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ABSTRACT Models are first-class elements in Model-Driven Engineering (MDE). In this paradigm,
the most widespread approaches adopted by the development community are Object-Oriented and onto-
logical, formalized using Unified Modeling Language (UML) and Resource Description Framework (RDF),
respectively. However, Object Management Group (OMG) does not provide a specific standard language
for validating UML models against Object Constraints Language (OCL) constraints; meanwhile, World
Wide Web Consortium (W3C) has defined Shapes Constraint Language (SHACL) as a standard validation
language. Although the transformation between UML and RDF can be performed at the structural level,
no effort has been made to transform OCL to SHACL. This paper addresses the transformation of OCL
and text-based constraints to SHACL shapes in the context of Common Grid Model Exchange Standard
(CGMES), a UML-based standard for electric utilities in Europe. This paper presents several contributions
to the software engineering community. First, solving the validation problem in a standardized way.
Second, facilitating European Network of Transmission System Operators for Electricity (ENTSO-E) the
construction of an ontology associated with the CGMES standard. Third, allowing developers to integrate the
two complementary approaches. Finally, Promoting the adoption and integration of the ontological approach
in the software community.

INDEX TERMS CIM for ENTSO-E (CGMES), OCL rules, ontology, RDF/RDFS, SHACL standard.

LIST OF ACRONYMS IEC International Electrotechnical Commission
CGM Common Grid Model IGM Individual Grid Model
CGMES  Common Grid Model Exchange Standard MDE Model-Driven Engineering
CIM Common Information Model MvVC Model View Controller
CIMI Clinical Information Modeling Initiative OCL Object Constraints Language
CLP Constraint Logic Programming ODM Ontology Definition Metamodel
DMTF Distributed Management Task Force OMG Object Management Group
DSL Domain Specific Language OWA Open-World Assumption
EMF Eclipse Modeling Framework OWL Web Ontology Language
ENTSO-E European Network of Transmission System RDF Resource Description Framework
Operators for Electricity RDFS Resource Description Framework Schema
EQ Equipment SHACL  Shapes Constraint Language
FOL First Order Logic SPARQL SPARQL Protocol and RDF Query Language
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TSO Transmission System Operator
UML  Unified Modeling Language
URI Universal Resource Identifier
Ww3C World Wide Web Consortium
WDTF  Water Data Transfer Format
XAPI  Experience API

XMI XML Metadata Interchange
XML Extensible Markup Language

I. INTRODUCTION

MBDE is a paradigm where models are first-class elements
throughout the software development life cycle. Object-
Oriented is an MDE approach where the key elements to
model the world are the class and the object. UML [1] is a
visual modeling language that addresses modeling process
with an Object-Oriented approach. OCL [2] defines added
constraints on the objects in the UML model. RDF is a
semantic web technology. In this approach everything is a
resource with a unique identifier. Models are built from the
perspective of resources, and predicates. Thus, the atomic
knowledge representation is a triple in the form of (subject
predicate object). Models are graphs. SHACL is a W3C
standard validation language for validating conditions against
RDF data graphs, in addition it can be used as a modeling
language.

In MDE, models can be addressed from different
approaches; this work focuses on the Object-Oriented
(UML/OCL), and ontological (RDF/SHACL) approaches,
as shown in Fig. 1.

MODELS

Object-Oriented

Ontological

UML/OCL RDF/SHACL

FIGURE 1. Object-oriented and ontological approaches for MDE.

Regardless of the modeling paradigm that is adopted,
a model consists of a metamodel, rules, and instances. The
transformation from a model in the source paradigm to
another model in the target paradigm involves transform-
ing lexical, syntactic, and semantic aspects from the source
paradigm to the target paradigm, as indicated in Fig. 2.
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FIGURE 2. Transformation of models between two paradigms.

UML Model

UML CLASSES OCL RULES

UML MODEL TO RDF MODEL TRANSFORMATION

RDF SCHEMA

RDF Model

I

FIGURE 3. Transformation between UML (object-oriented) models and
RDF (ontological) models.

In the case that concerns us, the transformation is per-
formed between the Object-Oriented paradigm (UML) and
the ontological paradigm (RDF), as shown in Fig. 3.

Common Information Model (CIM)! is a UML-based stan-
dard adopted by electrical utilities for exchanging network
models between companies. It consists of a set of Interna-
tional Electrotechnical Commission (IEC) standards; Table 1
shows a subset adopted in Europe by European Network of
Transmission System Operators for Electricity (ENTSO-E).

In the context of ENTSO-E, Common Grid Model
Exchange Standard (CGMES) is a standard aimed at
exchanging power system models between Transmission Sys-
tem Operators (TSO).

CGMES is a standard for interoperability based on
the UML/OCL standard and can be considered an MDE
approach. However, although OMG provides UML together
with OCL as languages for modeling, it lacks a standard

IThe CIM acronym can be found in two domains: Electricity domain
officially adopted by IEC, and IT environment domain officially adopted by
Distributed Management Task Force (DMTF). Our case is the first one.
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TABLE 1. IEC standards adopted by ENTSO-E.

