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HIGHLIGHTS

Automatic generation of recommended assembly tolerance types is implemented.
The proposed approach can further reduce the number of recommended assembly tolerance types.

The approach can enhance the clarity, uniformity and consistency in the design of assembly tolerance types.
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[ ]
e The approach is relatively complete and highly efficient and supports the semantic interoperability.
]
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Ontology-based technique is a useful technique to model and reason structure and constraint knowledge.
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In most cases, designers have to manually specify both assembly tolerance types and values when they de-
sign a mechanical product. Different designers will possibly specify different assembly tolerance types and
values for the same nominal geometry. Furthermore, assembly tolerance specification design of a com-
plex product is a highly collaborative process, in which semantic interoperability issues significantly arise.
These situations will cause the uncertainty in assembly tolerance specification design and finally affect
the quality of the product. In order to reduce the uncertainty and to support the semantic interoperability
in assembly tolerance specification design, an ontology-based approach for automatically generating as-
sembly tolerance types is proposed. First of all, an extended assembly tolerance representation model is
constructed by introducing a spatial relation layer. The constructed model is hierarchically organized and
consists of part layer, assembly feature surface layer, and spatial relation layer. All these layers are defined
with Web Ontology Language (OWL) assertions. Next, a meta-ontology for assembly tolerance represen-
tations is constructed. With this meta-ontology, the domain-specific assembly tolerance representation
knowledge can be derived by reusing or inheriting the classes or properties. Based on this, assembly toler-
ance representation knowledge is formalized using OWL. As a result, assembly tolerance representation
knowledge has well-defined semantics due to the logic-based semantics of OWL, making it possible to au-
tomatically detect inconsistencies of assembly tolerance representation knowledge bases. The mapping
relations between spatial relations and assembly tolerance types are represented in Semantic Web Rule
Language (SWRL). Furthermore, actual generation processes of assembly tolerance types are carried out
using Java Expert System Shell (JESS) by mapping OWL-based structure knowledge and SWRL-based con-
straint knowledge into JESS facts and JESS rules, respectively. Based on this, an approach for automatically
generating assembly tolerance types is proposed. Finally, the effectiveness of the proposed approach is
demonstrated by a practical example.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

ability of assembling and the quality of product, but also the
manufacturing cost and service life of product. So designers need

Product design involves the assembling of parts or components, to seriously consider how to specify reasonable assembly tolerance
in which assembly tolerance specifications not only affect the specifications in product design. Specifying assembly tolerance
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specifications is the activity of specifying both assembly tolerance
types and values. Assembly tolerance specifications are preferably
carried out conformance with the tolerancing standards (e.g. ISO
1101 [1], ASME Y14.5M [2]). These standards, therefore, do not
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provide a practical approach to specify assembly tolerance types
and values [3]. In a computer aided design system, how to
implement automatic generation of assembly tolerance types and
values has become an urgent problem [4]:

e In practice, assembly tolerance specifications are specified by
designers either in design drawings or in CAD systems. In this
situation, assembly tolerance specifications are largely depend
on the judgment and experience regarding factors like func-
tional requirements, selected materials and manufacturing
processes. Different designers will possibly specify different
assembly tolerance specifications for the same nominal geom-
etry. When we design a simple product, the influences under
this situation are not so great. But when we design a complex
product, this will greatly increase the uncertainty in assembly
tolerance specification design and significantly affect the qual-
ity of the product.

e The process of assembly tolerance specification design of a com-
plex product is a complex and highly collaborative process.
Designers have to synthetically consider geometrical features,
functional requirements, tolerance types, tolerance values, and
tolerance principles. This process often involves different de-
signers at distributed sites with heterogeneous CAD systems.
Interoperability issues arise in such a collaborative process be-
cause: (1) There is a need for sharing the semantics of tol-
erance information among designers who do not necessarily
share the same definition of terminologies, the same meaning of
tolerance information, or the same background and perspective
about an assembly tolerance specification design. (2) Disparate
CAD systems and heterogeneous data sources with proprietary
information representation schemas coexist. (3) Fundamentally
different representation approaches and data formats are used
in data interchange processes. So there is a critical requirement
for process and information interoperability in assembly toler-
ance specification design.

e Automatic generation of assembly tolerance specifications is
still not completely realized in current commercial computer-
aided tolerancing (CAT) systems. In CETOL 6 Sigma™, eM-
TolMate™, VSA-GDT™, VSA.3D™, or 3DCS™, both assembly
tolerance types and values are manually specified by designers.
In CATIA.3D FDT™, recommended assembly tolerance types
can be automatically generated, while assembly tolerance
values are manually specified by designers. However, some as-
sembly tolerance types without sense for technologically and
topologically related surfaces (TTRS) cannot be generated in the
system. Compared with the techniques in CAD and CAM, the
techniques in CAT are lagged far behind. This situation will limit
the development of the integration of CAD, CAM, and CAT.

