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ABSTRACT

Providing relevant information at the right time to the right person is a key-factor for successful
products and for efficient processes in mechanical engineering. To support the information chain in
the area of product development — and especially in retrieving existing solutions — different
approaches exist (e.g. keyword search, classifications). Nevertheless, various barriers still hinder a fast
and easy access to information about existing solutions.

The presented research approach improves knowledge reuse in the intra- or inter-enterprise
information exchange by using semantic technologies. The access to relevant information about
possible solutions is based on describing solutions by functions. These functions are abstracted and
structured according to their goals. The function-based description is realized in an ontology model,
based on classifications and standards used in German industries. Undertaking the first step, the
ontology is built by extracting relevant concepts from different documents. The presented research
approach will be used to structure solutions in a web-based electronic-market-platform and provides
the access to various solutions from different sectors and enterprises.
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1 INTRODUCTION

Due to the rapidly increasing amount of information (e.g. in the internet), technologies and methods
have to be developed to make this information retrievable. In the last years, semantic technologies are
gaining importance. Several research projects focus on developing tools and knowledge models in the
context of semantic technologies. Even in industrial practice, hidden data become more and more a
problem (e.g. information appearing in e-mails, memos, notes support operations). This kind of data is
stored in an unstructured way and therefore not — or only with enormous efforts — accessible. Hidden
data can make up to 85% of data in an enterprise (according to an estimation by Merrill Lynch, [1]).
Therefore, the optimization of information logistics in supply chains by semantically enriched content
promises a possibility to overcome or to minimize this problem. With a new semantic infrastructure,
enterprises can communicate more efficiently with others, and, more to the point, with their customers
as well as consumers. In the process of product development a quick access to relevant and up to date
solutions — for instance from similar applications — is a key factor for an efficient development
process. Especially in the field of solution retrieval, a high potential becomes apparent. However,
because of the lack of cost- and time-efficient technologies to retrieve existing solutions (either within
one enterprise as well as on the market), “new” solutions have to be developed instead of reusing
existing ones ([2]). This results in a waste of time and high expenditures, and mistakes tend to be
repeated.

Therefore, research is needed to develop methods and technologies for solution retrieval in the field of
mechanical engineering. In the Use-Case PROCESSUS, which is one part of the German research
project THESEUS, this research is just in progress ([3], [4]). Within PROCESSUS, an ontology based
solution search will be developed and evaluated that shall enable the quick and precise access to the
required solution and application knowledge — so that the development processes are fundamentally
accelerated and optimized.

PROCESSUS is specified and demonstrated in a state-of-the-art scenario, taken from the domain of
automation technology (see Figure 1); this scenario is following the result in [2]: a product
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development engineer (Mr. Design) from a company offering system solutions for the layout of plants
is looking for solutions to a sub-system of a new packaging station. One important subsystem of the
packaging station is the transfer of bottles. Since the solution has to be cost efficient but of high
quality, the engineer wants to investigate alternative solutions from various manufacturers. He can use
different information sources to find relevant alternatives (e.g. databases, product builder). If he wants
to find solutions from various manufacturers he mainly has to use the well-known marketing channels
(e.g. general distribution, expositions) or search on the internet or in some e-Marketplaces. At present
however, information providers as well as clients face a huge complexity due to extremely
heterogeneous contents and inadequate access mechanisms. The main barriers are different or varying
taxonomies and classifications or different wordings (e.g. different viewpoints in sales, marketing, and
engineering). Even the consideration of competing technologies for a given application is currently
rarely supported in existing systems. So these barriers between an information seeker with a technical
problem and companies offering possible solutions have to be overcome if the potentials of existing
solutions are to be used more efficiently.
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Figure 1. Solution search and information sources in Mechanical Engineering

2 SOLUTION RETRIEVAL IN MECHANICAL ENGINEERING

Products and solutions in mechanical engineering often are the result of more or less complex
development processes and engineering tasks. Solutions — as understood in the presented context — are
the result of a development process, which ends up in a user-specific solution for a problem.
Therefore, a solution for one use case is not exactly a solution for the next use case — but it could have
some relevance for the next customer project. The reuse of existing solutions promises a shorter
process and an already approved solution.