IEC Standard
IEC 61970-552

Standard Name
CIM XML Model Ex-
change Format

Common Information
IEC 61970-301 Model (CIM) Base

Common Information
IEC 61970-302 Model (CIM) for

Dynamics Specification
CIM Static Transmission

IEC 61970-452 Network Model Profiles
IEC 61970-453 Diagram Layout Profile
Solved Power System
IEC 61970-436 State Profiles
Common Information
IEC 61970-457 Model (CIM) for

Dynamics Profile
Application integration at
electric utilities

IEC 61968-4

. N

{ CGMES \

oCL&
TEXT-BASED RULES

RDF DATA

RDFS SCHEMA

N

Proprietary validation
process

Non-Standard Validation
Report

FIGURE 4. Proprietary approach for validation process.

validation language to validate UML models against OCL
constraints. Consequently, validation is performed using pro-
prietary, non-standard methods, see Fig. 4, thereof resulting in
anegative impact on essential software factors such as quality
and sustainability, among others.

The solution proposed in this work is to adopt SHACL
as a language to validate models against the rules in the
CGMES context, see Fig. 5. The effort consists of (i) the
elaboration of a methodology to transform the OCL and text-
based rules to SHACL (ii) the conversion of all CGMES rules
to SHACL (iii) the development of an application that allows
validating any model of a TSO, member of ENTSO-E, against
the CGMES rules.

This work presents a series of contributions: (i) A method-
ology to convert OCL to SHACL, which has never been
addressed before. (ii) Provide ENTSO-E stakeholders with an
RDF/SHACL ontological model to validate their models and
guide them in developing their own rules in SHACL, either
by converting existing ones or creating new ones. (iii) A web
application to validate model compliance with the CGMES
rules. (iv) Since a big effort is being made from different
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FIGURE 5. Validation using SHACL in CGMES context.

communities to promote the adoption of ontological engi-
neering through semantic web technologies, our contribution
by addressing the conversion from OCL to SHACL bridges
the gap between Object-Oriented and ontological paradigms.

The target audience of this paper is domain experts in
utilities, and software developers in the context of model
validation.

This paper is split into nine parts. In part 2, related work
is presented. In part 3, CGMES standard documents are
described. Part 4 explores the reasons to adopt SHACL as
a validation language. Part 5 shows a basic modeling rule
in SHACL. Part 6 describes the methodology to transform
OCL and CGMES rules into SHACL shapes. Part 7 presents
a web application to validate CGMES models. Finally, part 8
contains conclusions and future works.

Il. RELATED WORK

In the last decades, the two most promising approaches
for modeling are Object-Oriented and the ontological.
The software community has adopted (UML/OCL) for the
Object-Oriented modeling approach. On the other hand,
the ontology modeling approach is performed using semantic
web technologies (RDF/OWL/SHACL) [3]. This section is
mainly divided into two parts: (i) a presentation of works
related to Object-Oriented modeling, (ii) and another one that
includes works related to modeling with ontologies.

A set of publications regarding UML/OCL approaches has
been found. In [4], a group of automation strategies for OCL
rules is presented. The meta-model evolution has a significant
impact on the OCL rules. This work presents a semiautomatic
approach throughout a strategy and a technique for OCL
rules evolution concerning class diagram changes. In [5],
a web-based tool has been developed using a user-friendly
language at a higher level of abstraction. This language allows
for rules definition. Therefore, knowledge of OCL syntax
is not required. In this work [6], authors have used predi-
cates logic to transform UML/OCL to validate UML models.
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This methodology reduces the abstraction level towards First-
Order Logic (FOL) for validating purposes.

In [7], it is created a logical model around UML/OCL con-
sidering preconditions, postconditions, states, and transitions
between them. This approach adds new constraints (modifies
only statements) to validate and verify UML models, taking
into account all possible states and transitions between them,
thus, reasoning about behavioral validation and verification.
[8] demonstrates a conversion from UML/OCL model to the
constraint logic programming (CLP) paradigm to allow for
validation, reasoning, and verification. Only OCL invariants
are considered. A new framework has been developed for
automating transformation between class diagram to logic
specification (Formula). With a reasoner, satisfiability is
determined within certain bounds, i.e., if an instance model
can be created.

In [9], a framework is developed with a repository of
models. A common data model is created to abstract and
integrates heterogeneous sources such as Extensible Markup
Language (XML), ontologies, and so on via transformation
to query and homogeneously visualize them. It is an indepen-
dent modeling tool and can be integrated with other modeling
tools. In state-of-the-art, it is possible to validate rules in the
ontology paradigm. A set of publications regarding ontolo-
gies approaches has been found.

In [10], instead of validating RDF data against a schema,
a model is validated against RDF data. The purpose is vali-
dating model credibility or giving the capability of ontology
learning. Validation is performed using axiom scoring heuris-
tics based on possibility theory.

In [11], Semantic Web Rule Language (SWRL) is used
for data exchange applied to the water domain using Water
Data Transfer Format (WDTF) for the definition of integrity
constraints and using Web Ontology Language (OWL) for
modeling this domain. Despite OWL and SWRL con-
sider Open-World Assumption (OWA), authors have used
OWL/SWRL for model validation. Validation is performed
by transforming axioms to queries on the logic domain and
transforming these queries into SPARQL Protocol and RDF
Query Language (SPARQL), which are machine-readable.
However, the authors recognize that SHACL is suitable in the
validation contexts.

