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Abstract. Product Life Cycle Management (PLM) strategies have been proven
as recommended approach for handling, planning and decision making regard-
ing all aspects of products different life cycle stages. As this domain includes
number of actors, system platforms and technologies, gathering information and
handling knowledge often emerges as challenging problem. In this paper we
propose a methodology to support a PLM approach taking advantage from the
emerging semantic web technologies and the underlying paradigm of Linked
Data. The main purpose of this methodology is twofold. First, it aims at provid-
ing a semantic model for handling different data sources and data types, struc-
turing thus information from all stages of a product life cycle. Second, it ex-
tends reasoning mechanisms offered by semantic technologies, to conduct com-
parative and in-depth data analysis based on data mining and pattern discovery.
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1 Introduction

In today's modern manufacturing world, products are often highly complex and actors
in products life cycle are numerous, diverse and sometimes geographically distant.
Yet, to be able to remain concurrent in highly competitive market, quality, ecological
impact and pricing have to be optimized over entire life cycle. Different types and
formats of data have to be gathered and analyzed on the one hand, and on the other
hand, communication between sometimes very diverse software platforms have to be
enabled. First step toward this goal is creating unique, all-spanning knowledge base
which will map all concepts and relations present in the entire domain. Semantic
models are shown to be a good technique for tackling such challenging projects.

In this paper, we first present the challenge in question, by elaborating in details
PLM components and complexity. Life cycle stages are defined and key aspects are
explained, giving the insight in diversity of processes that need to be taken into con-
sideration. Further on, semantic web technologies are presented and range of available
tools is explored. This gives a solid image of possibilities of semantic models, their
structure and potential functionalities. Next, concept of "Linked data" is presented,
together with the guidelines for defining the domain of relevant product related data.
In this context, we propose a methodology based on the application of Linked Data
paradigm to the context of PLM. We present the developed generic and specific on-
tologies, as an example of reusable semantic models, developed within the European



FP7 project LinkedDesign. Finally example of exploitation of linked data to capture
additional knowledge is presented, extending thus reasoning mechanisms offered by
semantic technologies.

2 Product Lifecycle Management

Product lifecycle management (PLM) is defined as a concept for the integrated man-
agement of product related information through the entire product lifecycle [1]. This
vision is enabled by recent advances on information and communication technologies
and is needed to support current industry needs for faster innovation cycles combined
with lower costs. The aim of this integration is to overcome the existing organization-
al barriers and to streamline the value creation chain, based on the integration of mul-
tiple software components [1-3], generally enterprise resource planning (ERP), prod-
uct data management (PDM) and other related systems, such as computer aided de-
sign (CAD) and customer relationship management (CRM) [4]. The term “lifecycle”
generally indicates the whole set of phases, which could be recognised as independent
stages to be performed by a product, from “its cradle to its grave”. Product lifecycle
can be defined by three phases [5-6]:

- Beginning of Life (BOL) including design and manufacturing. In this phase,
the product concept is generated and subsequently physically realised. Using many
tools, techniques and methodologies, designers, planners and engineers develop the
product design and the production process, plan the production facilities and manage
manufacture of products with diverse suppliers.

- Middle of Life (MOL) including distribution (external logistic), use and sup-
port (in terms of repair and maintenance). In this phase, the product is in the hands of
the final customer, i.e. product consumer and/or some service providers, e.g. mainte-
nance actors and logistic providers. The product history related to distribution routes,
usage conditions, failures and maintenance can be collected to create an up-to-date
report about the status of products.

- End of Life (EOL) where products are retired — actually recollected in the
company’s hands (reverse logistic) — in order to be recycled (disassembled, remanu-
factured, reused, etc.) or disposed. Information from EOL about ‘valuable parts and
materials’ and other knowledge that facilitates material reuse should be routed to
recyclers and re-users, who can obtain accurate information about product status and
product content.

During BOL, the information flow is quite complete as it is supported by several
information systems like CAD/CAM/CAE and PDM. However, in contexts where
several information systems are used and where other structured and unstructured data
sources are spread across different stakeholders, information flow becomes vague or
unrecognized [7]. As a consequence, actors involved in each lifecycle phase make
decisions based on incomplete and inaccurate information, which leads to operational
inefficiencies [6]. The main challenge in this context is to provide a solution ensuring
a seamless continuation of knowledge throughout the entire lifecycle and capable of
capturing the dependencies between lifecycle stages.



