction that there exists some index ¢’ violating the assumption
above. This implies that =y C=y41. So, there exists a tuple in =, that is not in =4. But this
is impossible since, by definition, we have that ¢ =1 j implies ¢ =y j.
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Figure 7 — Decision-tree like representation of a strategy.

Figure 7 shows a decision-tree like representation of a strategy. The diamond represents
a decision point where the agent reduces its uncertainty about the environment. Each path
ends in a loop thereby satisfying the automaton acceptance condition. The loop, which has
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no more decision point, represents also that the agent cannot reduce its uncertainty anymore
and hence it has to act blindly as in conformant planning. Notice that if our environment set
includes only one environment, or if we have no observations to use to reduce uncertainty, then
the strategy reduces to the structure in Figure 8, which reflects directly the general lazo shape
of runs satisfying LTL properties: a sequence reaching a certain state and a second sequence
consisting in a loop over that state.

// \\
S ;
A J pt

Figure 8 — A resulting strategy execution.

7.5 Representing Strategies

The technique described in the previous section provides, if a solution does exist, the run of
Ap satisfying the given LTL specification. As discussed above such a run can be represented
finitely. In this section, we exploit this possibility to generate a finite representation of the run
that can be used directly as the strategy o for the agent Ag. The strategy o can be represented
as a finite-state structure with nodes labeled with agent’s configuration and edges labeled with
a condition-action rule [o]a, where o € Obs and « € Act,. The intended semantics is that a
transition can be chosen to be carried on for environment Enwv; only if the current observation of
its internal state e; is o, i.e. 0 = obs(perc;(e;)). Hence, notice that a strategy o can be expressed
by means of sequences, case-conditions and infinite iterations.

f{f% goE wait goE goE goS
2=3 goE 1=3 goE 1=3 goE ]1=3 goW 1=3 goW {}

O=O=0=0=0"0-Q)

2611, 6133 2612, 6233 2612, 613% €13, €23 €14, €13 624, 623 !
€21, €22 €22, €12 €23, €13 €24, €14 €23,€13 6227 e12 o -
€11 €12 €12 €13 €14 €24

Figure 9 — Accepting run r for Example 4.

In other words, it can be represented as a graph G, = (N, E) where N is a set of nodes,
A: N — Conf its labeling, and £ C N x ® x N is the transition relation. G, can be obtained by
unpacking the run found as witness, exploiting the equivalence relation =. More in details, let
r = wWed1W1 - . - ApWpdpt1Wy, With m < n be a finite representation of the infinite run returned as
witness. Let 7y be the ¢-th state in r, whereas we denote with 7|, the sub-run of r starting from
state ry. A projection of r over a set X C {1,...,k} is the run r(X) obtained by projecting away
from each w; all vector components and indexes not in X. We mark state wy,: loop(w,) = true
if £ = m, false otherwise.

G, = UNPACK(r, nil);
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[posA]goE [niljgoW
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Figure 10 — Corresponding G,

UNPACK(r, loopnode):
N =E =,
: be ro = <5 5 g >
. if loop(ro) A loopnode # nil then
return ({loopnode}, E);
end if
be 51 = (O[l, ‘e ,ak>;
: Let X ={Xjy,..., X} be the partition induced by =;
node = new node;
. if loop(ry) then
loopnode = node;
: end if
: for (j =1; j <b; j++) do
G’ = UNPACK(r(Xj)|1, loopnode);
choose 7 in X;
A(node) = ¢;;
E = E' U (node, [obs(perc;(e;))]ai, root(G'));
N =NUN/
: end for
: return (N U {node}, E);

© PN DGR w

e T o T e T o S = Sy SOt
© 0N Do RN =D

The algorithm above, presented in pseudocode, recursively processes run r until it completes
the loop on w,, then it returns. For each state, it computes the partition induced by relation =
and, for each element in it, generates an edge in G, labeled with the corresponding action «
taken from the current action vector.

From G, we can derive finite state strategy oy = (N, succ, act,ng). where:

e succ: N x Obs x Act, — N such that succ(n,o,a) =n’ iff (n,[o]a,n’) € E;

e act : NxConfxObs — Act, such that o = act(n, ¢, 0) iff (n, [0]a,n’) € E for some n’ € N
and ¢ = A\(n);

e ng = root(Gy,), i.e., the initial node of G,.
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From oy we can derive an actual perfect-recall strategy o : Obs* — Act,, as follows. We extend the
deterministic function succ to observation histories h € Obs* of length ¢ in the obvious manner.
Then we define o as the function: o(h) = act(n, c,last(h)), where n = succ(root(G,), A" 1),
R~ is the prefix of h of length /-1 and ¢ = A(n) is the current configuration. Notice that
such strategy is a partial function, dependent on the environment set £: it is only defined for
observation histories embodied by the run r.

It can be show that the procedure above, based on the algorithm UNPACK, is correct, in
the sense that the executions of the strategy it produces are the same as those of the strategy
generated by the automaton constructed for Theorem 11.

Ezample 6: Let us consider again the three environments, the agent and goal as in Example 4.
Several strategies do exist. In particular, an accepting run r for Ap is depicted in Figure 9, from
which a strategy o can be unpacked. Strategy o can be equivalently represented as in Figure 10 as
a function from observation histories to actions. For instance, o(cg, {posA,nil, danger,nil}) =
goFE. In particular, being all environments indistinguishable in the initial state (the agent receives
the same observation posA), this strategy prescribes action goE for the three of them. Resulting
states are such that both Env; and Enwvs provide perception nil, whereas Envy provides
perception danger. Having received different observation histories so far, strategy o is allowed to
select different action for Enve: goE for Enve and wait for Envy and Envs. In fact, according
to protocol poss, action wait is not an option for EFnwvs, whereas action goF is not significant
for Enwvs, though it avoids an accident in Enwvy. In this example, by executing the strategy, the
agent eventually receives different observation histories from each environment, but this does not
necessary hold in general: different environments could also remain indistinguishable forever. m

There is still no link between synthesized strategies and agents. The main idea is that a
strategy can be easily seen as a sort of an agents’ protocol refinement where the states used
by the agents are extended to store the (part of the) relevant history. This is done in the next
section.

