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Abstract. Interoperability between heterogeneous software ecosystems
at increasing scale remains a major challenge. The automated translation
of data between the data models and languages built around official
or de facto standards is best addressed using model-driven engineering
techniques, but requires handling both data and multiple levels of meta-
data within a single model. In this paper we demonstrate the use of
the SLICER multi-level modelling framework as the basis for creating
conceptual and executable mappings between diverse data and metadata
across multiple levels. We show how an interoperability designer can
abstract from the details of specific models, enrich them with SLICER
semantics, and develop mappings between them. We present a case study
in the industrial plant engineering domain to map plant information for
lifecycle information management, demonstrating how the methodology
produces alignment across highly heterogeneous standards.
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1 Introduction

Lack of interoperability between computer systems remains one of the largest
challenges of computer science and costs industry tens of billions of dollars each
year [15,4]. Continued efforts to solve interoperability through standards for data
exchange have failed as heterogeneous ecosystems form around different standards.
These ecosystems comprise large groups of software systems built around different
standards that must interact to support the entire system lifecycle and where, even
within a given industry, the standards are not universally applied. Therefore, the
issue of interoperability remains for both intra- and inter-ecosystem interactions.

To enable sensor-to-boardroom reporting, the effort to establish and maintain
interoperability solutions must be drastically reduced. This can be achieved
using model transformations based on high-level conceptual models. However, the
traditional approach using two-level models as the starting point for integration
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is inadequate as they can lead to omission or distortion of domain level relation-
ships, even for deceptively simple problems such as the classic Lassie-Dog-Breed
example [1]. This significantly increases the burden on the mapping designer,
possibly leading to more complex mappings with hidden weaknesses, and makes
maintenance and updates more laborious. This is particularly relevant since an
interoperability solution is affected by changes in any of the systems involved.

Instead, the development of high-level conceptual models and model trans-
formations is best suited to multi-level modelling (MLM) approaches, which
can express the multi-level nature of the domain without imposing a traditional
two-level structure. For example, in the creation of an engineering part or plant in
the Oil & Gas industry, different concepts are considered primitive objects during
different lifecycle stages: during design, the specification for a (type of) pump has
its own lifecycle (e.g. creation, revisions, obsolescence), while in operations the
same object is considered a type with respect to physical pumps that have their
own lifecycle (e.g. manufacturing, operation, end-of-life). Moreover, the same
objects are viewed differently at the organisational level: e.g., through concepts
providing cross-classifications of objects at other levels. Hence, there appear to
be three levels of data: business, specification, and physical entity. These domain
properties should be reflected in a flexible conceptual framework that simplifies
the creation of mappings by the interoperability designer.

One such approach is SLICER [12], a flexible MLM-based conceptual frame-
work for building joint (meta)models that encompass the heterogeneities of
different information ecosystems and serve as the common representation of
information transferred across an ecosystem (cf. Fig. 1). SLICER allows inter-
operability designers to factor out the meaning of the models being studied,
assisted by automated inference and consistency checking, allowing their success-
ful integration and interoperability. In this paper we leverage SLICER to create
executable mappings between models consisting of multiple levels of (meta)data.
The interoperability designer first abstracts from the details of a specific source
or target model. The system then assists in identifying the SLICER distinctions
to enrich the models and reformulate them into consistent multi-level models.
The designer then develops the mappings between the models. We present a
case study in the industrial plant engineering domain to map plant information
for lifecycle information management and demonstrate how the methodology
produces alignment across highly heterogeneous standards.

The remainder of this paper is structured as follows: Section 2 briefly intro-
duces the SLICER framework on which we build our model mappings; we then
use a simplified industrial case study to describe the methodology for creating
mappings using SLICER, in which the model undergoes multi-level enrichment
(Sect. 3) followed by the definition of mappings (Sect. 4); finally, we conclude
and discuss future directions in Sect. 5.
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Fig. 1: Ecosystem interoperability through a joint metamodel (numbers refer to
sections of this paper).

2 Brief Introduction to SLICER

SLICER is based around five core relations (two with two sub-relations each)
and the use of explicit descriptions (i.e. sets of constraints) for an object: the
full definition of SLICER can be found in [13]. The relations include: Standard
Instantiation (InstN ) and Instantiation with Extension (InstX ), Specialisation
by Refinement (SpecR) and Specialisation by Extension (SpecX ), Subset by Spec-
ification (SbS ), Categorisation (Cat), and Membership (Member). A summary of
the SLICER relationships, their features, and notation is shown in Table 1. In con-
trast to other MLM approaches—such as Melanee [2] and FMMLX [5]—SLICER
has unique characteristics, including:

– Existence and subordination of levels is dynamic, determined by the relations:
i.e. no a priori specified levels or potency values for the depth of instantiation.

– Instantiation determined by value assignment to attributes defined at the
higher-level: InstN assigns all attributes of an object, otherwise InstX .