3 Semantic Web Technologies and Open Web Linked Data

3.1 Semantic web

The Semantic Web' provides a common framework that allows data to be shared and
reused across application, enterprise, and community boundaries. It is considered as a
vision of information that can be readily interpreted by machines, so machines can
perform more of the tedious work involved in finding, combining, and acting upon
information on the web. The Semantic Web involves three core technologies: Re-
source Description Framework (RDF), Web Ontology Language (OWL), and Exten-
sible Markup Language (XML). These technologies are combined in order to provide
descriptions that supplement or replace the content of Web documents. The machine-
readable descriptions enable content managers to add meaning to the content, leading
to describe the structure of the knowledge we have about that content. In this way, a
machine can process knowledge itself, using processes similar to human deductive
reasoning and inference, thereby obtaining more meaningful results and helping com-
puters to perform automated information gathering and research.

3.2 Linked Data paradigm

The term Linked Data’ refers to a set of best practices for publishing and connecting
structured data on the Web. These best practices have been adopted by an increasing
number of data providers over the last three years, leading to the creation of a global
data space containing billions of assertions— the Web of Data. Linked data is is based
on four principles as follows:

All items should be identified using URIs.

- All URIs should be dereferenceable— that is, using HTTP, URIs enable anyone
(machine or human) to look up an item identified through the URL.

- Looking up a URI leads to more data.

- Links to URIs in other data sets should be included to enable further data discov-
ery.

In contrast to semantic web vision, Linked data is mainly about publishing structured
data in RDF using URIs rather than focusing on the ontological level or inference (4).

4 Linked Data in PLM

Having the concept of Linked Data in mind, we propose in this section to define a
process of conceptualizing the PLM approach through four main activities: specifica-
tion, modeling, generation and publication, and exploitation, described in the follow-
ing sub-sections.

Uhttp://www.w3.0rg/2001/sw/
2 http://linkeddata.org/



4.1  Specification

At this first stage, the need is to define the requirements to design a semantic model
covering several aspects of the product lifecycle. In our previous work [8], we have
defined a bottom-up approach based on the User Story Mapping method (USM). This
method is user-centric and leads to the definition of current and/or expected scenarios
and processes. Common concepts and viewpoints are then derived and generalized
through a process of merging defined roles, activities and usages sequences with a
focus on the product content. This bottom-up approach, which combined with appro-
priate tools and methods (such as questionnaires, standards specifications, knowledge
based approaches, etc.), resulted in the specification of the knowledge network and
domain for sharing and reusing knowledge in collaborative product development.

4.2  Modeling

This second stage aims at modeling the domain and providing a semantic model to
cover the requirements of PLM applications. In our previous work, published in [9],
we have designed a fundamental ontology which aims to be easily adjusted and
adopted for different product engineering systems, thus eliminating the need for repe-
tition of entire design process for every individual company. Being generalized, this
ontology needs to be specialized for each specific application. Schema of concepts of
this ontology is given in the following figures. This ontology has been specialized to
two use-cases: LCC application in product design, published in [10-11], and metrolo-
gy in manufacturing.
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Figure 2 Specification of ontology for metrology in manufacturing

4.3  Generation and publication of data sets

A variety of approaches to mapping data-sources with the ontology and methods for
generating RDF statements and publishing them as Linked Data exists in the litera-
ture. Virtuoso RDF views [12-14] for instance are production-ready tools for generat-
ing RDF representations from relational database content. Some of them even aim at
automating partially the generation of suitable mappings from relations to RDF vo-
cabularies.

44  Exploitation

This final stage consists of analyzing data taking advantage from structuring as well
as reasoning features offered by semantic technologies in order to analyze dependen-
cies between lifecycle stages data from the generated datasets. The next section is
dedicated to this phase and provides an industrial use-case for data analysis.