2.1 Searching Solutions

General Aspects in Product Development

Many models exist to describe a product on different levels ([5-7]). The basis for generating a solution
are always the requirements. Built upon the requirements, the product is formed on the functional
level. Based on the functional level, the concept is defined in its principles. Subsequently, the
principles are detailed and product is embodied. Therefore, solutions appear on different abstraction
levels: functional level, conceptual level and the detail design or embodiment level.

Understanding Solutions in the Scenario

In the presented approach, finding solutions is focused on the design level. In this level, products are
completely detailed and are in use in the same or similar applications. These solutions are the result of
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the engineering process; they are built up from different parts and assemblies and combined to a

system with the ability to fulfill the customers’ requirement.

The following criteria define the necessary description of a solution in this context:

e A solution fulfills one or more specific functions in an application field and fits to one or more
customers’ requirements and needs. The description of a solution is complete when the solution
and its corresponding application are described.

e To generate a solution, some designing work has to be done explicitly; it is a combination of
different components and assemblies. A solution is not just extracted of a product catalogue; it
has to be adapted to the specific usage.

In the scenario, possible solutions are different systems for transferring bottles (Fig. 2): such system

can be a transfer system with pneumatic drive or a bottling system with electric motor drive. The

solutions can also differ in their mechanical construction, e.g. a one-hand robot vs. a portal system.

They have in common, that they can fulfill the function of transferring objects. Each solution is

adapted for the special needs of the later plant user.
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Figure 2. Possible solutions for transferring objects e.g. for packaging bottles

2.2 Methods and Technologies for Information Retrieval

In computer science different methods and technologies enable the information retrieval (IR) in
databases or unstructured data storages. In the context of search mechanisms, keyword-based methods
represent the backbone of many systems. The user describes his problem or search request with one or
more words — possibly linked with different Boolean operators — and receives the information, which
is connected with this keyword. These search mechanisms can be optimized by more or less intelligent
indexes. These indexes can use statistics or other kinds of intelligence (manually designed index). The
problem of these indexes is, that the context the keyword is used — either on the user-side or on the
information side — is not captured; if the user types in “handle crate” the computer does not
understand, whether he searches for handling “fruit crates”, “dog crates” or even “a crate of beer”. To
overcome this lack, methods for understanding the meaning have to be used. Besides the keyword
search, users have the possibility to navigate in different structures (e.g. classifications, taxonomies) to
find the information required — if information is stored or presented in a structure the user can
understand ([8]).

New web technologies (semantic web, ontologies) try to close the semantic gap between the user and
the representation of information. In the semantic web, ontologies form the backbone and are a key
part of semantic-based search mechanisms. Ontologies are a formal conceptualization of reality, which
a machine (e.g. computer) can understand. In the field of mechanical engineering, different ontologies
have readily been developed ([9], [10]). The intentions for these ontologies were information retrieval
as well as structuring the existing knowledge in the product development process. However, they do
not take into focus solution search and retrieval.
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2.3 Information Sources for Retrieving General Solutions on different Levels

To give a brief overview of the present situation in the area of mechanical engineering, some existing
sources to support a developer with the required information about solutions or parts of a solution are
presented. In addition, some deficits of these sources are shown.

Many different approaches exist to supply required information to a developer (Fig. 3). For the search
for basic principles, collections of physical effects exist ([11], [12]). In addition, databases with effects
from various areas of natural science can be used (amongst others CREAX, GINA and
GoldfireInnovator - formerly Techoptimizer from Invention Machine). Furthermore, a variety of
product catalogues, construction catalogues and internet-based databases deliver requested
information. The internet increasingly gains an important role in the delivery of this information.
Several market platforms (e.g. VDMA-e-Market und Xpertgate) exist which offer the possibility to
search for products of more than one company.

