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Abstract

We briefly introduce the line of research on the verification of data-aware processes, with
the intention of raising more awareness of it within the automated reasoning community.
On the one hand, data-aware processes constitute a concrete setting for validating and
experimenting with automated reasoning techniques. On the other hand, they trigger new
genuine research challenges for researchers in automated reasoning.

1 Introduction

Contemporary organizations rely more and more on business processes to describe, analyze,
and regulate their internal work. Business process management (BPM) is now a well-assessed
discipline at the intersection between operations management, computer science, and IT engi-
neering. Its grand goal is to support managers, analysts, and domain experts in the design,
deployment, enactment, and continuous improvement of processes [?].

One of the essential concepts in BPM is that of a process model. A process model explicitly
describes which tasks have to be performed within the organization (such as check order) in
response to external events (such as receive order request), and what are the allowed courses
of execution (such as deliver order can only be executed if check order has been successfully
completed). Several process modeling languages have been proposed for this purpose, such as
BPMN [?], UML Activity Diagrams [?], and EPCs [?]. Verification and automated reasoning
techniques are in this respect instrumental to formally analyze process models and ascertain
their correctness before their actual deployment into corresponding BPM systems.

Traditionally, formal analysis of process models is limited to the process control flow, rep-
resented using variants of bounded Petri nets or finite-state transition systems (depending on
how concurrency is interpreted). This, however, does not reflect the intrinsic, multi-perspective
nature of processes and their corresponding models. In particular, process tasks are executed
by resources based on decisions that depend on background and process-related data, in turn
manipulated upon task execution.
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In this multi-perspective spectrum, the last two decades have seen a huge body of research
dedicated to the integration of data and process management to achieve a more comprehensive
understanding on how data influence behavior, and how behavior impact data [?, ?, 27].

The corresponding development of formal frameworks for the verification of data-aware
processes has consequently flourished, leading to a wide plethora of formal models depending
on how the data and process components, as well as their interplay, is actually represented.

One stream of research followed the artifact-centric paradigm, where the main focus is that of
persistent business objects (such as orders or loans) and their lifecycle [32, 2]. Here, variants of
the same model are obtained depending on how such business objects are represented. Notable
examples are: (i) relational data with different kinds of constraints [13, ?, 21], (ii) relational
data with numerical values and arithmetics [?, 14], (iii) tree-structured data [1]. Also more
minimalistic models have been brought forward, capturing data-aware processes as a persistent
data storage evolved through the application of (conditional) actions that may inject external,
possibly fresh values through service calls reminiscent of uninterpreted functions. Two variants
of this model have been studied, the first considering persistent relational data with constraints
[?, ?], the second operating over description logic knowledge bases whose extensional data are
interpreted under incomplete information, and updated in the style of Levesque functional
approach [?, ?].

Another stream of research followed instead the more traditional activity-centric approach,
relying on Petri nets as the underlying control-flow backbone of the process. Specifically, Petri
net-based models have been enriched with: (i) data items locally carried by tokens [30, 20],
(ii) data registers with numerical and non-numerical values [11], (iii) tokens carrying tree-
structured data [?], and/or (iv) persistent relational data manipulated with the full power of
FOL/SQL [12, 24].

Last but not least, the interplay between data and processes has been studied to build solid
foundations for “many-to-many” processes, that is, processes whose tasks co-evolve multiple
different objects related to each other (such as e-commerce companies where each order may
correspond to multiple shipped packages, and each package may contain items from different or-
ders). Implicit (data-driven) [?] and explicit (token-driven) [?] coreference and synchronization
mechanisms have been proposed for this purpose.

On top of these formal models, several verification tasks have been studied. On the one hand,
they consider different types of properties, ranging from fundamental properties such as reacha-
bility, safety, and soundness, to sophisticated formulae expressed in linear- and branching-time
first-order temporal logics [2]. On the other hand, they place different assumptions regarding
how data can be manipulated, and whether there are read-only data whose configuration is
not known. The resulting verification problems are all undecidable in general, and require to
properly tame the infinity arising from the presence of data.