As can be seen in the state-of-the-art, there are several non-
standardized validation approaches [10], [11]. All of them are
in a web semantic context. In 2017 SHACL language has been
released as an RDF validation standard in the ontology mod-
eling domain. With our present state of knowledge, no works
have been found related to the transformation of text-based
and OCL rules to SHACL.

In [12], several validating RDF approaches are described.
One of them is SHACL, the first standard validation language
for RDF graphs. In [13], an online validation tool for SHACL
is available. In [14], an open-source standard Experience
API (XAP]) is a starting point for the e-learning domain
in collecting learning data. Authors have transformed the
XAPI standard model to an ontology, and they have used
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SHACL for validating the constraints defined in the XAPI
standard. JSON is used to serialize data. In [15], authors
have transformed Clinical Information Modeling Initiative
(CIMI) to ontologies, using SHACL to model and define
rules with validation purposes. In [16], a collaborative ontol-
ogy is created from information streams coming from dif-
ferent sources, both public and private, in the domain of
environmental sensors. Semantic mapping, along with data
enrichment, is performed. Data are validated using SHACL
defining collaborative rules. For that purpose, authors have
developed a framework named LSane. In [17], the quality
evaluation of a couple of Knowledge Bases (KB) is per-
formed based on completeness and consistency by using
a semantic web framework. This evaluation has been per-
formed using SHACL and SPARQL queries. Since these KBs
are RDF-based and public, a statistical analysis has been
realized. The main contribution of this work is the quality
assessment of KBs subject to constant evolution. In [18],
the first attempt to use SHACL for modeling and validating
CGMES models has been realized but limited to RDF schema
validation without addressing OCL rules and text-based
CGMES rules.

The domain of this work is data exchange for utilities. As it
is shown in previous paragraphs, there is a need from different
domains to transform the modeling process and models into
an ontological approach with RDF/OWL and SHACL. This
work is focused on the most tedious task for this transforma-
tion between different approaches: transforming OCL rules
to SHACL shapes. For transforming UML to RDF or OWL,
OMG specifies this transformation in Ontology Defini-
tion Metamodel (ODM) and in MOF to RDF Mapping, which
is a new beta specification. However, no work has been found
so far concerning the transformation between OCL rules and
SHACL. W3C has specified SHACL as standard for RDF
validation. In this work a methodology is presented for: (i) the
conversion of OCL constraints to SHACL dealing with key
lexical, syntactic, and semantic elements in both grammars,
(ii) the transformation of text-based rules to SHACL has been
addressed both manually and semi-automatically given the
ambiguity of natural language. Moreover, with this methodol-
ogy, the authors have modeled/implemented all the CGMES
rules, namely OCL and text-based ones. Additionally, they
have developed a microservices-based application for model
validation.

IIl. CGMES STANDARD DOCUMENTS

“Common Grid Model Exchange Specification (CGMES)
is an IEC Technical Specification (TS) based on the IEC
CIM family of standards. It was developed to meet necessary
requirements for TSO data exchanges in the areas of system
development and system operation™ [19].

ENTSO-E CGMES provides a set of documents for the
standard specification. The Key documents that are of interest
for this work are shown in Table 2.

o QoDCRules.xsd is an xsd file for defining rules model,

see Fig. 6.
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TABLE 2. Primary CGMES documents.

Document Purpose
Qual1tyfof,CGMES,Datasets,andfCalcula— Rules description
tions.pdf

QoDCRules.xsd Rules model

Report validation
structure
RDFS for each

QoDCRules levell.xml to level7

RDF schema files

profile

OCL files OCL file for each
profile

IEC Standards Documents for serialization See Table 1

=@

g
AE
<!

FIGURE 6. CGMES rules model.

o QoDCRules levell.xml to level7 define how validation
reports should be produced for the seven validation
levels.
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« Resource Description Framework Schema (RDFS) and
OCL files for models corresponding to Equipment (EQ)
diagram layout, dynamics, equipment boundary, core
operation, short circuit, geographical location, State
Variables (SV), Steady State Hypothesis (SSH), topo-
logical boundary and Topology (TP) profiles.

o Two IEC standards used by CGMES for UML to RDF
serialization are: (i) IEC 61970-552 [20] defines the doc-
ument structure, header, syntax, and metadata. (ii) IEC
61970-501 [21] that defines the mapping of concepts
between CIM (UML) and RDF.

IV. WHY SHACL

In the context of modeling, especially in validating models
for quality in interoperability when exchanging models, there
is a need for a standard validation language. “SHACL is a
language for validating RDF graphs against a set of con-
ditions” [22]. W3C provides SHACL to allows for the
model’s validation against the rules. However, no stan-
dard validation language is provided for validating models
defined in UML (Object-Oriented). A key aspect of MDE is
the model’s transformation. Thus, transforming UML/OCL
model to RDF/SHACL and validating with semantic web
technologies.