These existing sources have some deficits regarding the retrieval of existing solutions. Either they are
very abstract (collections of physical effects), or quite a huge amount of knowledge is needed finding
and using them (construction catalogues). If the user does not know the particular defined terminology
for the source, it costs a lot of time to find the needed information. Furthermore the search for and the
comparison of products from different companies is very time-consuming. In addition to that, the
maintenance of market platforms is very challenging as the heterogeneous viewpoints and
terminologies of the included companies have to be provided. All the presented approaches have the
deficit of a real function-oriented search, which links functions to the complete system solution.
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Figure 3. Information sources for solutions on different abstraction levels

3 SOLUTION APPROACH BASED ON FUNCTIONS AND FUNCTION GOALS
To overcome the semantic gap between the problem and the solution side both have to be abstracted to
a level, that the designer searching for a solution can understand and in which the solution can be
described. According to the general model of products, functions are the level of technical products
that describe them in an abstract understandable way. Problems still exist in the different wordings, the
different views and the different meanings of some functions. Therefore, comparing different
functions and to decide their relevance to each other, requires mapping them to a similar level of
abstraction.

3.1 Defining the Functions of Systems

Every technical system can be described by the functions it fulfills. According to [7] and [13],
functions of systems are described with a verb and a noun. The verb describes the operation that the
system applies on the object which is represented by the noun in the functional description.

In design methodology and in systems engineering, a function describes the system from an external
point of view: what is the input and what is the output (also called black box principle). The
functionality itself is not in focus, it does not matter, in which way the function is realized. Functions
can be described on different decomposition levels of systems ([14, 15], Fig. 4):
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e  Functions on the first level (basic functions, overall function; in the scenario the “first level” e.g.
to package the bottle).

e  Functions on more detailed levels (subfunctions; in the scenario the “second level” e.g. to grip
the bottle, to move the bottle as subfunctions of “to package the bottle”).

In the presented approach, the function of a system on the first level is in focus to describe the

necessary understanding of a system as a solution for a certain customer application.
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Figure 4. Definition of a system function on different abstraction levels

3.2 Structuring Functions by a Functional Basis

Different approaches to structure functions can be found in literature ([16], [17], [18]). There are
already functional bases, which structure functions or separate objects and operations. Objects are
classified with their physical properties (e.g. material, signal, energy [19]); operations can be classified
depending on their action (e.g. branch, channel, connect, control magnitude, convert, provision, signal,
support [19]). The problem with these structurings is that they are very general and that they have a
clear vision of the technical aspects the system works on. To describe functions from an application
side, the intended goal or intention why the user uses this system has to be described. For that reason
the goal of the function or at least the goal of the operation, effecting the object, has to be extracted.

Abstracting Operations by defining their Goals

According to [20] technical verbs can be sorted and structured in relation to their goal; every verb —
and therefore every operation in a function — has the goal to do something with one or more attributes
of an object. Four logical actions exist: to generate, to eliminate, to conserve or to change an attribute
(see Fig. 5). These actions can be applied to all attributes of objects and then describe the goal of a

technical system or solution from the users side. The mapping of functions to their goals enables
possibilities to cluster them in different groups, as needed for a search for special interest.
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Figure 5. Goals of functions as transforming an object from initial state to target state
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Defining the Attributes and Properties of the handled Objects

Besides the operations described and abstracted as described above, objects have to be represented by

a model. According to [21], objects or systems have different attributes:

e  Conditional Attributes — These attributes describe the origin attributes of an object (how is the
object conditioned?). Examples are shape, material and surface.

o  Functional Attributes — What effect or impact has the system? These attributes describe the
ability of a system to transfer an input to an output.

e  Relational Attributes — These attributes describe the behavior of the system in relationship to
the system environment (e.g. the costs ...). The relational attributes are based on the functional
and the conditional attributes.

These attributes can also be divided into direct and indirect attributes from the viewpoint of
influencing the attributes of a system in the design process. The designer defines the direct attributes
(e.g., he defines geometries, materials). The result of these definitions is found in the functional and
relational attributes (e.g. the attribute “corrosion resistance” cannot be designed directly; the designer
has chosen a certain material in order to influence the corrosion resistance). [5] orders the attributes of
objects in elementary design properties and intrinsic and extrinsic attributes, also according to their
possibilities to be influenced. Regarding the functional view, objects are passive — they are handled by
an operation. Therefore, the functional attributes or the relational attributes are from minor interest
when describing functions of a system.

