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Abstract

The representation and management of product information in its life-cycle requires
standardized data exchange protocols. Standard for Exchange of Product Model Data
(STEP) is such a standard that has been used widely by the industries. Even though
STEP-based product models are well defined and syntactically correct, populating
product data according to these models is not easy because they are too big and
disorganized. Data exchange specifications (DEXs) and templates provide re-organized
information models required in data exchange of specific activities for various
businesses. DEXs show us it would be possible to organize STEP-based product models
in order to support different engineering activities at various stages of product life-cycle.
In this study, STEP-based models are enriched and organized to support two engineering
activities: materials information declaration and tolerance analysis. Due to new
environmental regulations, the substance and materials information in products have to be
screened closely by manufacturing industries. This requires a fast, unambiguous and
complete product information exchange between the members of a supply chain.
Tolerance analysis activity, on the other hand, is used to verify the functional
requirements of an assembly considering the worst case (i.e., maximum and minimum)
conditions for the part/assembly dimensions.

Another issue with STEP-based product models is that the semantics of product data
are represented implicitly. Hence, it is difficult to interpret the semantics of data for
different product life-cycle phases for various application domains. OntoSTEP,
developed at NIST, provides semantically enriched product models in OWL. In this
thesis, we would like to present how to interpret the GD & T specifications in STEP for

tolerance analysis by utilizing OntoSTEP.
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Chapter 1

Introduction

1.1 Introduction and Motivation

In today’s competitive business environment, companies need to collaborate more,
which requires them to share and exchange product information among heterogeneous
computer systems. The only feasible way to achieve this is to have a common
information model that is capable of representing requirements in several domains. ISO
10303 (ISO 10303-1, 1994) provides such a standard information model; it was
developed to enable the exchange of product data among the different computer systems
used throughout a product’s life-cycle. It is called the standard for exchange of product
model data (STEP), and it provides a neutral format for the representation of product
data. In this thesis, enriching STEP-based product models to support two engineering
activities in a product life-cycle is discussed: substance level materials declaration and
tolerance analysis. Additionally, this research work is improved by (1) organizing the
information requirements to support these activities, and (2) representing semantics of

product data explicitly so that computers can understand these semantics.
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The substance level information for any product that is supplied or manufactured is
needed to be exchanged between members of a supply chain due to increasing
environmental regulations. These regulations in certain industries, such as the automotive
and electronic industries, require manufacturers and suppliers to develop programs to
examine their products closely to improve product recyclability, eliminate the presence of
certain hazardous substances, and implement take-back programs in a cost-effective
manner. Since compliance to these regulations requires declaration of materials
information, industry standards are developed to help exchange the required substance
data. One of these standards is the IPC-175X series standards (i.e. 1751, 1752 or 1756),
published for electrical and electronic products by “Association Connecting Electronics
Industries” (IPC, 2012). This standard also covers JIG-101 (JIG-101, 2012), RoHS

(RoHS, 2002), and REACH (REACH, 2006).

The implementation of IPC-175X standards helps create simple, standard forms to
exchange substance level information in digital format, i.e. as an XML file. A Java-based
implementation of IPC-175X standards is developed by the National Institute of
Standards and Technology (NIST), which is called SCRIBA (SCRIBA, 2012). However,
the information entered in the IPC-175X forms is not derived directly from any product
life-cycle management (PLM) system. So, it requires a lot of manual efforts to identify
and extract the relevant information from the IPC-175X data forms, and then to match it

with information available in the PLM system to ensure the material compliance
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necessary for the regulation directives. It could have been better, if the information
required for IPC-175X standards could be directly extracted from a PLM system. The
information exchange would be much more efficient, consistent, and unambiguous. It
necessitates a detailed investigation of all appropriate PLM standards, in order to find out
whether the information required for IPC-175X standards are already available.
Therefore, in this thesis, we studied the information content required for IPC-1751 and
IPC-1752, and investigated whether the information could be extracted from STEP
standards (AP 203 and AP 214) and its integrated resources (namely Part 41, Part 43, Part

44, and Part 45).

Another subject of this study is to organize STEP product models for data exchange
in accomplishing engineering activities. STEP data models (or schemas) are represented
in EXPRESS (ISO 10303-11, 1994) as a network of concepts involving entities and the
properties of these entities. The representation of instance data according to EXPRESS
models is defined in STEP Part 21 (ISO 10303-21, 2002). EXPRESS-based STEP
information models are syntactically correct and well defined, and the schemas are well
suited to representing the syntax of the product model; however, it is very difficult to
populate these models with product data because they are too large and disorganized. For
example, the implementable parts of STEP, application protocols (APs), represent
product data models for a particular application domain, e.g., configuration-controlled

product design (AP 203 (ISO 10303-203, 1994)), core automotive product data (AP 214
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(ISO 10303-214, 2003)), product life-cycle support (AP 239 (ISO 10303-239, 2003)), etc.
Support for, and compliance with, all of the information models in an AP are not
practical for any single software application. Therefore, conformance classes (CCs) were
created as subsets of APs to support file-based data exchange scenarios. The current CCs
consist simply of a list of entities; these also are not very helpful for populating product

data.