5 5. Data exploitation and knowledge discovery
5.1 Preparation of data

Striving towards sharing of data and knowledge exchange between different life-
cycle phases has lead to immense improvements in manufacturing world. Data col-
lected during exploitation and maintenance of a product are used by designers to
make better decisions during design of future products. Same data are used by engi-



neers to improve manufacturing line designs. Data from manufacturer and mainte-
nance are used for improving recycle and reuse decisions. Yet, selection of data to be
exchanged is always very case specific, and it's based on some already assumed
cause-effect relations. Design of unified data bases, opens a possibility of having
overview of all available information, but in these cases it becomes challenging to
manage these high volume data, especially in a case of more complex products,
whose manufacturing and maintenance require number of individual processes per-
formed by different actors.

By modeling entire product life-cycle domain in one semantic model, we are able
to maintain the same advantage of having overview of all available information and
also exploit on structure of RDF metadata. In our work done so far on the domain of
product life-cycle, we have used ontology to model this RDF statements graph. This
choice was made due to number of additional advantages of ontology such as, reason-
ing over data, consistency check-up and variety of visualization options. Having con-
cepts from all phases of life cycle in one model, allows us to define assumed cause-
effect relations, thereby completing the model. The real added value is created once
we employ reasoning over data, and in this case, we benefit from rule inference spe-
cifically. Starting from base set of rules and relations, ontology will automatically
expand this network, thus creating all possible rules and relations that can be inferred.
This new relations give a very good insight in where unknown cause-effect processes
might be found.

5.2  Application of data mining

Important part of exploitation of data merged from entire product life-cycle is data
mining and pattern discovery, since it results in potentially yet unknown dependencies
present in data. Using entire collection of data is unsuitable for processing due to high
diversity of data and too large number of topics merged. Appropriate data sets have to
envelope potentially correlated concepts and still not span over too wide part of the
domain. Rules and relations within ontology, defined by human experts as well as
those inferred, are natural indicator on where dependencies exist and thus, they can be
used for extracting useful data sets. By merging attributes of concepts between which
there is a relation, we get data sets for which data-mining exploration could give new
knowledge and understanding of product life-cycle. Since all the attribute values will
be of correct type and within predefined ranges, detecting missing data or outliers
becomes obsolete. Having data structured within ontology, thus simplify the time
consuming data preprocessing step.

Our use-case is driven from metrology applications in automotive industry, and is
limited to design and manufacturing processes. Following the proposed methodology
described in the previous sections, and using the ontology network implemented in
our previous works, we have applied, at this stage of developments, a manual ap-
proach to generate related datasets. One example of benefits coming from gathering
data from different life stages of a product is given in a Figure 2 and Figure 3.



Figure 3 CAD model of a part
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Figure 4 Scan of a manufactured part, without crack (left) and with crack (right)

Figure 2 displays CAD model of a part, as it was designed. On the other hand Fig-
ure 3 displays 3-D scans of physical parts manufactured according to design. On a
left-hand side image, the manufacturing process was performed successfully, while on
the right-hand side shows crack. Having these data sets from design stage and manu-
facturing stage in same data model, enables development of a tool for automatic crack
discovery. This is only one example of prospective exploitation of semantic data
model spanning entire product life cycle.

6 Conclusion

The application of Linked Data paradigm in the context of PLM seems to be a prom-
ising approach to deal with numerous and scattered system data sources involved in
the lifecycle. Ontology as a key enabler of Linked Data are interoperable systems that
can be merged and aligned, thus eliminating the need for any future translators or
communication bridges between different systems. The larger the domain covered
with ontology model is, the more powerful exploitation mechanisms become. Design
and implementation of such unified data and knowledge model, opens endless possi-
bilities for application of tools for automated data analysis, knowledge extraction,
reasoning over data, patterns discovery and domain visualization. The proposed ap-



proach can be considered a step toward more efficient knowledge reuse and new que-
rying techniques. Finally, numerous technics in the field of learning mechanisms and
artificial intelligence can be applied in this context in order to extend reasoning capa-
bilities beyond inference-based technics offered by semantic technologies. By apply-
ing these technics and taking advantage from the Linked Data paradigm and related
enabling technologies, we will be able to provide anticipation capabilities supporting
decision making in product lifecycle management.
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