The ”Operation-Goal-Matrix” used as a adequate Abstraction Level

To combine the object and the operation description, each technical verb can be mapped into a so-
called “Operation-Goal-Matrix” (OGM). In this matrix, every verb is assigned to one or several
abstract operations on the attributes of an object. The attributes are structured into geometric (e.g.
length, area, volume), kinematic (e.g. position, orientation), material-energetic (e.g. color,
temperature) and structural (number, composition) attributes (according to [21]). Besides these typical
object attributes information as a general class can be acted on. The matrix consists of the attributes in
the columns and the different operations in the rows (Fig. 6). The connections between the operations
and attributes are the four abstract operations mentioned above, augmented by two actions resulting of
a possible uncertainty when filling the matrix. As there is always an uncertainty due to the high
abstraction level, the OGM offers not an exact mapping, but should rather represent a further possible
option to overcome the barrier of different wording.

In this way, for example, the two operations “package” and “settle” can be linked as both “generates
coherance”. Thus, a solution for “settle a bottle” can be found even if a solution for “package a bottle”
is searched.
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Figure 6.Section of the Operation-Goal-Matrix (with operations from the packaging area)
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4 ENGINEERING AN ONTOLOGY FOR SOLUTION RETRIEVAL

Based on the solution approach focusing functions and abstraction as the connecting level between the
problem or application side and the solution, a knowledge model has to be developed which can be
used in state-of-the-art search engines. Ontologies perform an adequate tool to model the problem and
to use it in semantic technologies ([22]). The developed ontology has to support the user (e.g. the
developer within a beverage packaging systems manufacturer) in finding solutions and products for
different subsystems of the system he wants to develop. The search is not limited to known and
applied solutions within the own company (intranet), but also contains the capability to research for
possibly fitting products from other areas of interest, which can be found in the internet. Thus, the
description of components and products is extended with the knowledge of the related application. As
there are many different heterogeneous viewpoints in the various areas of mechanical engineering,
their respective specialized terminology has to be linked systematically and consistently. To achieve
this, further classifications and taxonomies are integrated in the ontology.

The ontology is developed in the context of the use-case described above. Based on several product
descriptions in the area of packaging technology, the ontology is built step by step and increased
continuously. In future steps, the ontology can be enhanced by integrating products of other areas of
machine or plant engineering. The ontology can be divided into two parts: the first part yields from the
description of the functions of the system. It creates the base structure of the ontology. The second part
results from the approach of describing different viewpoints of the solutions. Within a further
classification and taxonomy, it is possible to embed different views of different industrial sectors.

4.1 Methodology and Ontology Development Process

The different steps to build the ontology are shown in Fig. 7. They correlate with the typical steps for
building ontologies ([10]). After analyzing the existing taxonomies and classifications and integrating
them into the ontology, the focus was put on the instances and especially on the functions. They were
extracted by literature review and document analysis.

existing solutions | %o

extraction of functions

elimination of
redundant terms

Iterative
building and
extension of
the ontology

[ unctoncorer | obiect | opersion |
| list of functions | Packaging machine  Bottle package
Packaging machine Tray package
linking functions and Packaging machine Flask package
function carriers
building & detailling ‘
classes and relations T — =
i —

Y adding of individual =
solutions —a

Ontology (realized
with Protégéas a
owl-file (owl-DL))

Figure 7. Steps and results building the function-based ontology

Based on existing product descriptions (in this case: packing machines), functions are extracted by
annotating text. Redundant terms of semantically equal meaning (e.g. bottle, flask, PET-bottle) are
then eliminated. The outcome is a function list in which the functions are linked to the related systems
(function owners), objects and operations. The links between the function owners and functions form
the basis for the ontology. The structure of the classes and relations results from the requirement that
the functional modeling of the product can be described completely. In the next step, this ontology is
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filled iteratively with information about other solutions from the packaging technology and is
complemented with additional classes and relations when required. So far the demonstrated steps are
performed manually so far. In a next step, existing solutions will be scanned automatically for relevant
functions and objects and embedded in the existing ontology.