A particular case is the CIM standard, whose foundations
lie on Object-Oriented techniques (UML) [23]. Therefore,
models are class and object diagrams, and with the purpose
of model serialization, CIM standard has adopted the W3C
RDF language.

Itis necessary to note a characteristic of high relevance: the
“executability”” of the model. It can be defined as follows.
A model M formalized in a language L under a paradigm P
is executable if there exists a processor that allows reasoning
tasks on the model for a specific objective without any model
transformation. (e.g. P = Object-Oriented, P = ontology,
L =RDF; L = UML).

Since UML is a visual language, models formalized with it,
are not directly executable. Therefore, it is necessary a trans-
formation to another language that allows the executability
feature. However, models defined in RDF are directly exe-
cutable, in the sense that they support reasoning, see Fig. 7.
ENTSO-E has created CIM profiles to specify the CGMES
standard. These profiles are mainly class diagrams, together
with additional rules written in OCL or text-based. With this
specification, it becomes clear that the model is not directly
executable. A crucial task such as validation in this context
can be performed through: (i) Transforming the model to
another paradigm that allows model executability. (ii) Using
a general-purpose language, but the text-based and OCL rules
require a considerable effort to be implemented, which nega-
tively affects the software quality. (iii) Using Eclipse Model-
ing Framework (EMF) with OCL, but the returned validation
report lacks elementary information since it contains only a
reference to the object and the invariant; in essence, OCL is
not a validation language.
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Modeling Language

Modeling Language processor

Modeling Language
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near the modeling
language

Programming Language

(Executable)

Language Processor
(Compiler)

Hardware Processor

FIGURE 7. Object-oriented life-cycle vs ontology-oriented life-cycle.

predicate

FIGURE 8. The RDF graph corresponding to (subject predicate object)
triple.

W3C, in response to the community’s need for a stan-
dard language for validation, has provided SHACL for this
purpose.

The arguments for adopting SHACL are: (i) Incorpo-
rating SHACL as a standard validation language for the
CGMES standard to solve the validation problem. (ii) The
creation of an ontology as part of CGMES, representing the
structural part in RDFS and the rules in SHACL. There-
fore, providing a reusable and shared knowledge (reason-
ing, processing, querying) and being both machine-readable
and human-readable, through semantic web technologies.
(iii) RDF/SHACL models are directly executable, which
translates into a considerable saving of time and effort
in coding into a general-purpose programming language,
and into an improvement of process and product quality,
as this approach is more aligned with MDE [24]-[26] than
UML/OCL.

Additionally, the authors have performed two comparisons
concerning: (i) The presence of Object-Oriented and ontolo-
gies approaches in key modeling aspects in the CGMES
standard, see Table 3. (ii) Features offered by the OCL and
SHACL languages, see Table 4.

V. BASIC MODELING OF A RULE IN SHACL.

BASIC CONSTRUCTS

This section aims to illustrate the essential elements of
SHACL from an architectural, syntactic, and semantic point
of view. In the RDF world, everything is a resource. The
atomic model in RDF is a triple (subject predicate object) that
corresponds to an underlying graph, see Fig. 8.

2XML metadata interchange
3Universal resource identifier (URI)
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TABLE 3. The implication of object-oriented and ontological paradigms in

different CGMES modeling aspects.

CGMES model- | Ontological Object-Oriented
ing aspects paradigm Paradigm
Structural model- | Out of scope of UML

ing CGMES standard

RDF provides unique

o XMI? only for
class diagrams

o Serialization
of object
diagram  with
relationships
between objects

dation

Serialization and persistent identi- is not allowed
fiers in (UML/XML)
e XML does not
allow link be-
tween two ele-
ments that are
not parent or
child
S SHACL/SPARQL OCL rules are part of
Validation (not used) CGMES standagd
Rules definition Rules are not formal- | OCL and text-based
ized in SHACL rules
Reasoning Yes No
support
RDF SCHEMA or
Metamodel 8X(I)iog§um}r11;:nu];);i Class diagram
created)
Instances RDF data Object diagram
. It is a standard for
Standard for vali- SHACL (not used) modeling but not for

validation

TABLE 4. SHACL vs OCL.

FEATURE
Reasoning

Validation report

Severity

Dependent
constraints

Inconsistencies
repair

Inter-model con-
straints

Flexibility in the
context definition

URV/ID

Supported
Object URI® and
rule ID violated
sh:message
sh:warning,
sh:Violation,
sh:info
Dependency be-
tween shapes is
supported
shirule constructs
provide support
to repair
inconsistencies
SPARQL enables
inter-model con-
straint
SPARQL-based
targets  provide
flexibility in the
context definition

Part of the RDF
paradigm

SHACL is a language to validate data models against
restrictions. It should be noted that both the data and the
language are represented in RDF language. Therefore, they
are graphs. SHACL processor has two inputs, RDF data and
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RDF Data

SHACL Shapes

SHACL Processor

SHACL Report

FIGURE 9. Architecture of SHACL processor.

-

Data graph z /.

-

3 \.Focus Node i

@ @
@

FIGURE 10. SHACL processor traversing RDF graph for rule validation.

Rule

:Peter a :Person ;
:idCode "123456789A" ;
:idCode "123456789B" .