7.6 Embedding Strategies into Protocols

We have seen how it is possible to synthesize perfect-recall strategies that are function of the
observation history the agent received from the environment. Computing such strategies in
general results into a function that requires an unbounded amount of memory. Nonetheless,
the technique used to solve the problem shows that (i) if a strategy does exist, there exists a
bound on the information actually required to compute and execute it and (i7) such strategies
are finite-state. More precisely, from the run satisfying the LTL specification, it is possible to
build the finite-state strategy oy = (IV, succ, act,ng). We now incorporate such a finite-state
strategy into the agent protocol, by suitably expanding the configuration space of the agent to
store in the configuration information needed to execute the finite state strategy. This amounts
to define a new configuration space Conf = Conf x N (hence a new local state space L).

Formally, given the original agent Ag = (Conf, Act,, Obs, L, poss, d,, co) and the finite state
strategy of = (N, succ, act, ng) , we construct a new agent Ag = (Conf, Actq, Obs, L, D058, 84, Co)
where :

o Act, and Obs are as in Ag;
e Conf = Conf x N is the new set of configurations;

e L = Conf x Obs is the new local state space;
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e p055 : L — Act, is an action-deterministic protocol defined as:

{a}, iff act(n,c,0) = «

0, if act(n,c,0) is undefined;

W«C’ TL>,O) = {

e 0,: L x Act, — Conf is the transition function, defined as:

da({{c,n),0),a) = (d4(c, 0), succ(n, o,a));

e ¢y = {(co, no)-
On this new agent the original strategy can be phrased as a state-base strategy:
7 : Conf x Obs — Act,

simply defined as: ({c,n),0) = poss({c, n), o).

It remains to understand in what sense we can think the agent Ag as a refinement or
customization of the agent Ag. To do so we need to show that the executions allowed by the
new protocol are also allowed by the original protocol, in spite of the fact that the configuration
spaces of the two agents are different. We show this by relaying on the theoretical notion of
stmulation, which formally captures the ability of one agent (Ag) to simulate, i.e., copy move by
move, another agent (Ag).

Given the two agents Ag; and Ags, a simulation relation is a relation S C L1 X Ly such that
(l1,12) € S implies that:

if 15 - l5 and o € possa(lz) then there exists I} such that [y LN I} and « € possi(l1)
and (I1,105) € S.

where I; % I/ iff ¢} is the agent configuration in I} and ¢, = d,(l;, a). We say that agent Ag;
simulates agent Ags iff there exists a simulation relation S such that (19,12) € S for each couple
of initial local states (I9,19) with the same initial observation.

Theorem 13. Agent Ag simulates Ag.

Proof. First, we notice that poss({c,n),0) C poss((c,0)) for any ¢ € Conf,o € Obs. In fact,
since we are only considering allowed strategies, the resulting protocol poss is compatible with
agent Ag. The result follows from the fact that original configurations are kept as fragment
of both L and L. Second, being both the agent and environments deterministic, the result of
applying the same action « from states ((c,n),0) € L and (c,0) € L are states ((c,n’),0’) and
(c, 0, respectively.

Finally, assume towards contradiction that Ag is not simulated by Ag. This implies that there
exists a sequence of length n > 0 of local states ly —= I} —2 ... =% [, of Ag, where [y is some
initial local state, and a corresponding sequence ly — [; —2 ... 25 1) of Ag, starting from a
local state [ sharing the same observation of Iy, such that o € poss(l;) but a & poss(ly,) for some
a. For what observed before, I;, and Ij, share the same agent’s configuration; in particular, they
are of the form I = ((cx,nx),0r) and Il = (cx,01). Hence poss({(c,ny), o)) C poss({(ck,ox))
and we get a contradiction. O

Theorem 14. Ag is nonblocking.
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It follows from the fact that a strategy o that is a solution for problem P is a prefix-closed
function and it is allowed by Ag. Hence, for any [ € L reachable from any initial local state by
applying o, we have poss(l) # 0.

From Theorem 1 and results in previous sections we have:

Theorem 15. Any execution of agent Ag over each environment Env; satisfies the original
agent specification Ag and the goal specification.

7.7 A Notable Variant

Finally, we consider a variant of our problem where we specify LTL goals directly in terms of
states of each environment in the environment set. In other words, instead of having a single
goal specified over the percepts of the environments we have one LTL goal for each environment.
More precisely, as before, we assume that a single strategy has to work on the whole set of
deterministic environments. As previously, we require that Act, C();,_; ; Acte; and that all
environment share the same alphabet of perceptions Perc. Differently from 7before, we associate
a distinct goal to each environment. We take as input alphabet of each goal specification G;
the set of environment’s state Ej, i.e., G; = (E;, G, gio, Vi, GI°). All goals are thus intimately
different, as they are strictly related to the specific environment. Intuitively, we require that
a strategy for agent Ag satisfies, in all environments Enuv;, its corresponding goal G;. In other
words, o is a solution of the generalized planning problem P = (Ag, £, G) iff it is allowed by Ag
and it generates, for each environment Env;, an infinite trace 7; that is accepted by G;.

