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of multiple representations in separate domains can be expensive if there is neither
automated assistance nor a clear formal relation between these domains. We have
addressed this problem in the context of Model-Driven Engineering (MDE). We defined
solid foundations of a theoretical environment for formal verification using heterogeneous

Keywords:

Verification verification approaches. The environment is based on the Theory of Institutions which
Formal methods provides a sound basis for representing MDE elements and a way for specifying translations
Model-Driven Engineering from these elements to other domains used for verification. In this paper we present how
Theory of Institutions this environment can be supported in practice within the Heterogeneous Tool Set (HETS).
Heterogeneous Tool Set HETS supports heterogeneous specifications and provides capabilities for monitoring the

overall correctness of a heterogeneous proof. We first extend the theoretical environment
with the inclusion of an institution for the Object Constraint Language (OCL), and then
we define semantic-preserving translations from the OCL-constrained MDE elements to a
core language of HETs. With this we can verify basic properties of our specification, and
then use the existent connections between logical domains within HETs for broadening the
spectrum of domains in which complementary verification properties can be addressed.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Software development costs may be reduced by adopting a model-centric approach in which different views of the
system to be constructed are provided by models. Models are abstractions of the system to be built (or some aspects of it)
and also allow us to deal with its intrinsic complexity in a simplified manner. Moreover, the use of automated mechanisms
(model transformations) in which models are transformed from higher abstraction levels until an executable system is
built, may improve efficiency on the whole process. The Model-Driven Engineering (MDE, [1]) paradigm is based on these
practices, also encompassing other engineering efforts, such as maintenance and reverse engineering.

Every model (from now on SW-model to avoid conflicts) conforms to a metamodel which introduces the syntax and
semantics of certain kind of SW-models. Sometimes if there are conditions that cannot be captured by the structural rules of
this language, another constraints language must be used to specify them. These considerations imply defining conformance
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in terms of structural and semantical (or non-structural) conformance [2]. An SW-model is structurally conformant with
respect to a metamodel if it is well-typed with respect to the metamodel and it also satisfies the multiplicity constraints.
Semantical conformance requires, in addition to structural conformance, that the SW-model satisfies the invariants specified
using the supplementary constraints language. A model transformation (or just transformation from now on) basically takes
as input an SW-model conforming to certain metamodel and produces as output another SW-model conforming to its
metamodel (possibly the same one).

Formal verification is often aided by a separation of duties between software developers. In general terms, MDE experts
define models and transformations, while formal experts conduct the verification process, often aided by some (semi)au-
tomatic generation process which translates the MDE elements to their formal representation into the domain used for
verification purposes. Nevertheless, there are multiple properties that can be verified, as well as a plethora of verification
approaches with different objectives, formalisms and supporting tools [3]. Moreover, in some cases it may be useful to have
a representation of MDE elements in different logical domains.

In [4,5] we proposed a theoretical environment for the formal verification of different MDE aspects using heterogeneous
verification approaches [6]. The environment, based on the theory of Institutions [7], proposes a generic representation
of the syntax and semantics of the MDE elements by means of institutions. Although the environment can be potentially
formalized for any transformation approach and language, our proposal is aligned with the MetaObject Facility (MOF, [8]), i.e.
a standard language for metamodeling, and the Query/View/Transformation Relations (QVT-Relations, [9]), i.e. a relational
language which defines transformation rules as mathematical relations between source and target elements. We defined
institutions CsmoF for the structural conformance relation between SW-models and MOF-based metamodels, and QvTr for
QVT-Relations model transformation. The theory allows the definition of semantic-preserving translations (co-morphisms)
between semantic domains defined as institutions and re-use their entailment systems for developing proofs. The definition
of comorphisms not only provides a way to choose the formalism in which formal experts are more skilled to address a
formal proof, but also allows supplementing the former specification of MDE elements with additional properties using the
target logic. To the extent that there are many logics connected through comorphisms, the capabilities of the environment
increase.

The aim of this paper is to present how the environment can be supported in practice using the Heterogenous Tool
Set (HETs, [6,10]), which is meant to support heterogeneous multi-logic specifications. It also provides proof management
capabilities for monitoring the overall correctness of a heterogeneous specification whereas different parts of it are verified
using (possibly) different semantic domains.

Semantical conformance is not addressed by the original CsmoF institution. Thus, as a proof of concepts of the whole
environment, we first define an institution for a small subset of the Object Constraint Language (OCL, [11]), which is used
as a constraint navigational expression language with MOF and QVT-Relations languages. The OcL and CsMOF institutions
are intended for metamodeling only and not for the definition of software systems. To do the later, pre and post condition
constraints must be introduced in the OcL institution as well as the concept of methods in Csmor. We then define how
MDE elements can be integrated into HETs by defining semantic-preserving translations to the Common Algebraic Specifica-
tion Language (CAsL, [12]), which is a core language of HETs. The existent connections between CAsL and other formalisms
broadens the spectrum of formal domains in which verification can be addressed. We also detail the implementation of a
prototype which allows us to specify MDE elements, supplement them with multi-logic properties, and perform a heteroge-
neous verification.

This paper is a substantially extended and thoroughly revised version of [13], which is a continuation of the formal
foundations introduced in [5]. Additional material includes:

e the definition of an institution for a subset of OCL to be used within our environment;
e a detailed formalization of the semantic-preserving translations to CasL, together with a running example;
e a deeper discussion about the scope of verification within the environment and of related work.

The remainder of the paper is structured as follows. In Section 2 we present the basic notions of the Theory of Insti-
tutions which will be useful for the theoretical understanding of the following sections. For a more detailed introduction
to the topic refer to [7,14]. In Section 3 we briefly introduce the institution CsmoF for the structural conformance relation
between SW-models and MOF-based metamodels, as defined in [5], and, based on it, we define an institution for OCL to be
used within our environment. In Section 4 we briefly introduce the institution QvTr for QVT-Relations model transformation,
as defined in [5] together with the use of the OcL institution. In Section 5 and Section 6 we present the semantic-preserving
translation from the MDE elements into CAsL. In Section 7 we give details about the implementation of our environment
within HETs and discuss the capabilities of our environment. Finally, in Section 8 we discuss related work and in Section 9
we present some conclusions and future work.

2. Institutions and their (co)morphisms
The notion of Institution [7] relies on Category Theory [15] for formalizing the notion of “logical system”. It consists of

vocabularies (called signatures) for constructing sentences in a logical system. A model (also called interpretation) provides
semantics by assigning interpretations to the elements in the signature. A change of interpretation is done by the notion of
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