LISTING 1. RDF data example.

a set of rules. It returns a validation report in RDF, which
contains the nodes of the data graph where the rules have been
violated, see Fig. 9.

The SHACL processor traverses the graph, visiting the
focus nodes to evaluate the rule. In case of non-compliance,
information about the coordinates where the rules are violated
is added to the validation report with additional information
such as a feedback message indicated in the rule, see Fig. 10.

W3C has divided the SHACL specification into
SHACL-CORE, which contains the basic constructs, and
SHACL-SPARQL, which provides constructs for a more
advanced expressivity, based on SPARQL.

The following example illustrates a simple rule, its imple-
mentation with SHACL-CORE, and the output of the valida-
tion report. The RDF data is described in Listing 1.

Where :Peter object of type :Person, is declared (:Peter
a :Person;) with two identification codes “123456789A”

VOLUME 8, 2020

“123456789A”

:idCode

:idCode “123456789B”

FIGURE 11. The RDF graph corresponding to RDF code in listing 1.

# The rule identifier is :uniqueCodePerson
:uniqueCodePerson a sh:PropertyShape ;

# The Class of the focus node
sh:targetClass :Person ;

# Non-conformance message
sh:message "Only one value for idCode is allowed";

# The constraint applies to the object of the :idCode predicate
sh:path :idCode;

# The maximum number of values for :idCode must be 1
sh:maxCount 1 ;

# The minimum number of values for :idCode must be 1
sh:minCount 1.

LISTING 2. SHACL rule for uniqueness of idCode.

[ a sh:ValidationReport ;
sh:conforms false ;
sh:result [ a sh:ValidationResult ;
sh:focusNode :Peter ;
sh:resultMessage "Only one value for idCode is allowed" ;
sh:resultPath :idCode ;

sh:resultSeverity sh:Violation ;
sh:sourceConstraintComponent sh:MaxCountConstraintComponent ;
sh:sourceShape :uniqueCodePerson

]

]

LISTING 3. Validation report.

and “123456789B”. The graph corresponding to the previous
RDF is shown in Fig. 11.

In this rule sample, all instances of type *“:Person” should
have a unique value for ““:idCode”. SHACL code that defines
the rule is depicted in Listing 2.

Listing 3 shows the validation report obtained once
SHACL processor is executed with input data corresponding
to Listing 1 (RDF data) and Listing 2 (SHACL shapes).

In the RDF validation report depicted in Listing 3, the RDF
data violates the rule because there are two “idCodes” for the
same person. The report shows violation coordinates in terms
of the node and the rule where non-compliance has occurred.
Additional information, such as severity and a feedback mes-
sage, is presented.

VI. METHODOLOGY TO TRANSFORM OCL AND

CGMES RULES TO SHACL SHAPES

Object-Oriented and ontological paradigms are formali-
zed by UML/OCL and RDF/SHACL, respectively.
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Class Diagrams { RDF/OWL Schema }

OCL Constraints

SHACL Shapes }

Text-based rules

BT

FIGURE 12. Transformation from object-oriented (UML + OCL) and
text-based rules to (RDF + SHACL).

RDF Data }

The transformation from UML/OCL to RDF/SHACL is
shown in Fig. 12, and involves the following steps:
1. Class diagrams are transformed into RDF/OWL
schemas by mapping UML concepts to RDF concepts.
2. OCL constraints are transformed into their SHACL
shapes counterparts.
3. Text-based rules are defined in SHACL constraints
4. UML Objects are converted to RDF data.
The focus of this work is on transforming OCL and
text-based rules to SHACL.

A. OCL TO SHACL

This section aims to illustrate how to perform the transfor-
mation from OCL to SHACL by presenting the key ideas that
facilitate UML transformation with semantic web technology
applied to the domain of electrical utilities (CGMES).

Some requirements must be taken into consideration dur-
ing the activity of the transformation from OCL to SHACL
as follows:

a. How the SHACL processor runs through the data graph

with the constraint graph.

b. The main task is to produce triples from the components

of the OCL expressions.

An invariant in OCL is defined as follows:

“Context ClassName inv: invariantName oclExpression”
defines a constraint identified by invariantName, and where
ClassName represents the name of the class of the objects
on which the boolean condition indicated in oclExpression is
applied.

Invariant ShaclShape

context:String
invariantName:String
oclExpression: OclExpresion

ruleName:String
targetClass:String
propertyBody: SparglQuery

FIGURE 13. UML classes for OCL invariant and SHACL shape.

An OCL invariant and a SHACL shape can be represented
by the UML classes in Fig. 13.

The mapping between Invariant and ShaclRule is presented
in Fig. 14.

The process of transforming OCL to SHACL consists of
the following stages:

1. Extract the main concepts from the OCL invari-

ant and build with them the initial structure of the

177262

Invariant ShaclShape

context:String
invariantName:String
oclExpression: OclExpresion

= ruleName:String

(I targetClass:String
propertyBody: SparqlQuery

FIGURE 14. Mapping between OCL invariant and SHACL shape.