OASIS Product Life Cycle Support Technical Committee (OASIS, 2008) developed
data exchange specifications (DEXs) (DEX, 2012) to serve as re-organized information
models of AP 239 to support data exchange for activities of any business scope (Figure
1). A DEX is same as a CC in an AP; however, a DEX supports additional usage
guidance, defined by Capabilities, and is semantically enriched by Reference Data. Each
capability provides guidance and rules for a consistent representation and application of
generic business concepts. Templates in each capability provide patterns for structuring
and instantiating data; they unambiguously present required entities and the way these

entities should be populated to represent patterns.

Similar to DEX/Template approach, we would like to develop functionality-based
CCs (FCCs) to provide required information for successfully carrying out an engineering
activity. This paper discusses the development of the FCC for 1-D tolerance analysis.

This development process requires the enrichment of the available STEP information
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model with GD & T. In addition to that, the assembly constraint information models are

also modified for the purpose of this study.
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Figure 1. Structure of Data Exchange Specifications (DEXs) (DEX, 2012)

The information requirements in proposed FCCs are grouped into several information

layers. They are arranged hierarchically, such that the higher-level information

requirements collect necessary information from lower levels. It is because certain data

instances cannot be created without instantiating some other data instances. Furthermore,

the necessary information layers might be different for each engineering activity. The

development of the FCCs is carried out in four stages:

identification of the required information for a particular functional activity,

grouping the information into hierarchical information layers,

1
2
3. mapping the information to the STEP entities for a standardized representation, and
4

developing templates as patterns for populating product data.
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Another issue with EXPRESS-based STEP information models is that these models
have a great difficulty in expressing explicit data semantics and make them available at
different product life-cycle phases for different application domains. For example, though
a limited tolerance specification of a product is possible in STEP (using AP 214
constructs), unless the semantic interpretations of those tolerance specifications are
explicitly available, a user cannot apply those specification data in areas like tolerance
analysis, product manufacturing, assembly or inspection. Recent work at NIST on
developing semantically enriched STEP product models in OWL 2 (Web Ontology
Language) (OWL, 2012) called OntoSTEP (Barbau et al., 2012) shows us it would be
possible to develop a consistent formal model (including both syntactically and
semantically correct information) for products that is useful in carrying out effective
computational (both quantitative and qualitative) analyses in different domains of

applications as they may be required in different product life-cycle phases.

In this thesis, we would like to develop the semantic interpretations of the GD & T
(geometric dimension and tolerance) design specifications and use it for the linear, stack-
up tolerance analysis. This requires first the development of a tolerance analysis oriented
information model (based on the given GD & T specifications) in EXPRESS. This
embellished GD & T model would be then merged with the GD & T model available in
AP 214. In the next step, this combined STEP schema (model) is translated in OWL 2

using OntoSTEP plug-in so that the OWL model of the GD & T specifications is now
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available for further reasoning purposes. The SWRL (SWRL, 2012) rules inferred by the
Pellet (Pellet, 2012) reasoning tool are used to map these GD & T specifications to the

specifications needed for tolerance analysis.

1.2 Objectives of this Dissertation

To summarize, the main objectives of the thesis are:

> Extraction of the materials declaration information requirements (i.e., IPC-
175X) from an international standard that supports complete product life-cycle.
(i.e., STEP): All the necessary information required for creating the IPC-175X
standard forms are extracted from the integrated resources of STEP. However, since
the integrated resources are not directly implementable, and application protocols
(APs) are only implementable parts of STEP, we further studied two (2) APs (AP203
and AP214) to see how much information from the IPC-175X standards could be
extracted practically from STEP. A case study of a simple gearbox has been

considered to illustrate the implementation of the concept.

» Organizing STEP-based product models to support engineering activities and
populate product data easily: The available STEP models are rearranged to provide
required information for successfully carrying out 1-D stack-up tolerance analysis.

For tolerance analysis, the current STEP information models have to be enriched with
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GD & T information. It is also needed to modify the available assembly constraint

models in STEP.

> Development of templates: The patterns for structuring and populating data have

been identified from available GD & T representation models (i.e., Part 47 of STEP).

» Semantic interpretation of STEP data: Semantic interpretations of GD & T

specification have been developed to be able to use in tolerance analysis.

1.3 Organization of this Dissertation

Chapter 2 reviews the literature on (a) [PX-175X standards and studies on materials
declaration, (b) structure of STEP, conformance classes in STEP and DEX/Template, and

(d) studies on semantic product data representations.