In order to address the issues above, a systematic approach
which supports semantic interoperability is required to automate
the design of assembly tolerance types and values. The focus of
this paper is to realize tolerance information interoperability and
automatic generation of assembly tolerance types in assembly
tolerance specification design with an ontology-based approach.
Ontology [5], which is defined as conceptualization of terms
and relations in an application domain, provides a means to
structurally represent and reuse application domain knowledge.
Ontology-based approach for knowledge representation and rea-
soning offers a means for knowledge interoperability [5]. With an
ontology-based approach, assembly tolerance information is for-
malized in OWL [6,7], an ontology representation language devel-
oped by World Wide Web Consortium (W3C), and the rules for
generating assembly tolerance types are defined in SWRL[8], a rule
language based on OWL. Through transforming the knowledge of
assembly tolerance information into JESS facts, and the rules for
generating assembly tolerance types into JESS rules, the actual gen-
eration processes are carried out with the support of JESS [9], a rule

engine for the Java platform. Although so far ontology has not been
applied to the domain of automatic generation of tolerance types,
it has been applied to other designing and manufacturing domains
due to its advantages in the aspects of information sharing, appli-
cations integrating, interoperability implementing, and knowledge
reusing. An overview of related works in tolerance representation,
automatic generation of tolerance types, and ontology for design-
ing and manufacturing domains is provided in Section 2.

The rest of the paper is organized as follows. Section 3 con-
structs an extended assembly tolerance representation model with
OWL assertions. Section 4 constructs a meta-ontology for assembly
tolerance representations and proposes the OWL/SWRL represen-
tations of assembly tolerances. An approach for automatically gen-
erating assembly tolerance types based on the constructed model
and OWL/SWRL representations is proposed in Section 5. The effec-
tiveness of the proposed approach is demonstrated by a practical
example in Section 6. Finally, discussions are carried out and con-
clusions are drawn in Sections 7 and 8, respectively.

2. Related works

During recent years, a large number of works have been de-
voted to the research of tolerance representation and automatic
generation of tolerance types. Meanwhile, ontology has been ap-
plied to model design-related knowledge to facilitate knowledge
reuse and information sharing among different applications. The
main research works in tolerance representation, automatic gen-
eration of tolerance types, and ontology for designing and manu-
facturing domains are summarized below.

2.1. Tolerance representation

Tolerance representation is mainly concerned with the follow-
ing two problems [10,11]. One is to organize and represent toler-
ance information in a relative independent way, and meanwhile,
reflect the semantic distinctions of different types of tolerances.
The other is to design a data structure and take it as carrier of stor-
age and representation of tolerance information in computers. To
well solve these problems, lots of tolerance representation models
have been carried out. These representation models can be classi-
fied into the following categories:

e Surface and graph models. In these models, tolerance infor-
mation is represented by surfaces and graphs, where funda-
mental structure is solid structure or feature structure, nodes
are features, planes, edges, and vertices, and attributes of
nodes are tolerances and reference datums. Typical examples of
these models are CSG model [12], B_rep model [13], CSG/B_rep
model [14], tolerance network model [15], T-Maps model [16],
and graph-based model [17].

e Variational geometry models. In these models, tolerance infor-
mation is represented by the variations of nominal geometry.
Each feature surface or geometrical feature of the real part is
associated with a perfect shape feature. The variations between
substituted geometrical features can be represented by vec-
tors [18], small displacement torsors [19,20], matrices [21-23],
metric tensors [24], virtual gauges [25], and constraints [26].

e Tolerance zone models. In these models, all nominal surfaces
are given a pair of offset surfaces to determine the tolerance
zones. These models differ from the tolerancing standards, be-
cause the individual pairs of offset surfaces are combined to
obtain a composite tolerance zone of the entire solid, and the
individual tolerances cease to be independent constraints. A
typical example of these models is solids offset model [27,28].
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