All in all, we believe this wide spectrum of verification problems constitutes an extremely
interesting application area for automated reasoning techniques. On the one hand, data-aware
processes constitute a concrete setting for experimenting symbolic techniques developed within
automated reasoning, so as to enable reasoning on the evolution of data without explicitly rep-
resenting them. In addition, given the applied flavor of BPM, the feasibility of assumptions
and conditions imposed towards guaranteeing good computational properties (such as decid-
ability or tractability) can be assessed in the light of end user-oriented modeling languages and
their corresponding modeling methodologies. On the other hand, data-aware processes trigger
new, genuine research challenges for researchers in automated reasoning, arising from the sub-
tle, yet necessary interplay between control-flow aspects and volatile and persistent data with
constraints.
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To substantiate this claim, we briefly describe next one particular verification problem where
automated reasoning techniques are proving very successful.

2 The Success Story of Relational Artifact Systems

Artifact systems formalize data-aware processes using three main components: (i) a read-only
database that stores fixed, background information; (ii) a working memory that stores the
evolving state of artifacts throughout their lifecycle; (iii) actions that inspect the read-only
memory and the working memory, and consequently update the working memory. Different
variants of this model, obtained via a careful tuning of the relative expressive power of its three
components, have been studied towards decidability of verification problems parameterized over
the read-only database (see, e.g., [13, ?, 1, 14, 6, 5]). These are verification problems where a
property is checked for every possible configuration of the read-only database, thus guaranteeing
that the overall process operates correctly no matter how the read-only data are instantiated.

In the most recent variants of this model, the read-only database is equipped with key and
foreign key constraints relating the content of different relations. At the same time, the working
memory is relational, with each relation representing an artifact, in principle capable of storing
unboundedly many tuples denoting instances of that artifact [14, 21].

In [6], we took inspiration from this approach, studying the model of so-called relational
artifact systems (RASs). Notably, we connected RASs to the well-established model of array-
based systems within the SMT tradition [15]. This is done in two steps. First, the schema
of a read-only database is represented in functional, algebraic fashion, where relations and
constraints are captured using multiple sorts and unary functions. Second, each artifact relation
within the working memory is treated as a set of arrays, where each array accounts for one
component of the corresponding artifact relation. A tuple (i.e., artifact instance) in an artifact
relation is then reconstructed by accessing all such arrays with the same index.

With these notions at hand, from a logical point of view the behavior of a RAS is specified
via: (i) second order variables for artifacts components; (ii) first order variables for “data”,
ranging both on the sorts of the read-only database and on numerical (real, integer) domains.
Thus, suitable combinations of (linear) arithmetics and EUF can be employed for reasoning
about RAS systems. Non-determinism in system evolution is captured via first-order parame-
ters, that is, further existentially quantified variables occurring in transition formulae, whereas
second-order variables updates are functionally determined by such non-determinism at the
first-order level.

On top of this formal model, we have in particular studied model checking of safety prop-
erties, starting from the symbolic backward reachability approach implemented in the mcmt
model checker [15, 16] and extending it towards native support for RASs. In our approach,
sets of system states are specified via formulae constraining both artifact components and data
variables; such constraints may again include further existentially quantified parameter vari-
ables. From the point of view of model checking search, the main problem is that of avoiding
the existential prefix to grow in an uncontrolled way, thus some form of symbol elimination is
needed. This is rather easily achieved for second-order variables, at least if backward search
is employed (because, as recalled before, there updates are functional modulo first order pa-
rameters). However, it is non trivial at all at the first-order level. Numerical existentially
quantified variables can be eliminated via well-known methods (predicate abstraction [?], inter-
polation [?, ?], model elimination [19, ?], or even quantifier elimination), however for variables
ranging over the read-only database our suggestion is to employ a different technique, namely
cover computation [18].
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Thanks to cover computation, we overcome the fact that quantifier elimination is not appli-
cable to data variables pointing to elements of the read-only database. In particular, the com-
putation of covers is nothing but quantifier elimination in the model completions of the theory
used to capture the schema and constraints of the read-only database schema, as shown in [5].
The idea of using model completions when quantifier elimination is not available is present
also in [?]. Interestingly, differently from quantifier elimination in linear arithmetics, cover
computation in the restricted “unary” case required for RASs turns out to be tractable [18, 5].
Tractability has been also confirmed by our initial experiments with the latest version of mcmt,
which handles RASs natively. In particular, we have used RASs as a basis for formalizing a
data-aware extension of the de-facto process modeling standard BPMN [?], and used the re-
sulting approach to conduct an initial benchmark using some process models from [21], with
very encouraging results [6, ?].

To sum up, we believe that by employing both well-established and relatively new techniques,
the automated reasoning community is ready to face the challenges raised by the emerging
area of verification of data-aware processes, providing foundational, algorithmic, and applied
advancements.
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