4.2 Structure and Organizing Principles in the Ontology

Structure and Instances

The structure of the ontology is strictly focused on retrieving relevant solutions for a specific problem.
Therefore, existing classifications and taxonomies have to be integrated in the ontology. Fig. 8 shows
the structure of the ontology at the root level with the information sources the concepts stem from. The
base structure includes the classes and relations of the highest hierarchical level. The functions of a
product, the relevant industrial sector, in which the products are used, properties and operations are
described. The function has the central position. It is used in a special industrial sector, executed by a
function owner and performs a certain operation on a decent object. The operation has the operation
goal, which is defined in the OGM. In addition, objects can have defined properties.

Within the several classes of this base structure, further classification contains subclasses, which
assure detailed distinctions of all contained data. The instances (function individuals, object
individuals) are filtered out of the text annotations and related with the appropriate subclass. The
information sources are in textual form (e.g. the norms and textbooks, [23-25]). To transfer this
information in a computer-understandable format (here the ontology) is a task, which request
knowledge of the application domain as well as the well-known standards.

e.g. NACE

[http://ec.europa.eu/e R .
urostat/ramon/] S industrial sector

e.g. product descriptions, data

function owner sheets (form enterprise sources)

executes

performs

- Text annotation:
e e.g.internet

sources -
* e.g. handbook,

textbooks

works on

e.g.norms,
hasa textbooks

Figure 8. Structure and relationship in the ontology with the according sources

As the result, the ontology — at the present state — consists of about 80 concepts with ca. 30 different
relationships between them. The relations are implemented as properties in the ontology. For example,
the property “function performs operation” connects the two concepts “function” and “operation” (see
Fig. 8). About 250 instanced were extracted out of 20 descriptions of solutions in the field of
packaging industry. Depending on the focus packaging industry, no complete classifications, thesauri
or classifications are integrated yet. The ontology just contains the relevant concepts and instances and
can be enlarged by including complete classifications in a further step.

It is important to mention that the analyzed document (e.g. norms) do not include all information
necessary for detailing and describing the individual concepts and instances sufficiently. Therefore,
the knowledge model implies more than just the information — it’s a high-sophisticated step to collect
different information and to transfer them to the ontology.

Organizing Principles for different Viewpoints

By defining the properties of the concepts, the individual concepts are linked by the concepts
relationships. This forms the basis for reasoning tools, which can use the modeled knowledge and
interfere new relationships. These reasoning tools allocate the single terms (represented as individual
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instances in the ontology) into different structures depending on the viewpoint. Therefore, baesd on

the representation of the semantic connections in the ontology structure, different views on the

deposited terms and concepts can be used. These views can be seen as organizing principles and are

integrated into the ontology.

Using the example of the functions, the concept of the organizing principles will be described. Taking

different views on an existing solution out of different perspectives, several functions exist to describe

one possible solution. For example, different companies describe - according to the particular

industrial sector (assembly technique, packaging technique) - their solutions and products in a

different way:

e  Company A, a manufacturer of robots for different assembly tasks, describes its solution for the
packaging of bottles into boxes with the function “handle bottles”.

e  Company B, a manufacturer of pneumatic components and related system solutions describes its
solution as transfer system for bottles with the function “transfer or transport flasks”.

Both views are considered in the ontology in the form of organizing principles. Hence, functions

which describe similar or equal tasks or jobs can be integrated in separate taxonomies — according to

their industrial sector.

However, both classes possess properties and specifications of significant attributes which enable

building a relationship between them: Both of the functions can — on a more abstract level — change

the position of an object. With this commonality it is possible to automatically sort them by reasoning

of the ontology and combine them in the more general class “change position” (Fig. 9).