– Specialisation determined by the addition of new attributes to the sub-concept:
a specialisation that introduces new attributes is SpecX , otherwise SpecR.

– Model levels are not levels of instantiation: non-instantiation relations, such
as SpecX , introduce new model levels.

– Incorporates the power type pattern [10] through SbS : a specification concept
is linked to a partitioned concept (its base type) such that the instances of the
former are subclasses of the latter (but not necessarily the inverse). Allows
constraints to be defined across instantiation levels. Multiple SbS relations
may refer to the same base type, supporting restricted multiple-inheritance.
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Table 1: Summary of SLICER notation (adapted from [13])
SpecX SpecR InstX InstN Cat Member SbS

Notation
Cat SbS

Refinement x x

New attributes/relations x x

Assign values to attrs. x x
alevel(x)− level(y) ≥ 1 x x x x
alevel(x)− level(y) ≥ 0 x
alevel(x)− level(y) = 0 x x

Inst. can have inst. x x x x x

Propagates constraints x x x x x x x

Use for set membership x x

Use for power type x x

Base type attr. access x x x
a Where φ(x, y), φ ∈ {SpecX ,SpecR, InstX , InstN ,Cat ,Member ,SbS}

– Differentiates categorisation from instantiation: categorisation is basic set
membership, where an object can have multiple categories (if it conforms to
the membership criteria), while instantiation is generally limited to a single
type and imposes value assignment to attributes defined by the type. Cat
links a category to its base type, Member links an object to a category.

– Includes explicit descriptions of constraints with intuitive propagation across
multiple levels of instantiation: e.g., a constraint between a specification con-
cept and its base type is propagated firstly to the instances of the specification
type (which are subclasses of the base type) and again to their instances.

3 Multi-level Enrichment

Complex standards typically comprise a data model and reference data containing
instances of multi-level patterns (see [8]) as a workaround for being defined in a
two-level language. Therefore, the source/target models must undergo semantic
and multi-level enrichment at both the linguistic (i.e. data model/schema) and
ontological dimensions (i.e. reference data instances) [6]. In Fig. 1, the thick
grey arrows labelled with numbers identify the steps and their corresponding
sections below. After the initial conversion into SLICER, instances of specific
SLICER relations are identified to help identify hidden semantics, improve model
comparisons, and assist the definition and structuring of the joint metamodel
[13]. We demonstrate this process in the context of the OGI Pilot—an instance
of the Open Industry Interoperability Ecosystem (OIIE) initiative1 that aims for
the automated, model-driven transformation of data during the asset lifecycle

1 http://www.mimosa.org/open-industrial-interoperability-ecosystem-oiie

http://www.mimosa.org/open-industrial-interoperability-ecosystem-oiie
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between two of the major data standards in the Oil & Gas industry ecosystem.
MIMOSA CCOM [9], one of the major standards, is a two-level domain model
defined in UML using XML for information exchange, exhibiting many of the
multi-level patterns. For brevity, we focus on the concept Asset (representing
individual assets such as a physical pump) and their types (i.e. AssetType), of
which a simplified extract is illustrated in Fig. 2a. The upper box illustrates the
MIMOSA CCOM data model, while the lower box contains its instances.

3.1 Mapping the linguistic dimension to SLICER

Mapping the linguistic dimension requires transformation of both the imple-
mentation language and linguistic metamodel. This requires mapping them to
SLICER primitives—e.g. objects, attributes, instantiation, and specialisation—
using knowledge of the model and analysis of its constructs. For MIMOSA CCOM,
its definition in UML is converted: its classes, attributes, associations, etc. are
mapped to SLICER primitives. We then identify aspects of the CCOM meta-
model (i.e. specific attributes, etc.) that also map to SLICER primitives: e.g.,
the type association (see Fig. 2a) maps to SLICER instantiation, superType maps
to specialisation, and the Attribute and AttributeType concepts become SLICER
attributes. Moreover, the CCOM concept Model represents both specific (revi-
sions of) models of assets, through the model association, and the definition of
attribute specifications for AssetTypes, through modelTemplate. The attributes of
an Asset merge those of the modelTemplates and the model . Therefore, we infer
specialisation between the Model of an Asset and its AssetTypes and the model

association is another instantiation relation. The result is a unified view of objects
that enables the enrichment of non-SLICER models with SLICER distinctions.

3.2 Enriching the ontological dimension

Next, instances of general relations in the ontological model, i.e. the reference
data, are classified according to their subrelations (InstN , InstX , SpecR, and
SpecX ) in an automated fashion. Only the ontological attributes are analysed to
prevent unexpected extension relations between objects that implement different
linguistic types, e.g., when comparing an instance of Model to an AssetType. The
bottom of Fig. 2a illustrates the enriched version of the CCOM example: bracketed
attributes are from linguistic instantiation, attributes prefixed by ’/’ are derived
from a mapping rule. After identifying the semantic distinctions, level assignment
is performed automatically. Level stratification aids the interoperability designer
by showing the alignments of separate model hierarchies as objects are mapped.
Such alignments can be a simple indicator of correct mappings, while level (and
other constraint) violations indicate possibly missing concepts and/or incorrect
mappings as levels are determined dynamically from the content of the models.
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Fig. 2: CCOM → Joint Metamodel Mapping Example. (For clarity, instantiation
relations between mappings are omitted.)