Ocl2Shacl (ocl_invariant, CIM_UML_RDF_TABLE, schemaDomain)
# Initial structural transformation
ruleName<- invariantName;
targetClass<-context
# oclExpresion to propertyBody transformation
shaclShape<-
"godc:"+ruleName + " a sh:NodeShape;"
# uml2rdf (umlConcept) is a simple function that returns
# the rdf concept corresponding to uml concept
# from table CIM_UML_RDF_TABLE
"sh:targetClass " + uml2rdf(context) " ;" +
"sh:spargl [\n" +
" a sh:SPARQLConstraint ;\n" +
oclExpression2Sparqgl (oclExpression,
CIM_UML_RDF_TABLE, schemaDomain) +

End

LISTING 4. Transformation from OCL invariants to SHACL algorithm.

TABLE 5. uml2rdf an excerpt from the domain concept mapping table
between UML and RDF in CIM.

CIM-RDF con-

CIM-UML concept
cept

IEC61970::Base::Wires::PowerTranst cim:IdentifiedOb-
former.name ject.name

SHACL rule, as illustrated in the Ocl2Shacl() algo-
rithm shown in Listing 4. As OCL is used to define
constraints on UML class diagrams, and SHACL is
a language to validate RDF data against RDF shapes
graphs, the Ocl2Shacl() algorithm needs as a parameter
CIM_UML_RDF_TABLE, atable that contains the map-
ping of the domain concepts between UML and RDFS.
The mapping, which is an inherent part of the CGMES
standard, is shown in Table 5.

2. The mapping between OCL and SHACL concepts lies
in the observation that the primary or main element of
an OCL expression is navigability, and it starts from the
object whose type is indicated by default in the context
statement of the OCL constraint, or explicitly, such as
Class.alllnstances().count() where Class is any class in
the class diagram that represents the model.

The main idea or task is the creation of triples (sub-
ject predicate object) from OCL expressions of the form
“a.x” representing the navigability starting from an object
on which the rule is applied to the feature x. The oclEx-
pression2Spargl() algorithm illustrates a high-level way to
realize this task (see Listing 5). Table 5 shows the semantic
and syntactic mapping between OCL and SHACL. Listing 6
depicts an excerpt of OCL grammar, defined by OMG, and
Fig. 15 shows its corresponding abstract syntax where the
primary element has the following form:

exp :: =aopNav b (params)? (where opNav is ‘.’ or ‘— >’)
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oclExpression2Sparqgl (oclExpression, CIM_UML_RDF_TABLE, schemaDomain)

# OCL to RDF transformation using navigability.

foreach a; in aj.ag..... CYRLVII DU ap_1-an
# create triple as follows
a4 aj 241 ?ai4+1

end foreach
# For example a transformation of an expression like
# aj.ag..... YR N R ap—1-an > 500 is:
# FILTER (?apn > 500)

FILTER (boolean condition with the corresponding pattern elements)

LISTING 5. Transformation from OCL expression to SPARQL query.

OclExpressionCS ::= CallExpCS
CallExpCS ::= FeatureCallExpCS
FeatureCallExpCS ::= OperationCallExpCS
FeatureCallExpCS PropertyCallExpCS
FeatureCallExpCS NavigationCallExpCS
OperationCallExpCS ::= OclExpressionCS[1] simpleNameCS OclExpressionCS([2]
| OclExpressionCS ’->’ simpleNameCS ’ (/ argumentsCS? ')’
|OclExpressionCS ’.’ simpleNameCS ’ (’ argumentsCS? ')’
| simpleNameCS ' (’ argumentsCS? ')’
|OclExpressionCS ' .’ simpleNameCS isMarkedPreCS ’ (' argumentsCS? ')’
|simpleNameCS isMarkedPreCS ' (’ argumentsCS? ')’
| pathNameCS ‘ (' argumentsCS? ')’
| simpleNameCS OclExpressionC$
| OclExpressionCS ’.’ pathNameCS ’::’ simpleNameCS ’ (‘ argumentsCS?
ryr
| OclExpressionCS ’.’ pathNameCS ’::’ simpleNameCS isMarkedPreCS ’ (’

argumentsCS? ')’

PropertyCallExpCS ::= OclExpressionCS ’.’ simpleNameCS isMarkedPreCS?

| simpleNameCS isMarkedPreCS?

| pathNameCS

| OclExpressionCS ’.’ pathNameCS ’::’ simpleNameCS isMarkedPreCS?
NavigationCallExpCS ::= PropertyCallExpCS

| AssociationClassCallExpCS

AssociationClassCallExpCS ::= OclExpressionCS /.’ simpleNameCS (' [’
argumentsCS ’]’)? isMarkedPreCS?
| simpleNameCS (’[’ argumentsCS ’]’)? isMarkedPreCS?
argumentsCS[1] ::= OclExpressionCS ( ’,’ argumentsCS[2] )?
simpleNameCS ::= NameStartChar NameCharx
| _’" #x27 StringCharx #x27
simpleNameCS([1] ::= simpleNameCS[2] WhiteSpaceCharx #x27 StringCharx #x27

[A-z) | "_" | "$" | [a-z]
#xD8-#xF6] | [#xF8-#x2FF]
[#x37F-#x1FFF]

[#x2070-#x218F] | [#x2C00-#x2FEF]
[#XF900~#xFDCF] | [#xFDFO-#xFFFD]

[#xCO-#xD6] | [
#x370-#x37D] |
#x200C-$x200D]
$x3001-#xD7FF]

F

NameStartChar ::
|
|
| |
| |
| [#x10000-#xEFFFF]

[
[
[
[

LISTING 6. An excerpt of OCL grammar specified by OMG.