Devising perfect-recall strategies now requires only minimal changes to our original automata-
based technique to take into account that we have now k distinct goals one for each environment.
Given Ag and £ as defined before, and k goals G; = (E;, Gy, gio, Vi, G$°), we build the generalized
Biichi automaton Ap = (Act’;, W, wq, p, W) as follows. Notice that each automaton G; has F;
as input alphabet.

o Actt = (Act,)¥ is the set of k-vectors of actions;
e W=FEFxLFxGyx...xGx p(=);
e wo = (€0, - - -+ €k, Ci0s - - - Ck0, Ji0 - - - » Gk0, =0) Where

i =¢ j iff obs(perci(ein)) = obs(perc;i(ejo));
o (¢,0,7,=") € p((€,¢,7,=),d) iff
— if i = j then o; = ay;
- e, = 51'(61‘,011');
— = 04(l;, 04) N oy € poss(l;)
with I; = (¢;, obs(perci(e;)));
— g; = 7i(9i, €);

— 1 =' jiff i = j A obs(perci(e})) = obs(percj(€})).

° WaCC:{
E’“xConf’“xG‘f“ngx...kaxz S e
E* x Conf* x Gy x ... x Gy_q x G¢x =}
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The resulting automaton is similar to the previous one, and the same synthesis procedures
apply, including the embedding of the strategy into an agent protocol. We also get the analogous
soundness and completeness result and complexity characterization as before.

Ezxample 7: Consider again Example 4 but now we require, instead of having a single goal ¢g,
three distinct goals over the three environments. In particular for the car-train environments
Envy and Enve, we adopt the same kind of goal as before, but avoiding certain cells for
environments, e.g., ¢g, = (OCe11) A (OOeaq) AO=({c13, c13) V (cas, co3)) A O—(e2r, ;) and ¢g, =
(OCeg1 )A(OCeaq) AO—((ca3, ca3) V. . .V {c14, c14))ANO—{e11, €14), whereas in the Wumpus world we
only require to reach the gold after visiting initial position: ¢g, = O(e11 — <Cesa) AO=(c23 V e31).
It can be shown that a (perfect-recall) strategy for achieving such goals exists. In fact, there
exists at least one strategy (e.g., one extending the prefix depicted in Figure 10 avoiding in Enuv;
and Envy states mentioned above) that satisfies goal ¢g over all environments as well as these
three new goals (in particular, if a strategy satisfies ¢g then it satisfies ¢g, too). Such a strategy
can be transformed into an agent protocol, by enlarging the configuration space of the agent, as
discussed in the previous section.

7.8 Discussion

In this section we investigated the synthesis of an agent’s protocol to satisfy LTL specifications
while dealing with multiple, partially-observable environments. In addition to the computationally
optimal procedure here introduced, we explored an automata-based protocol refinement for a
perfect-recall strategy that requires only finite states.

There are several lines we wish to pursue in the future. Firstly, we would like to implement
the procedure here described and benchmark the results obtained in explicit and symbolic
settings against planning problems from the literature. We note that current model checkers
such as MCMAS [LQR09a] and MCK [GvdM04] support interpreted systems, the semantics
here employed.

It is also of interest to explore whether the procedures here discussed can be adapted to
other agent-inspired logics, such as epistemic logic [REV95]. Epistemic planning [vdHWO02], i.e.,
planning for epistemic goals, has been previously discussed in the agents-literature before, but
synthesis methodologies have not, to our knowledge, been used in this context.

When dealing with LTL goals we need to consider that the agent cannot really monitor the
achievement of the specification. Indeed every linear temporal specification can be split into a
“liveness” part which can be checked only considering the entire run and a “safety” part that
can be checked on finite prefixes of such runs [BK08]. Obviously the agent can look only at
the finite history of observations it got so far, so being aware of achievement of LTL properties
is quite problematic in general. This issue is related to runtime verification and monitoring
[EFHT03, BLS11], and in the context of Al, it makes particularly attractive to include in the
specification of the dynamic property aspects related to the knowledge that the agent acquires,
as allowed by interpreted systems.
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8 Conclusions

In this document we have described the contributions at the conclusion of WP2 of the ACSI
project. We have identified the project requirements concerning the main topic of WP2, i.e.,
verification and synthesis, and have entirely fulfilled these requirements.

Our achievements include:

e introduction of a formal model and a specification language for reasoning about temporal-
epistemic properties of artifact systems, over which we developed an abstraction method-
ology that guarantees decidability in some cases of practical interests (Requirements
R1-R6);

e development of an actual technique for detecting when the executions of an artifact
system are guaranteed to manipulate only a finite set of new elements, which opens the
possibility of adapting standard Model Checking techniques for general (i.e., linear- and
branching-time) temporal properties, to artifact systems (Requirements R3, R5 and R7);

e relevant results in synthesis techniques for artifact-centric systems (Requirements R8).
Specifically, we presented a sound and complete procedure for synthesizing agent protocols
satisfying LTL specifications for multiple, partially-observable environments.

These contributions represent significant advances in our understanding of the verification
and synthesis problems in the context of artifact systems. As we already discussed, at this
stage, the achievements in verification constitute a basis also for synthesis as, similarly to the
propositional case, most of the framework developed for verification can be used (possibly
extended) for synthesis purposes.

The main difficulty we encountered, which is also the characterising feature of artifact
systems from the verification viewpoint, is the presence of data, its infiniteness, and the relevance
of properties over them. These facets rule out existing approaches, e.g., propositional model
checking, and call for a suitable first-order generalisation. Therefore in our results, we naturally
extend methodologies and techniques developed in the broad area of formal verification and
synthesis, including abstraction and verification of database-driven systems [Via09].

All results were achieved in line with the original plan as published in the DOW.

The work presented in Section 4 and 5 constitutes a theoretical framework for reasoning
about temporal-epistemic properties of artifact systems, as well as for the verification of GSM
models. Based on this, actual verification techniques are being developed. In particular, we
expect to be able to verify properties similar to those addressed in Section 6, extended with
epistemic modalities. Our assumption will be that the artifact system does not exceed a size
bound fixed a priori. We note that this is a different condition than the one required in the
method presented in Section 6. Indeed, the technique presented in Section 6 requires that the
number of different values manipulated during each execution is finite, whereas we are interested
in bounding the number of different values present at each state, although along an execution
the number of manipulated values can be infinite.

