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Abstract. Models for Manufacturing (MfM) is a novel approach proposed by
the authors to apply Ontology-Based Engineering (OBE) concepts to Manufac-
turing. The methodology is based in a 3-Layers Model (3LM) framework and
supported by any modelling tools easy-to-use. The Ontology layer comprises
the ontological definition holding the knowledge of the domain. This work pre-
sents the introduction of metamodels or surrogate models for supporting MfM
methodology with the objective to maintain independence with commercial
software tools. This paper introduces the proposed metamodels and relation-
ships, shows the link within the MfM Ontology layer and discusses the further
activities.

Keywords: Metamodels, Surrogate models, Models for Manufacturing (MfM),
Ontology-Based Engineering (OBE), Manufacturing process modelling.

1 Introduction

To reduce overall costs in the industry and to secure a short time-to-market, prod-
ucts and industrial systems need to be designed in shorter time often reusing existing
products and resources. To achieve these points and to enhance multidisciplinary
design and realistic simulation of complex systems, Ontology-Based Engineering
(OBE) emerges as a new approach from earlier techniques thanks to the technological
advancements in computer science.

Models for Manufacturing (MfM) is an OBE novel methodology, where computer
aided graphical modeling authoring tools are used to define and specify data, func-
tions, and behaviors of the industrial systems, where simulation tools will replicate
the required system behavior for the design of complex products. It is derived from
the concept of MBSE methodology, enabling more robust engineering in terms of
models and their associated behavioral abstraction [1].

The authors released several research papers for modelling manufacturing systems
in the aerospace industry fundamentally related to assembly in the Final Assembly
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Lines (FAL) [2,3], releasing functional and data models, deployed using data struc-
tures available in commercial PLM systems [4].

As consequence of the research process, a new approach for modelling manufac-
turing systems was coined to introduce OBE in the industrial and manufacturing do-
main. A 3-Layers Model (3LM) architecture based has been defined consisting of a
Data layer, an Ontology layer, and a Service layer. The Ontology layer build the core
of the 3LM, and it is defined by four models: Scope model, Data model, Behavior
model and Semantic model. A preliminary definition of the MfM methodology has
been published by the authors in [5].

This work presents the introduction of metamodels or surrogate models for sup-
porting MfM methodology with the objective to maintain independence with com-
mercial software tools. This paper introduces the proposed metamodels and relation-
ships, shows the link within the MfM Ontology layer and discusses the further activi-
ties.

Following to the rest of the document, Section 2 contains a review of the MfM
methodology with references to the industrial use case developed. Section 3 justifies
the need of metamodels to support MfM methodology. Section 4 is devoted to present
the metamodel, characteristics and details. Section 4 discloses the discussion and
conclusions from this work and proposes topics for further research.

2 Review of Models for Manufacturing (MfM) Methodology

2.1  3-Layers Model (3LM) as framework

Models for Manufacturing methodology is based in a 3-Layers Model framework
as shown in Figure 1. The 3LM guarantees the independence between the three layers,
holding Service Layer, Data Layer and Ontology Layer isolated each other.

Service Layer

Service Layer ey
Authoring, Simulation, Visualizers, Data Analytics, Design Space Exploration, i E =
T ‘ | T

@

Dashboard, Metrics

1 [ av, Ontology Layer
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Scope, Data Model, Semantic, Simulation Requirements = =
Data Layer Data Layer

Dhatabases (Structured, Now-structured, Cloud, Data Lake, Document Based) and
Interfaces

Figure 1. 3-Layers Model (3LM) framework.

Each layer collects the same type of items. The Data layer collects all the infor-
mation in terms of databases and interfaces: legacy databases related to legacy soft-
ware, commercial software databases, clouds, data lakes and many others. The Ontol-



ogy layer holds the Company knowledge in form of scope, data behavior and seman-
tic models, and will be described in detail in the next subsection. The Service layer
holds the software services, legacy or commercial, like authoring tools, simulation
tools, visualizers, data analytics services, dashboards, and space design exploration
tools.

The MfM methodology follows a set of golden rules:

o MfM methodology is agnostic against tools, do not define any preferred tool.

¢ MfM methodology encourages tools easy to write models and very easy to read,
understand, share, and discuss by skilled engineers on the topic.

e MTfM methodology encourages a mechanism to manage the model’s lifecycle, con-
figuration and effectivity using PLM tools to fulfill this requirement.

2.2 The Ontology layer

The core of the 3LM framework is the Ontology layer, where the knowledge of the
Company is created, stored, managed, maintained and used. The Ontology Layer is
defined by the Scope model, Data model, Behavior model and Semantic model. Fol-
lowing the golden rules, the methodology is conceived in an agnostic way not linked
to any software tool. Surveys of the existing ontology software tools show that a sig-
nificant number of tools exists on the market which are frequently used [6,7].