TypedElement

T >0, jon | +initExpression

0.1 0.1
+source

+body

+appliedElement

CallExp LiteralExp IfExp VariableExp
7 g

+refermngExp

TypeExp

MessageExp

FeatureCallExp

+io0pBodyOwner

+referrefVariablg
"

ER
Variab\?‘e o1

+variable

teratorExp | [ lterateExp |, O-T% o

FIGURE 15. The basic structure of the abstract syntax kernel metamodel
for expressions (OMG).

B. FROM TEXT-BASED RULES TO SHACL

The algorithm’s parameters are a text-based rule and a
schema domain; Text-rule is specified in natural language in
the context of the domain, in this case, electrical utilities;

VOLUME 8, 2020

textBasedToShaclManual (text_rule, schemaDomain)
TBR = {is a set of the concepts in the Text-Based Rule}
CC = {CIM Concepts initially empty}
RC = {set of pair of related concepts, initially empty}

Foreach c in TBR

# dc is the domain concept defined in RDF schema.
rdfsConcept is a manual task performed by the model expert
to find the RDF concept that corresponds to textual
concept c.

= =

de= rdfsConcept (c)
cc->add (de)
End Foreach

# constructPattern is a modeler manual task which consists of
# searching for a subgraph that interconnects the concepts in CC.

pattern = constructPattern(CC, schemaDomain)

# getOperationsInTextBasedRules is a modeler manual task which
# consists of extracting from text_based the operations and their
# associated operands involved in the rule.

00 = {(Operation, {Operands})} = getOperationsInTextBasedRules (
text_rule)

# createSHACLShape is a modeler manual task which consists of
# building SHACL shape from the pattern and the operations stated
# in text-based rule

SHACLShape = createSHACLShape (pattern,00)
End textBasedToShaclManual

LISTING 7. Text-based to SHACL manual algorithm.

aclsemiAutomatic (text_rule, schemaDomain)

# First, similarity-based processing is performed to determine the
# RDF schema concepts involved in the rule SC = { is a set of
# RDF schema concepts}

SC = getSimilarities(text_rule, schemaDomain);

# The domain expert intervenes to select the most appropriate match
# with the task selectAppropriateConcepts

CC = selectAppropriateConcepts (SC);

Second, the pattern corresponding to the rule is built by searching
for a subgraph that interconnect the concepts found in the
previous step using any Pathfinding algorithm over schemaDomain
graph

oW o e

SG=getSubGraph (CC, schemaDomain);

# With SG, the modeler builds the SHACL shape

End textBasedToShaclSemiAutomatic.

LISTING 8. Text-based to SHACL semi-automatic algorithm.

The schema domain is the metamodel domain defined in
RDF. Concepts in the text-based rule are translated to CIM
concepts and are connected using the schema domain to build
the pattern that corresponds to the original rule.

The conversion from the concept of the domain in natu-
ral language to its corresponding one in CIM/XML can be
realized with two approaches: (i) manual, with the collab-
oration of the domain expert or (ii) semi-automatic using
Natural Language Processing NLP technologies in two steps.
First, similarity-based processing is performed to determine
the RDF schema concepts involved, and the domain expert
intervenes to select the most appropriate match. Second,
the pattern corresponding to the rule is built by searching
for the subgraphs that interconnect the concepts found in the
previous step and involving the domain expert to select the
most appropriate pattern.

According to these two approaches, textBasedToSha-
cIManual() describes the manual method (see Listing 7),
and textBasedToShaclSemiAutomatic() describes the semi-
automatic method (see Listing 8).

177263



IEEE Access

M. Larhrib et al.: Converting OCL and CGMES Rules to SHACL in Smart Grids

VII. TOOL DEVELOPMENT FOR VALIDATING
CGMES RULES
Authors have developed a Model View Controller (MVC)
web application as a set of microservices to validate models
from utilities. Hypertext Markup Language 5 (HTMLY) is
used to implement the view part; the model layer is repre-
sented through RDF/RDFS/SPARQL/SHACL; the controller
part consists of a set of Java classes that manage Hypertext
Transfer Protocol (HTTP) requests and perform validation
tasks invoking SHACL processor.

Fig. 16 shows the architectural layer of the developed
application.

Microservices Clients

SPRING
(Microservices)

SHACL PROCESSOR
(org.topbraid.shacl.validation.ValidationUtil)

(org.apache.jena.*)

VM

OPERATING SYSTEM

HARDWARE

FIGURE 16. Layers architecture for developed application.

A more detailed architecture, representing the application
components and the communication among them is shown
in Fig. 17.