As to the contribution described in Section 6, an important issue is the development of
effective verification techniques. As a matter of fact, although decidable, the verification task
turns out extremely complex, namely time-exponential. Thus, there is the need for developing
techniques, possibly based on abstraction (used to narrow the search space), that perform well in
the practice. Another relevant point concerns richness of the specification language. In particular,
verifiable properties do not include the equality symbol, and the use of quantifiers is restricted
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to local states or to the initial state (possibly combined), while interactions among generic states
is not in general possible. Weakening these restrictions would allow to capture a larger class of
properties over artifact systems, and is certainly of interest to the project. Finally, the work
currently assumes that no artifact is created or deleted during execution. While this is not as
restrictive as it may appear (in fact, an artifact instance corresponds to a whole database), it
certainly constitutes a limitation on the class of systems that can be verified. Weakening this
restriction requires a major extension of the introduced framework.
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9 Appendix

Lemma 1 Assume that P’ simulates P. For any FO-YACTLK formula ¢ € £, if P’ |= ¢ then
P E o

Proof. Assume a simulation pair (~, ) between P and P’. By induction on ¢ € £ we show
that
if (P7,s') = ¢,s~s and o(z) ~ o'(x) then (P?,s) = ¢ (1)

First we remark that for all terms ¢ € £/, if o(z) ~ ¢’(z) then I?(t) &~ I'” (t) because of clause
(f) in Def. 4.12. Now, the base case for ¢ equal to P"(t) or =P™(t) follows from (e) and the
previous remark. For instance, (P, s') = P"(f) iff I''(t) € I'(P", s'). But I°(t) ~ I'”' () and
by (e) it follows that I7(f) € I(P™,s), that is, (P?,s) = P"(t). The induction step for CTL
and epistemic modalities follows from (c) and (d) respectively. See [CDLRO09] for details. As
to the universal quantifier, if (P'7',s') = Vat), s ~ ¢ and o(x) ~ o’(z), then for all o’ € U,
(77'”;&,,5’ ) = 9. Now consider all the a* € U’ such that there exists a € U and a ~ a*. Notice
that 0% =~ /%" and by induction hypothesis (P°=,s) = 1. By (b) it follows that (P7,s) = Vai.
Finally, the lemma follows from (1) and simulation requirements (a) and (b). O

Lemma 2 Assume that P’ simulates™ P. For any FO-ACTLK formula ¢ € £, if P’ = ¢
then P = ¢.

Proof. Assume a simulation™ pair (~, ) between P and P’. By induction on ¢ € L' we show
that (1) holds also in this case. The proof goes as in Lemma 1, but for the case of the existential
quantifier: if (P'7',s') = Jxep, s ~ s’ and o(x) =~ o'(z), then there exists a’ € U’ such that
(P’ o;“/75/ ) = 1. Now consider a € U such that a ~ &/, which exists by clause (b) in Def. 4.13.
Notice that o ~ U;a/ and by induction hypothesis (P°z, s) = 1. Thus, (P?,s) & Iz O

O

Lemma 3 If P’ is a quotient of P, then P’ simulates™ P.

Proof. We show that the relations ~ = {(s,[s]) | s € U} and = = {{(a,[a]) | a € U} are a
simulation™ pair for P and P’. Simulation requirements (a) and (b) follow from 6 and 1 in
Def. 4.14 respectively. Requirement (c) follows from 4 and 5; while requirement (d) follows by
the definition of equivalence classes. Simulation requirements (e) and (f) follow from 7 and 8
respectively. Finally, the simulation™ requirements (b) in Def. 4.13 trivially hold. O

Lemma 4 The abstract model M’ simulates™ P.

Proof. The proof consists in showing that the relations ~ = {(s,[s]) | s € S} and ~ = {(a, [a]) |
a € U,s € 8} are a simulation™ pair for P and M’, and it is similar to Lemma 3.

Simulation requirements (a) and (b) follow by the definition of &’ and U’ in the abstract
model. For (c) assume g — s. By Def. 4.18, [g] —' [s]. Thus,

g — s implies [g] = [s] (2)

from which (c) follows. For simulation requirement (d) assume that g ~; s for g,s € S. By
definition of QIS, g; = s;, that is , [¢g;] = [si], i.e.,

gl = [s]: 3)

(© D2.1.2 Artifact verification and synthesis techniques — Iteration IT v1.2 Page 78 of 92



By (2) and simulation requirement (a), [g],[s] € S’. Thus, simulation requirement (d) follows by
(3). Simulation requirements (e) and (f) follow from the definition of I’ in Def. 4.18. Finally, the
simulation is actually a simulation™ as for every equivalence class [a] € M’ there exists a € P
such that a ~ [a]. O

Theorem 1 The model checking problem for AC-MAS w.r.t. FO-CTLK is undecidable.

Proof. The theorem can be proved by showing that every Turing machine T" whose tape contains
an initial input I can be simulated by an artifact system Pr;, and that the problem of checking
whether T terminates on that particular input can be reduced to checking whether Pr 1 = ¢,
where ¢ encodes the termination condition. The detailed construction is similar to that of
Theorem 4.10 of [DSVO07]. O

Proposition 4.22 Given two isomorphic states s and s’, an FO-formula ¢, and two assign-
ments o and ¢’ equivalent for ¢, we have that

(Ds,0) E ¢ iff (Dg,0') ¢

Proof. The proof is by induction on the structure of ¢. Consider the base case for the atomic
formula ¢ = P(t1,...,t), then (Ds,0) | ¢ iff (o(t1),...,0(tr)) € Ds(P). Since o and o’
are equivalent for ¢, and s ~ ', this is the case iff (¢/(t1),...,0'(tx)) € Dy (P), that is,
(Dy,0") = ¢. The base case for ¢ =t = t’ is proved similarly by observing that  is a bijection,
thus all (in)equalities between values assigned by ¢ and ¢’ are preserved. The inductive step
for propositional connectives is straightforward. Finally, if ¢ = Yy, then (Ds, o) = ¢ iff for all
u € adom(s), (Ds,o(¥)) = . Now consider the witness ¢ = V] adom(syuc for s =~ s', where 7 is
as in Def.4.21. We have that a(g) and o’ (L(%)) are equivalent for ¢. By induction hypothesis

(Ds,0(Y)) v iff (Dy, U’(L(Z:L))) = 1. Since ¢ is a bijection, this is the case iff (Dy,0’) E ¢. O

Proposition 4.26 If an AC-MAS P satisfies req. 1 in Def. 4.25 and adom(sg) C C, then
req. 2 is also satisfied.