The Scope model defines the limits where the model works and contains all main
Data model objects and the definition of the functions which will define the behav-
iors. It is a major model for discussion between experts and should be maintained as
simple as possible.

The Data model defines the information handled in the selected scope. Using the
data objects from the Scope model, the engineers can enrich, reuse and complete the
Data model.

The Behavior model defines the behavior of the system delimited in the Scope
model, the simulation or other functions defined in the Scope model and complete the
full system description.

The Semantic model maintains connection between models among their lifecycle
given digital continuity to the ontologies. The Data model should be instanced with
real data coming from the databases (commercial applications, bespoke and legacy
systems) and is defined in different ways, different languages or different formats (i.e.
Date in American or European format).

2.3 Application of MfM to industrial and non-industrial Use Cases

This section describes the most representative research work made by the authors
applying MfM methodology and Model Lifecycle Management principles to industri-
al and non-industrial cases.

Modelling of Single Point Incremental Forming (SPIF) manufacturing technology
for sheet metal parts was demonstrated in [8], considering the complexity of the CNC



technology which usually requires a numerical study to validate the process. The on-
tology models were presented by means of IDEFO [9] diagrams and concept maps.

Mas et al. [10] presented an ontology for aerospace assembly lines in Airbus, with
the introduction of a novel way to characterize the adherence concept in the industrial
design process of aerospace assembly lines. The research presented a Scope model
and enriching the Data model with attributes and relations. ARAS Innovator was used
as MLM system to store the ontology and fulfill MfM requirements to manage lifecy-
cle and configuration of different objects.

A gender diversity analysis using MfM methodology was presented in [11], with
the objective of approaching this complex social problem in a novel way, applying
MBSE techniques and proving the applicability of MfM methodology to non-
industrial cases. The ontology was composed of a Scope model, a Data model and
Behaviors models, generated using several FOSS (Free Open Source Software) tools.

A preliminary ontology to support the collaborative engineering process of indus-
trial system design was presented in Arista et al. [12]. A Scope model and Behavior
model was defined and demonstrated through a use case of a global industrial system
design for DAO8 artifact, introduced by the authors to test aerospace use cases [13].

Some conclusions of these works was that the combination of more than one mod-
elling technique allowed defining a more robust ontology from different perspectives.
Also that designing the system scope model among all project participants, is an effi-
cient method to establish the starting point for development of both Ontology and
Service layers.

3 The need of metamodels to support MfM methodology

The MfM methodology is being defined and enriched iteratively, fed by the expe-
riences got from its application on different use cases, some of which were presented
in the previous section. The ontology layer is therefore being defined and refined
progressively. In a first phase, the Scope and Data model types were the ones mainly
addressed, as presented in previous works [8,10]. Currently, proposals for the Behav-
ior and Semantic models are worked in [11,12].

Until now, 4 models types have been created using the main concepts of MfM
methodology. Other secondary concepts could not be clearly formalized from the
beginning, but only after understanding the constraints found in the first applications
on real use cases. The goal was set to clarify these concepts at a later stage of the
project, and as a result, some ambiguities appeared between models of different use
cases. Such ambiguities have not prevented progress in the conceptual development
of the MfM methodology, however, they complexified the first implementation tests
in a PLM system.

The lack of a clear and precise definition of some concepts in the ontology layer
can lead to different interpretations in the team of experts as well as possible confu-
sion with the object schema of the modeling application that is being used. For exam-
ple, IDEFO diagrams allow you to define some Controller type objects that are not
part of the Scope model. This example shows that it is also necessary to specify how



to use an existing modeling tool, and thus with its own object schema, to implement
your own object schema.

The need to formalize all the concepts of the ontology layer has become more evi-
dent in the current phase of the project in which a Model Lifecycle Management
(MLM) is being developed and implemented. It is not only necessary to formalize the
concepts, but also to allow each concept to change and evolve during the development
of the MfM methodology. The objective of a MLM is to manage the life cycle, not
only of the objects of the different use cases (the models), but also of the formalized
concepts of the ontology layer (the metamodel).

The definition of the metamodel has been carried out using the Meta-Object Facili-
ty (MOF) standard from the Object Management Group. MOF is a Domain Specific
Language (DSL) used to define metamodels [14]. The metamodel developed includes
all the concepts of the ontology layer and 4 model types (Scope, Data, Behavior and
Semantic), as well as the relationships between them. The metamodel does not in-
clude information related to the diagrams visualization (positions of elements, size,
etc.).

4 Metamodel for the MfM Methodology

4.1  Scope Model

The Scope model contains the definition of the main system functions and main data
objects. Figure 2 shows the metamodel for the Scope model ('scope’ package). The
main concepts are the system functions or activities (Activity class), the resources or
means used for their realization (Means) and the data objects required and produced
by activities (DataObject, from the 'data’ package described in the next subsection), as
well as the relationships between them.