4 Multi-level Mappings

SLICER is extended with conceptual relations allowing the interoperability de-
signer to define mappings between elements of different models. Unlike typical
model transformation languages, such as those surveyed in [7], we define trans-
formations at the conceptual level by leveraging SLICER’s object descriptions to
specify declarative mappings that enable cross-model consistency checking while
providing execution semantics along the lines of transformation operators [3,14].

4.1 Semantic Mapping Relations

Conceptual and semantic relations for interoperability, such as those described
by [11] in a two-level modelling context, have been known for a long time. Rather
than being defined at a single meta-level and used by a single instance level,
mappings in a multi-level context can occur at any level and can instantiate
higher-level mappings. Using SLICER we define a taxonomy of mapping relations
along the lines of [11,14,3]. To flexibly handle model variations, individual map-
ping relations are not necessarily bidirectional nor are inverse relations implied.
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Moreover, mappings can be composed to form a pattern that can be reused in
the identification of mappings from the joint model to other targets.

This taxonomy includes, but is not limited to, the following relations (for
brevity we do not discuss attribute, association, or functional mappings):

equivalent(x, y) x and y represent the same thing (concept or object). For
concepts, this implies they have the same extension (i.e. instances) across the
integrated model; different models may have different sets of instances at any
one time, but they can be transformed from one to the other. The description of
the relation specifies the attribute level equivalences.

subconcept(x, y) x is an (unknown) subconcept of y ; the extension of
x may completely overlap that of a known subconcept of y without implying
equivalence as the extensions may differ. Moreover, x may overlap multiple known
subconcepts: during transformations, the generated instances are classified using
the descriptions. The inverse, superconcept(y , x ), is not implied (nor vice versa).

partial mappings (partEquivalent(x , y), partSubconcept(x , y), etc.) some
part (defined by the description of the relation instance) of x is equivalent/sub-
concept/etc. to (possibly part-of) of y . Applies when an element of one model
conceptually covers only some part of another, either because the model excludes
some aspect or because it maps to multiple objects/concepts.

group mappings (inverse of the partial relations) map a group of elements
to an element, or multiple elements, of another model.

4.2 Defining Joint Model Mappings

Figure 2 illustrates the mapping between the CCOM example (left) and a simple
joint (ontological) model (JM) that was created, in part, by also examining
ISO15926-based models. At the top, CCOM Asset has a (bidirectional) partial
equivalence to JM Equipment, with a similar mapping between Model and Equip-

mentModel. This reveals the SbS nature of the relationship between Asset and
Model since the instances of Model are subtypes of Asset through instances of
AssetType. This is shown by C12 Rev. 1 of the enriched CCOM model and its
equivalent in JM. Grouping Pump with its modelTemplate provides an equivalence
to JM Pump. The inverse relations identify how Pump would be split between the
asset type and model template during a reverse transformation.

FluidPump, which has no equivalent in the CCOM model, is mapped using
the partSubconcept relation indicating that it (and its subtypes) are a subtype of
CCOM Pump. This mapping could be automatically determined by the equivalence
of its supertype in the JM with CCOM Pump; however, additional constraints
can be added for consistency when transforming unmapped subtypes.

Using the AssetType/modelTemplate pattern, C12 Pump is groupEquivalent to
C12 Pump Model. Although seemingly inconsistent (C12 Pump Model only refines
its super type), the extension in the hierarchy to their common parent (i.e. Pump)
maintains consistency. Importantly, this mapping clarifies the instantiation of
/MaxTemp from Pump Model, otherwise undefined in the CCOM model.

The mappings and their descriptions allow C12Pump#1 of the CCOM model,
for example, to be transformed into its equivalent in the JM. Similarly, C12 Rev.
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2 could be instantiated in the CCOM model, replacing the partSubconcept to
C12 Pump with equivalence relations to the newly instantiated elements. Such
generated relations denote instances of mappings of a higher level.

5 Conclusion

We have presented a SLICER-based conceptual modelling approach to designing
model transformations between complex, multi-level models and demonstrated
its use for defining conceptual and executable mappings between diverse data and
metadata across multiple levels. Using the approach an interoperability designer
can abstract from the details of a specific source or target model and develop
mappings between them using enriched semantics provided by SLICER. We give
a case study in the industrial plant engineering domain in which we transform
the linguistic and ontological models of MIMOSA CCOM into SLICER and then
use the mapping relations to link them to a joint (meta)model, demonstrating
how to produce alignment across highly heterogeneous standards. Future work
will address mappings related to categories and specification types, which are
basic concepts in SLICER that would facilitate identification of mappings.
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