Proof. 1f st ~ s'@t’, then there is a witness ¢ : adom(s)Uadom(t)UC +— adom(s’)Uadom(t")UC
that is the identity on C, hence also on adom(sp). Since s ~; t, then [;(s) = [;(t), and also
1;(s") = o(li(s)) = ¢(l;(t)) = l;(¢'). Notice that this does not guarantee that s’ ~; t', as we
need to prove that ' € S. This can be done by showing that ¢’ is reachable from sy. Since ¢
is reachable from sg, there exists a run sg — s — ... — $; s.t. s = t. Extend now ¢ to a
total and injective function ¢/ : adom(sg) U - -- U adom(sg) U C +— U. This can always be done
by defining, for instance, ¢/(u) = ¢(u) whenever u € adom(s) U adom(t) U C, and /(u) = u
otherwise. Now consider the sequence ¢'(sg),t/(s1),...,¢ (sg). Since ad(sp) C C, we have that
/'(s9) = sg. Further, //(sx) = «(t) = t'. By repeated applications of req. 1 we can show that
U(sm+1) € T(V (8m), a(/(@))) whenever s, 41 € T(8m, (i) for m < k. Hence, the sequence is
actually a run from sg to t’. Thus, ¢ € S, and t ~; t'. O

Proposition 4.27 If an AC-MAS P is uniform, then for every s,s’ € S, s ~ s’ implies s ~ 5.

Proof. We prove that B = {(s,s’) € S x § | s ~ '} is a bisimulation. Observe that since ~ is
an equivalence relation, so is B. Thus B is symmetric, and B = B~!. Therefore, proving that B
is a simulation relation is sufficient to prove it is a bisimulation.
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As regards (2) in Def. 4.23, let (s,s’) € B, and assume s — t for some t € S. Then, t €
7(s, a(w)) for some a (@) € Act(U). Consider a witness ¢ for s ~ s. By cardinality considerations
¢ can be extended to a total and injective function ¢/ : adom(s) U adom(t) U C' +— U, for instance
by assuming that ¢/(u) = u whenever u ¢ adom(s) U adom(t) U C. Then, by defining t' = //(t), ¢/
is a witness for s @t ~ ¢ @ t'. Since P is uniform, ¢’ € 7(s', a(//(%))), that is, s — ¢’. Moreover,
/' is a witness for t ~ ¢/, thus (¢,¢') € B.

As to (3), if (s,s’) € B and s ~; t for some t € S, by reasoning as above we can find a
witness ¢ for s >~ s/, and an extension ¢/ of ¢ s.t. ' = //(t) and / is a witness for s §t ~ s’ Bt
Since P is uniform, s’ ~; t' and (t,t') € B. O

Proposition 4.28 Consider two bisimilar and uniform AC-MAS P and P’, two isomorphic
states s € P and s’ € P/, and an FO-CTLK formula ¢. For every assignments o and ¢’ equivalent
for ¢ w.r.t. s and s’, we have that:

1. for every ¢, if s — t and |U’| > |adom(s) U adom(t) U C U o(free(¢))|, then there exists ¢’
st. s’ =t t~t, and o and ¢’ are equivalent for ¢ w.r.t. t and ¢'.

2. for every t, if s ~; t and |U’| > |adom(s) U adom(t) U C' U o(free(y))|, then there exists ¢’
s.t. s’ ~;t', t ~t, and o and ¢’ are equivalent for ¢ w.r.t. t and ¢'.

Proof. To prove (1), let v be a bijection witnessing that o and ¢’ are equivalent for ¢ w.r.t. s and
s’. Suppose that s — t. Since s &~ s’, by definition of simulation there exists a t’ € &’ s.t. s’ — t”,
s®dt~s @t and t ~t"”. We define a function j s.t. Dom(j) = adom(s) U adom(t) U C, and
we partition it into:

e Dom(v) = adom(s) U C U (adom(t) N o(free(y));
e Dom(.) = adom(t) \ Dom(v);

Then we define j : Dom(j) — Uz as follows:

o y(w), if u € Dom(v)
J(u) = { /(u), if u € Dom(()

where ' : Dom(/) — U’ \ Im(7) is any invertible (total) function. It can be proved that |U’| >
ladom(s) U adom(t) U C U o(free(¢))| implies |U" \ Im(vy)| > |Dom(")|, thus such (" exists. To see
the former fact observe that |[Im(y)| = |adom(s") U C U o' (free(v))| = |adom(s)UC Uc(free(p))].

Obviously, j is invertible. Thus, j is a witness for s &t ~ ¢’ & ¢/, where t' = j(t). Since
s®t~ s @t" and ~ is an equivalence relation, s’ ®t' ~ s’ @ t”. Finally, s’ — t' as P’ is uniform.
Moreover, o and ¢’ are equivalent for ¢ w.r.t. ¢ and t' by construction of ¢'. To check that ¢t ~ t/,
observe that, since ¢’ ~ t"” and P’ is uniform, by Prop. 4.27 it follows that ¢’ ~ t”. Thus, since
t ~t” and ~ is transitive, we obtain that ¢ ~ t'.