The root class of the 'scope' package is ScopeModel that is composed of a main
‘rootActivity' activity that is decomposed in sub activities.

Some concepts such as activities, means and data objects have been defined by a
pair of classes, one of them abstract, with a generalization relationship. See for in-
stance the Activity and AbstractActivity classes in Figure 2. This class structure al-
lows us to define relationships between objects of a same type. Thus, a sequence of
activities has been modelled by the relationship between AbstractActivity and Activi-
ty and the roles 'prevActivity' and 'nextActivity'.

An Activity class can be a ComposedActivity (see 'activityParent' and ‘activi-
tyChild' roles) or an ElementalActivity (an activity without children). The latter is a
key concept in the Behavior model, as discussed below.

An Activity may require different Means for its realization. Sometimes, the differ-
ent Means that are used in sub activities can be grouped in a single Means, easier to
associate with the parent activity. For example, “CAX” can be used to group “CAD”,
“CAD/CAM” and “CAPP” systems. This option has been defined with an aggregation
relationship between Means and AbstractMeans.

An Activity is performed by using Means, thus the relationship between both clas-
ses is simple and direct. Instead, DataObject can be an input to or an output from



Activity. To define this relationship, an ActivityDataRelation class has been included.
This class inherits two attributes (‘'dataRequired' and 'dataProduced’) from an abstract
class given that both attributes are also used in the 'behavior' package.

class scope ./

fbsiract SemanticAtributes
ScopeModel

AbsiractSemanticAtnibuies

«interfaces
AbstractMeans
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AbstractSemanticAinbutes -

«interfaces

‘ +bundleMeans
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zinterfaces

data::
AbstractDataObject

+prevactivity
0.

Abeztract SemanticAtributes

+rootActivity

«interfaces
AbstractActivityDataRelation

‘ +dataObjectChild
.-

+ dataProduced: Boclean
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+dataObjectParent

ActivityDataRelation

data::DataObject

I‘

Figure 2. Metamodel of the Scope model.

Similar to Means grouping, data objects can be related to each other by aggregation
relationships (see 'dataObjectParent' and 'dataObjectChild roles in Figure 2).

Currently, for prototyping purposes, IDEFO is the selected tool for building the
Scope model. IDEFO diagrams are a graphical tool widely used in aerospace since
decades and cover the requirement “simple to write, easy to read”. They adjust to the
proposed MfM metamodel. Examples of its use in the MfM methodology can be con-
sulted in previous work [8, 10-12].

4.2  Data Model

The Data model defines the information to be managed in the selected scope. Since
the Scope model already contains the main data objects, these objects are first mapped
from the Scope model to the Data model to start building it. Engineers can then en-
rich, reuse and complete the Data model by adding new data objects and object prop-
erties.

Figure 3 presents the metamodel for the Data model. The root class DataModel
contains all the data objects. A DataObject can be decomposed into child objects and
can have properties. You can also relate two data objects using the DataObjectRela-
tion class, which is used to specify the type of relationship in order to enrich the Data
model. A Property is usually (but not limited to) a basic data type of an object and has



two attributes 'dataType' and ‘'value' (examples: ‘float' and '8.0"; class 'Material' and
object 'steel H240LA").
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Figure 3. Metamodel of the Data model.

Currently, for prototyping purposes, concept maps are the tool of choice for build-
ing the Data model. A concept map is a graphical tool for structuring and representing
knowledge. It covers the requirements “simple to write, easy to read” and adjust to the
proposed MfM metamodel. Examples of its use in the MfM methodology can be con-
sulted in previous work [8,10-12].

4.3  Behavior Model

The Behavior model defines the simulation or other software defined in the select-
ed scope needed to check the full system. The key concepts of the Behavior Model
are the set of tasks to carry out each elementary activity previously defined in the
Scope model, the rules or procedures associated with the tasks and the constraints
associated with processing the data objects and properties previously defined in the
Data model.

Figure 4 presents the metamodel for the Behavior model. The root class Behav-
iorModel is composed of all the ElementalActivity defined in the Scope Model. An
Elemental Activity adds at least one Task. Each Means of the Elemental Activity (see
'scope’ package above) can be assigned to various Tasks of that Elemental Activity.

Tasks are modelled with the AbstractTask and Task classes. Two tasks can be per-
formed consecutively (‘prevTask’ and 'nextTask' roles). The rule or procedure to per-
form a Task is modelled with the Rule class. Each Task has its own Rule. A Rule can
have several Constraints. A Constraint is associated with a Property of a data object.
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Figure 4 Metamodel of the Behavior model.