RDF/XML- ROF DATA
ROF ASSEMBLED GRAPH

LEVEL4,5,6,7,8
VALIDATION REPORT

[ Y

RDF DATA LEVELL,2,3

ROF ASSEMBLED GRAPH

' Level,2,3
RDF SCHEMA REPOSITORY —)
ADDITIONAL ROF /

SCHEMA- LEVEL 1,2,

SHACL RULES- LEVELL LEVEL 8

——

FIGURE 17. Detailed architecture of the application.

For validation purposes, the system uses RDF/XML and
schema as input data, representing domain models from elec-
trical utilities. Validation levels have been grouped into three
categories: (i) A microservice copes with validating RDF files
at levels 1, 2, and 3. (ii) A second microservice deals with
level 4 validation (OCL). (iii) Finally, a third microservice
deals with levels 5 to 8. The reason for this separation is
that levels 1, 2, and 3 deal with file naming, XML well-
formedness and XML structure, namespaces, headers, and
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file packaging. Level 4 deals with OCL rules defined by the
standard. Levels 5 to 8 deal with cross-profile consistency,
business rules related to load flow, cross Individual Grid
Model (IGM) consistency, and Common Grid Model (CGM)
plausibility.

A microservice is provided for the assembling process,
which consists of producing a graph from the four files that
represent an IGM (EQ, TP, SV, and SSH together with the
Boundary Set) and the corresponding RDFS.

The user interface of the application is shown in Fig. 18.

localhost8080 *

| entso@
- | CGMES vALIDATIONValidation levels
‘- vadatons Assembing  valcatonss7 =
L Levels 1 to 3 Validation: ___Input file Launch Validat;on
M |

‘ [ Choose File | 20200310T2330Z_1D_REE_EQ zip

|
=

«ei  File Uploaded Successfully.
a—

==
7 Download RDF file : 20200310T23307_1D_REE_EQ_001 rdf

; Validation report:

RDF turtle validation report =~

7c160489-5257-439a-251-272129252126>

FIGURE 18. Application user interface.

Another objective of this application is to evaluate
(i) The contribution of adopting RDF/SHACL within the
MDE approach. (ii) The impact of using models that
are directly executable in software development. (iii) The
improvement in scalability, maintainability, and agility,
among others, in the software process.

For developing an application in electrical utilities context
with this approach, it is necessary: (i) Background in CIM,
UML, RDF/S, SPARQL, and SHACL. (ii) The mapping of
concepts from natural language to CIM concepts. (iii) The
model and semantics of a rule. (iv) The navigability within
the metamodel (RDFS) and the models (RDF) of the domain.
(v) Graph pattern building, corresponding to the rule that will
be translated into a SPARQL query which will be embedded
into SHACL.

For developing the application, Spring microservices,
SHACL validation library (developed with JENA library),
HTMLS, and a Javascript library are required.

VIIl. CONCLUSION AND FUTURE WORKS

In this work, a standardized solution for the validation
problem has been presented for UML/OCL-based models,
adopting SHACL as the validation language. To this pur-
pose, a methodology for converting OCL and text-based
rules to SHACL has been specified. Since CGMES is based
on UML/OCL, a rule transformation to RDF/SHACL is
required.
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The arguments for adopting SHACL as a validation lan-
guage have been presented through a comparison between
the two approaches (UML/OCL vs. RDF/SHACL) consider-
ing essentials criteria for the model validation task such as
violation reporting, reasoning, among others.

The basic concepts and constructs of SHACL have been
presented, as a first approach to the semantic and syntactic
foundations of this validation language within the modeling
domain.

The methodology for the transformation from OCL and
text-based rules to SHACL has been presented as algorithms.
For the conversion from OCL to SHACL, key elements have
been considered in lexical, syntactic, and semantic terms
within the scope of the two grammars. The text-based trans-
formation to SHACL has been addressed from the linguistic
perspective towards the syntax and semantics of SHACL.

Authors have implemented all the rules, defined by
CGMES, in SHACL. They have also developed a web appli-
cation with Spring microservices to validate the eight valida-
tion levels of CGMES specifications. They will make them
available to the user community, both electrical and software
engineering.

The contributions presented in this work are: (i) Trans-
forming OCL and text-based rules to SHACL, a task never
addressed before, through a methodology that allows a sys-
tematic implementation of the rules. (ii) Providing ENTSO-E
stakeholders with an ontology that enables them to validate
their models. Additionally, it can help as a guide for their
rule implementation. (iii) Making available a web applica-
tion, developed by the authors, to the community of elec-
trical utilities, to validate CGMES models against the eight
levels of validation specified in the standard. (iv) Bridging
the gap between Object-Oriented and ontological paradigms
by addressing the conversion of OCL to SHACL, since a
considerable effort is being realized from different communi-
ties to foster the adoption of ontological engineering through
semantic web technologies.

This work has focused on the CGMES standard release
that is currently adopted by ENTSO-E members. A minor
limitation of this work is the optimization of rules expressed
in SHACL, in terms of performance for SHACL processor,
and implementing new CGMES standard releases in the short
term.

To further our research, we plan to develop a Domain-
Specific Language (DSL) in the electrical utilities domain,
enabling experts to write text rules to be transformed into
SHACL automatically.
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