The proof for (2) is similar to (1), and is omitted. O

Proposition 4.29 Consider two bisimilar uniform AC-MAS P and P’, two isomorphic states
s € P and s’ € P/, an FO-CTLK formula ¢, and two assignments o and ¢’ equivalent for ¢
w.r.t. s and s'.

For every t.e. run r, if 7(0) = s and for all ¢ > 0, |U’| > |adom(r(i)) U adom(r(i + 1)) U C' U
o(free(¢))|, then there exists a t.e. run 7/ s.t. for all i > 0:

(i) 7(0) = s';
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(i) r(@) ~r'(i);
(iii) o and ¢’ are equivalent for ¢ w.r.t. r(¢) and /(7).

Proof. Let r be a t.e. run s.t. |[U’| > |adom(r(i)) U adom(r(i + 1)) U C U o(free(¢))| for all
i > 0. We inductively build »'. For i = 0, let /(0) = s'. By hypothesis, r is s.t. |U'| >
|adom(r(0)) U adom(r(1)) U C U o (free(p))|. Thus, since r(0) ~ r(1), by Prop. 4.28 there exists
t' s.t. '(0) ~ t', o and o’ are equivalent for ¢ w.r.t. r(1) and t'. Let r'(1) = ¢'.

The case for ¢ > 0 is similar. Assume that (i) = /(i) and o and ¢’ are equivalent for ¢
w.r.t. 7(i) and 7/(7). Since (i) ~ r(i+1) and |U’| > |adom(r(i))Uadom(r(i+1))UCUac(free(y))],
by Prop. 4.28 there exists t' s.t. /(i) ~ t/, r(i + 1) =~ t/, and o and ¢’ are equivalent for ¢
w.r.t. r(i + 1) and ¢'. Let v/(i + 1) = ¢'. It is clear that 7’ is a t.e. run in P’. O

Lemma 7 Consider two bisimilar and uniform AC-MAS P and P’, two isomorphic states
s € P and s’ € P/, an FO-CTLK formula ¢, and two assignments o and ¢’ equivalent for ¢
w.r.t s and s'. If

1. for every t.e. run r s.t. 7(0) = s, for all k > 0 we have |U’| > |adom(r(k)) U adom(r(k +
1) UCUo(free(p))| + |vars(p) \ free(e)l;

2. for every t.e. run ' s.t. ¥'(0) = ¢, for all k > 0 we have |U| > |adom(r'(k)) U adom(r' (k +
1) U CUo'(free(p))| + [vars() \ free()];

then

(P,s,0) =@ iff (P,s,0)E¢e

Proof. The proof is by induction on the structure of ¢, by using Prop. 4.29. We prove the =
part. The < part is proved analogously by swapping indexes, as the hypotheses are symmetric.
The base case for atomic formulas follows from Prop. 4.22. The inductive cases for propositional
connectives are straightforward.

For ¢ = Vi, assume that = € free() (otherwise consider 1), and no variable is quantified
more than once (otherwise rename variables). Let 7 be a bijection witnessing that o and o’ are

equivalent for ¢ w.r.t. s and s'. For u € adom(s), consider the assignment o (%). By definition
v(u) € adom(s’), and o’ (7(’2)) is well-defined. By noticing that const(¢) = const(y) and free(y)) =

free(p) U{z}, it is apparent that o(7) and o’ (qu)) are equivalent for ¢ w.r.t. s and s’. Moreover,

lo(2) (free(v))| < |o(free(¢))| + 1, as u may not occur in o(free()). Similarly for ¢’. Further,
[uars(1h) \ free(s)| = [vars() \ free()] — 1, as vars(e) = vars(p), free() = free(y) U {x}, and
x ¢ free(p). This enables the application of the induction hypothesis, thus obtaining that
(P,s,o(2)) Eviff (P50 (7@))) = . Since 7 is a bijection, the result easily follows.

For ¢ = AX4, assume for contradiction that (P,s,o) = ¢ and (P, s',0’) ~ ¢. Then,
there exists a run 7 s.t. ¥/(0) = s’ and (P’,7/(1),0") = 9. By Prop. 4.29 there exists a run r
s.t. 7(0) = s, and for all ¢ > 0, r(i) ~ /(i) and o and ¢’ are equivalent for ¢ w.r.t. r(i) and
r’(7). Since r is a run s.t. r(0) = s, it also satisfies req. 1. Moreover, the same requirement is
necessarily satisfied by all those t.e. runs 7 s.t. ¥”/(0) = r(4), for some i > 0 (otherwise, there
would exist some t.e. run from s not satisfying the requirement), and the same occurs with
req. 2, for all t.e. runs 7 s.t. ¥"(0) = 7/ (i), for some i > 0. In particular, these hold for i = 1.
Thus, we can inductively apply the Lemma, by replacing s with (1), s’ with »/(1), and ¢ with
1 (observe that vars(¢) = vars(y) and free(¢) = free(1)). But then we obtain (P,r(1),0) [~ v,
thus (P, r(0),0) = AX 1. Contradiction.
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For ¢ = FEyUdg, assume that the only variables common to ¢ and ¢ occur free in both
formulas (otherwise rename quantified variables). Let r be a run s.t. r(0) = s, then there
exists k > 0 s.t. (P,r(k),0) E ¢, and for every j, 0 < j < k implies (P,r(j),0) E 9. By
Prop. 4.29 there exists a run 7’ s.t. 7/(0) = ', and for all ¢ > 0, /(i) = r(i) and o and o’
are equivalent for ¢ w.r.t. v'(i) and r(i). From each bijection ~; witnessing that o and o’
are equivalent for ¢ w.r.t. r'(7) and 7(i), define the bijections ;. = ¥ilad(r(s))uCUo (free(w)) and
Yip = Vilad(r(i))UCUs (free(d))- Since free(1), free(¢p) C free(p), it can be seen that ;4 and ;4
witness that o and o’ are equivalent for respectively ¢ and ¢ w.r.t. /(i) and r(i). By the same
argument used for the AX case above, it can be seen that req. 1 holds for all t.e. runs r”
s.t. r(0) = r(i), for some i > 0, and req. 2 holds for all t.e. runs 7" s.t. »"/(0) = /(). Now
observe that [o (free(9))], o (free(s))] < |o(free(12))] and (vars(@)\ free(s)) = (vars(e)\ free(®))U
(vars(o) \ free(¢)), with (vars(y) \ free(y)) N (vars(¢) \ free(¢)) = O by the above assumption on