Organizing Principle 1 functions company A operation goals
— | handle bottles I\\ (object attribute + operation)
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Organizing Principle 2 functions company B \ \ objectattribute
) || transfer flasks T =
v L. ]
functions — set in relevance to each other by their goal . 7\ -
_ 1 operation
. itie -
| general goal: change position J_ - _ e \
-—— -
handle bottles “« - _ — == " [ functions placed (.. ]
transfer flasks -—--- by reasoning

Figure 9. Organizing principles and reasoning different viewpoints

5 EVALUATING THE SOLUTION APPROACH IN THE SCENARIO

To evaluate the solution approach, it is applied to the user-scenario on a virtual eMarket-platform.
Supported by the function-based knowledge model, a prototype is developed and implemented to
support designers searching for possible solutions for packaging bottles in crates. This prototype bases
on a semantic search engine looking for specified web sites of different companies. The information
relevant to the use is identified by links and relationships in the ontology.

In the above-described scenario, a designer can find existing alternative solutions while searching for a
system to “transfer a bottle” (representing function and application with an operation and object). To
find relevant information for possible solutions he uses the virtual platform, which is supported by the
German Engineering Federation (VDMA) and offers at the actual state different products from
different sectors. With the Operation-Goal-Matrix (OGM) an efficient linking between the problem’s
side and solutions is achieved.

In the scenario, the designer is supported to describe his problem (“I want to package a bottle”) in an
abstract and more general view, e.g. “change position”. The relationships between the concrete
problem descriptions and the general concepts are implemented in the domain specific ontology for
the packaging industry. After describing his problem, the engineer is led to a number of promising
solution principles (e.g. mechanical, hydraulic, and pneumatic). The solution itself is linked into the
ontology in the same way the designer described his problem. Whereas the product is described with
“package bottles”, the ontology supports abstracting the operation of the product and describing it in a
more general way with “change position” (Fig. 10). By setting further requirements (e.g. batch
quantity, merchandise, packaging material), the solution space can be narrowed down and different
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solutions and products as well as a number of companies offering these products are returned as the
result.

The quality of presented solutions depends on the quality of the ontology. The user’s world has to be
modeled as well as the possible concepts of the presented solutions. Here, automatic mechanisms (e.g.
ranking algorithms) support the ranking of the relevant items and terms and enable the extraction of
the important ones. Besides representing the relevant concepts in the ontology the quality of the
relationships is of high influence on the quality of the search results. The evaluation and evolution of
the ontology is a very crucial aspect directly influencing the acceptance of a semantic based search
engine.
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Figure 10. Overcoming the semantic gap by the Operation-Goal-Matrix (OGM)

6 CONCLUSION AND OUTLOOK

Conclusion and Summary

The presented approach bases on a function-oriented description of solutions and search request. At
presence, different barriers hinder employees in mechanical engineering companies— either in
development or in sales and marketing processes — to reuse existing solutions or to find relevant
information. The core of this approach is the connection between operations in functions and their
corresponding goals (Operation-Goal-Matrix). This allows an abstraction level independent of
concrete solutions, offering the right information about relevant solutions “solution seekers” rapidly
and cost-effective.

The research approach is applied to solutions in packaging industry. The Operation-Goal-Matrix is
realized as an ontology and complemented with further essential concepts for solution retrieval
(industrial sector, function carrier). These concepts were extracted from different sources and
integrated manually in the ontology.
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The developed ontology will be integrated in a search engine in the near future and enable information
seekers to get the requested information about relevant solutions. The ontology will work in analogy to
an optimized index, supporting a broader solution space.

Outlook

As the overall research project is still in progress, some open items and questions have to be
addressed. The most important one is to evaluate the quality of the improved semantic search in detail
(precise and recall).

Further questions concern the evolution of the existing core ontology. The intention of the e-
marketplace is to include solutions from various companies. Therefore, it is intended to include further
partners in order to expand and detail the ontology. Due to the high effort necessary to develop the
ontology manually, a semi-automatic support is planned (e.g. statistic methods to decide the most
important terms and wordings).
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