All the data objects associated with the Elemental Activity are now assigned to the
corresponding Tasks. This can be done in two different ways. The first way simply
specifies which task in the elementary activity each data object uses. It is identical to
how it is done in the Scope model with the ActivityDataRelation class, substituting
the ElementalActivity for the Task. The second way is to use the TaskDataRelation
class to relate the Task to a specific Property of the data object, thus adding more
detailed information. Both ActivityDataRelation and TaskDataRelation classes inherit
the 'dataRequired' and 'dataProduced' attributes from the AbstractActivityDataRela-
tion class.

Currently, for prototyping purposes, an ad-hoc diagram type designed to build Be-
havior models based on the proposed metamodel is used. These diagrams are built by
using the open source software GraphViz in dot format [15]. They cover the require-
ments “simple to write, easy to read” and adjust to the proposed MfM metamodel.

Figure 5 has an example of Behavior model for use case “Manufacturing a part by
SPIF”. This example describes the system behavior for the activity "A21 Define
Forming Tool". There are tasks to define the tool radius and height and to draw the
tool in a CAD (Computer Aided-Design) system, following the indicated flow of
tasks from Start to End. Each task has a rule associated with it, which in this case are
described by short phrases such as "Set R value", "Set h_tool value" and "Draw the
3D model", respectively. Nonetheless, the content of the Rules must describe in suffi-
cient detail how the tasks are performed. On the other hand, some data objects such as



"Part Issues”, "Part Model" and "NC Program Issues" are required to perform the
tasks. These inputs are represented by an arrow pointing to the task. The text labels
accompanying the arrow indicates the attribute of the data object required to perform
the task. Similarly, the data objects that are generated (outputs) and their attributes are
represented by arrows from tasks to objects and text labels accompanying the arrows,
respectively. The example also shows constraints for the definition of the R and
h_tool parameters. For instance, the constraint "R_min < R < R_max" allows avoid-
ing possible issues in the part to be manufactured (the input object), in particular a
failure of the material being deformed (attribute), with the procedure to determine the

R value (the rule).
Tssues

\
\
\
\

’

. K
Seth_tool value

A12 Define Forming Tool

.’4
material  /

failure  / NG collision

R min <R <R _max

Legend

@ [~

Figure 5 Example of a Behavior model using GraphViz.

4.4  Semantic Model

The Data model in the ontology should be instanced with real data and run real use
cases. Information from databases (commercial applications, bespoke and legacy
systems) can be defined in different ways, different languages or different formats.
The Semantic model aims to maintain connection between models among the lifecy-
cle given digital continuity to the ontologies.

In the current preliminary approach, the Semantic model has been defined in a very
simple way by using a data dictionary, i.e. maintaining a detailed description of all
objects in the models. The data dictionary aims to help in the future construction of
interfaces for databases. This is modelled by adding common attributes such as 'name'
and 'description’ to all classes in the above 'scope’, 'data’ and 'behavior' packages.
These attributes are defined in the class AbstractSemanticAttributes which is inherited
by the rest of classes, as depicted in Figure 6.

Figure 6 presents the dependency between packages of the metamodel. The Ab-
stractMLMAtributes class in the 'mim’ (model lifecycle management) package con-
tains a series of common attributes for managing the lifecycle of models.
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Figure 6 Metamodel packages and their dependencies.

5 Discussion and Further Work

Models for Manufacturing methodology aims to be an agnostic methodology suc-
cessfully applied in different industrial and non-industrial cases. With the definition
of the metamodels presented in this paper, MfM defines an independent link with
software modellers. Any modelling software covering as minimum MfM metamodels
is a candidate.

The metamodel is designed to represent the full set of ontology concepts as simply
as possible. In this sense, the simpler the metamodel, the greater the potential model-
ing software candidates. As said before, IDEFO diagrams and concept maps have been
used to model the Scope and Data ontology models, respectively. Both diagram types
fit the metamodel requirements since they have enough modeling elements to cover
all the concepts and relationships of the metamodel. The use of these modeling tools
have been specified to implement the ontology layer. For example, the Controller type
object in IDEFO diagrams, which is not part of the Scope model, is processed as a
DataObject.

To support the lifecycle of the MfM models and to establish a collaborative envi-
ronment, the authors are currently working in a Model Lifecycle Management (MLM)
implementation to demonstrate different use cases and proofs of concept [16,17]. As a
consequence of the interfaces with the MLM, authors are now considering decoration
and cosmetics within the different software as an option.
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Further work will focus on deriving behaviour and simulation from the Scope

model to the Behaviour model, address the collaborative use of MfM techniques dur-
ing the conceptual ontology design, improving the model’s lifecycle management,
and building a virtual manufacturing environment to simulate MfM prototypes and
use cases.
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