variables common to 1 and ¢. Thus |vars(¢) \ free(p)| = |(vars(v) \ free()|+|(vars(¢) \ free(d)|.
Hence |(vars(y) \ free(v)|, |(vars(¢) \ free(¢)| < |vars(p) \ free(¢)|. Therefore, if reqq. 1 and 2
hold, then they also hold if ¢ is uniformly replaced by ¢ or ¢. Then, the induction hypothesis
applies for each 7, by replacing s with r(7), s’ with 7/(i), and ¢ with either ¢ or ¢. Thus, for each
i, (P,r(i),0) E o iff (P',r'(i),0") E 1, and (P,r(i),0) E ¢ iff (P',7/(i),0’) = ¢. Finally, " is a
run s.t. 7' (0) = ¢, (P',7'(k),0’) = ¢, and for every j, 0 < j < k implies (P',r'(j),0") E ¥, i.e.,
(P, s, o) = BEyU.

For ¢ = AU ¢, assume for contradiction that (P, s,o) = ¢ and (P, s',0") £ ¢. Then, there
exists a run ' s.t. 7/(0) = s’ and for every k > 0, either (P’',r(k),0’) & ¢ or there exists j
s.t. 0 < j < kand (P',7'(j),0") = 4. By Prop. 4.29 there exists a t.e. run r s.t. (0) = s, and for
all i > 0, (i) ~ /(i) and o and ¢’ are equivalent for ¢ w.r.t. r(7) and 7/(¢). Similarly to the case
of EypUg, it can be shown that o and ¢’ are equivalent for ¢ and ¢ w.r.t. 7(i) and /(4), for all
1 > 0. Further, assuming w.l.o.g. that the only variables common to ¥ and ¢ occur free in both
formulas, it can be proved as in the case for E1U ¢ that the induction hypothesis applies for every
i >0, So, (P,r(i),o) E o iff (P',7'(i),c") E ¥, and (P,r(i),0) = ¢ iff (P',r'(i),0’) E ¢. But
then r is s.t. 7(0) = s and for every k > 0, either (P,r(k), o) [~ ¢ or there exists j s.t. 0 < j < k
and (P,r(j),o) & ¥, that is, (P,s,0) = AYpU¢. This is a contradiction.

For ¢ = K;1), we assume for contradiction that (P,s,o) | ¢ and (P',s',0’) [~ ¢. Then,
there exists a s’ s.t. s’ ~; s and (P',s",0") £ 1. By Prop. 4.29 there exists s s.t. s ~ s”,
s ~; s, and o and ¢’ are equivalent for ¢ w.r.t. s” and s”. Thus, we can apply the induction
hypothesis, and we obtain that (P, s"” o) = «. Hence (P, s,o) & K, which is a contradiction.
|

Theorem 4 Consider two bisimilar and uniform AC-MAS P and P/, and an FO-CTLK
formula ¢. If

1. for all t.e. run r s.t. 7(0) = sg, and for all k£ > 0, |U’| > |adom(r(k)) U adom(r(k + 1)) U
C| + |vars(p)|

2. for all t.e. run 7’ s.t. v/(0) = s{,, and for all £ > 0, |U| > |adom(r'(k)) U adom(r’(k + 1)) U
C| + |vars(p)|

then
PEe iff Py

Proof. Equivalently, we prove that if (P, sg,0) & ¢ for some o, then there is ¢’ such that
(P, s4,0") = ¢, and viceversa. Firstly, observe that hypotheses 1 and 2 imply, respectively,

(© D2.1.2 Artifact verification and synthesis techniques — Iteration II v1.2 Page 82 of 92



hypotheses 1 and 2 of Lemma 7. Secondly, notice that, by cardinality considerations, given the
assignment o : Var — U, there exists an assignment ¢’ : Var — U’ s.t. ¢ and ¢’ are equivalent
for ¢ w.r.t. so and sj,. Thus, by applying Lemma 7 we have that if there exists an assignment
o s.t. (P,s0,0) = ¢, then there exists an assignment o’ s.t. (P, s, 0’) & ¢. The converse is
proved similarly. O

Lemma 8 The abstraction P’ of a uniform AC-MAS P is uniform.

Proof. The result follows by the definition of 7/ in P’ and uniformity of P. Consider s,t,s € &',
t' € DU, and a € Act’ s.t. t € 7'(s,a(u)) for Some e U™ and s@®t ~ s @t for some
witness (. By definition of 7’ there are s”, t”, and @' € U" s.t. t” € 7(s", (W), s" ®t" ~s®t
for some Wltness t, and @ = «(@'). Hence, 8” ot =1Ys)® L Lt) ~ 1=Y(s") @ (') for the
witness ¢~ o ¢ o . Since P is uniform, ¢~ (t’) 7(17(s"), a(t™t o ((@)))). Again by definition of
P’ this means that ¢ € 7(s', a({(@))). Thus, P’ is uniform. O

Theorem 5 Given an infinite, b-bounded and uniform AC-MAS P, an FO-CTLK formula
¢, and a finite set U’ O C s.t. [U’| > 2b + |C| + max{vars(¢), Nag}, the abstraction P’ is finite,
uniform and bisimilar to . Morever,

PEe iff Py

Proof. The result follows from the fact that U’ contains enough elements to simulate the
transition relation in P. We know that P’ is finite, as U’ is, and it is uniform by Lemma 8.
We show that P’ is bisimilar to P. Consider s € P and s’ € P’ s.t. s ~ s', and assume that
s — t for some t € P. We show that there exists t’ € P sit. 8 — t' and s®t ~ s &t If
s — t then there is a(@) € Act(U). Since |U'| > 2b+ |C| + Nag, Y- 4,e, |G| < Nag, and
ladom(s) U adom(s")| < 2b, the isomorphism ¢ witnessing s ~ s’ can be extended to an injective
function ¢ : adom(s) U adom(s’) U C' UUy,ca, Ui — U'. Now let #' = //(s"). By the way ¢/ has
been defined, it can be seen that s &t ~ s’ @ t'. Further, by the definition of P’ we have that
t' e (s, a(d)) for @' = (i), that is, s — t'. Also, if s€ S, s € S, s~ and s — ¢, then
there exists t € S s.t. s — t by definition of P’. Thus, P and P’ are bisimilar. Finally, notice
that the assumptions in Theor. 4 are satisfied. In particular, for all t.e. run r s.t. 7(0) = sy,
and for all k£ > 0, |U'| > |adom(r(k)) U adom(r(k + 1)) U C| + |vars(p)|. Hence, we obtain that

PEeiff P E= . U

Theorem 7 The complexity of the model checking problem for finite AC-MAS w.r.t. the
language FO-CTLK is PSPACE-complete.

Proof. This result is obtained by combining the complexity for model checking the first-order
fragment of FO-CTLK and the temporal epistemic fragment. PSPACE-hardness follows by
reduction to first-order model checking. To show that the problem is in PSPACE, we briefly
describe an algorithm which works in NPSPACE. Since NPSPACE = PSPACE, the result
follows. Given an AC-MAS P and an FO-CTLK formula ¢, guess an assignment ¢ and check
if (P, Dy, 0) |= ¢. This can be done according to the structure of . If ¢ is atomic, this check
can be done in PSPACE. If ¢ is of the form Vz, then we can apply the algorithm for model
checking first-order (non-modal) logic, which works in PSPACE. Finally, if the main operator in
 is either a temporal or epistemic modality, then we can apply the algorithm to model check
propositional CTLK, which is in P. As a result, the total complexity is in PSPACE. O
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Lemma 9 For every D, D' € Pr, if D ~ D' for some witness ¢, then Xp = «(3p).

Proof. Notice that if ¢ is a witness for D ~ D', then in particular the attributes in Xp are
mapped to the corresponding attributes in X p/. Further, Stg, M st and Lcyc remain the same. O

Lemma 10 For every D, D' | D" € S, D" € Dp(U), if D@ D' ~ D" & D" for some witness
t, then

(ED, e, ED/) implies (ZD//, L/(e), ED///)
where ¢/ is any bijection extending ¢

Proof. Assume that (Xp,e,Xp/) and ¢ is a witness for D & D' ~ D" @& D"". We show that
(Xpr,i/(e),Xpm) where i/ is a bijection extending ¢. If (Xp,e,Xp) then there is a sequence
o,..., 2, of snapshots s.t. ¥g = Xp, ¥ = ImmEffect(Xp,e), and ¥ = Xp. Also, for
1<j<k-—1, X4 is obtained from X; by the application of a PAC rule. We show that we can
define a sequence X, ..., X} s.t. 3¢ = Xpr, ¥ = ImmEffect(Epr, i (e)), ¥}, = Xpw, and for
1<j<k-1, E; 41 is obtained from Z;- by the application of a PAC rule. This is sufficient to show
that (Xpr, ' (e), Xpm). First, for 0 < j < k define X} = //(¥;). By Lemma 9 we have that X =
J(X¥p) =Xpr and X} =/ (Xpr) = Xpw. Also, it is clear that if 31 = ImmEffect(Xp,e), then
¥ =V (21) = (ImmEffect(Xp, e)) is equal to ImmEffect(/'(Xp), ! (€)) = ImmEffect(Xps, ! (e)).
Finally, we show that if ¥,,; is obtained from ¥; by an application of a PAC rule, then
also ¥’ is obtained from ¥’ by a PAC rule. Consider the PAC rule (7(z), a(x),v(z)). We
have that if Xp = 7(p) for some artifact ID p in Xp, then clearly Xp = 7(/(p)). Further,
Y E alp) = x(p) A(p), where x(x) is an amenable sentry and () is of the form 7.m, =7.m,
T.activeg, or —T.actives. Clearly, if ¥; = ¢(p) then ¥ = ¥(/(p)). Further, since x(z) is of
the form on {(z) if ¢(x) and ¢(x) is an FO-formula in Lp,, then by Prop. 4.22 we have that
Y5 B x(((p)). Hence, ¥ = a(/(p)). Finally, if 3;41 is constructed from X; by applying the
effect called for by v(p), then E; 41 1s constructed from E; by applying the effect called for by
v(¢'(p)). Thus, we have the desired result. O

Theorem 8 If the GSM program I' is amenable, then the AC-MAS Pr is uniform.

Proof. Let assume that D’ € 7(D, «(i)) for some ground action o (@) € Act(U), and D @ D" ~
D" @ D" for some witness ¢. We prove that D" € 7(D", a(//(@)) where ¢ is a bijection extending
t. By the definition of 7 in Pp, D’ € 7(D,«(w)) if (Xp,e,Xp), where e is a ground event
with payload #, and «; = a. for one of the components in . By Lemma 10 we have that
(Xpr, i (e),Xpm), and again by definition of 7 we obtain that D" € 7(D”, a(/(@))). As a result,
Pr is uniform. O
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