In chapter 3, the extraction of IPC-175X information requirements from available
STEP integrated resources are presented. In chapter 4, development of functionality-
based CCs for 1-D stack-up tolerance analysis is discussed. This is accomplished by
identifying the required information to carry out tolerance analysis, mapping the
requirements to available STEP resources and finally creating EXPRESS-G definitions
for the requirements that cannot be mapped directly to STEP resources. To improve the
implementation of these models, templates for GD & T specifications have been

developed as patterns for populating product data in chapter 5. Then, developed tolerance
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analysis information model is used for the interpretation of GD & T specifications to

carry out tolerance analysis in chapter 6.

In the final chapter (chapter 7), contributions in the fields of STEP product modeling,

semantic representations and substance level materials declaration are earmarked.
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Chapter 2

Review of Related Research

In this chapter, the works in three subject areas are reviewed: (i) materials declaration
standards and related studies, (ii) structure of ISO 10303 — STEP standard and (iii)

representations of product data semantics.
2.1 The Material Declaration Standards and Related Studies

IPC-175X standards are developed in order to provide a standard data declaration
mechanism between members of a supply chain. They are:
e [PC-1751 Generic Requirements for Declaration Process Management (IPC-
1751A, 2012)

e [PC-1752 Materials Declaration Management (IPC-1752A, 2012)
e [PC-1756 Manufacturing Process Data Management (IPC-1756A, 2012)

The generic requirements for declaration process management are defined by IPC-
1751, which is also mandatory for other IPC-175X standards. The requirements include:
the names and the contact information for the requester and the supplier, and the product
related information. IPC-1752 standard defines the data requirements for reporting

material declaration for ROHS compliance, material group declaration for JIG-101 and
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REACH standard, and also material composition declarations at homogenous material
levels. IPC-1756 defines the requirements for exchanging manufacturing data for
electrical and electronic products between members of a supply chain. The data
requirements for the [IPC-175X standards are represented by the XML schema, which is

used to validate the XML data files.

JIG-101 standard (JIG-101, 2012), which is included in IPC-175X, is the Joint
Industry Guide Material Composition Declaration for Electronic Products. It is published
by the Electronic Industries Alliance, Japan Green Procurement Survey Standardization
Initiative, and the Joint Electronic Device Engineering Council (JEDEC). JIG-101 is
published for the electrical and electronic products, and it lists the materials and
substances to be disclosed by suppliers when those materials and substances are present

in products and sub-products.

The other regulatory directives that are covered in IPC-175X are RoHS (RoHS,
2002), and REACH (REACH, 2006). RoHS is the Restriction of the Use of Certain
Hazardous Substances in Electrical and Electronic Equipment. It basically restricts six
materials (i.e., lead, mercury, cadmium, hexavalent chromium, polybrominated biphenyls
and polybrominated diphenyl ether) at the homogeneous material level. In RoHS, the
homogeneous material means that the material which can be separated mechanically, like
cutting, grinding, etc. REACH is regulation for the Registration, Evaluation,

Authorisation and Restriction of Chemicals. It requires companies to declare the presence
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of certain “Substances of Very High Concern” (SVHC) in the products that are sold in

Europe.

In the literature, there exist several studies for the integration of materials compliance
management data with the product life-cycle data. Zhou et al. (2008) developed an
integration framework to combine BOM data and material content information. In their
proposed system, they create their own declaration form to exchange data. They also use
XML user interface language (XUL) (XUL, 2012) and Simple Object Access Protocol
(SOAP) (SOAP, 2012) technologies for the integration. In another study, Zhou et al.
(2009) developed a framework to integrate the BOM XML files from heterogeneous
PLM systems to the RoHS compliance management system. Gong et al. (2011) proposed
a green design control system, which controls workflow and related functions of a
product’s life-cycle. However, these studies do not work with international standards, and
the extraction of the materials information from the PLM system cannot be done

automatically.

There are also commercial products that implement IPC-175X standards in their PLM
systems. The most popular ones are ENOVIA from Solidworks (ENOVIA, 2012),
Windchill from PTC (Windchill, 2012) and Teamcenter from Siemens (Teamcenter,
2012). These products use their own proprietary in-house information extraction
mechanisms. The need to represent the required IPC-175X information in an international

standard arises in order to collaborate with different systems seamlessly.
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2.2 Structure of 1SO 10303 (STEP)

STEP (ISO 10303-1, 1994) provides a complete product information model and
facilitates the product data exchange between different computer systems used
throughout the product life-cycle. STEP is developed in series of parts (See Figure 2).
They are description methods, integrated resources, application protocols,
implementation methods, and conformance testing. The integrated resources of STEP are
developed to represent abstract, conceptual models of product data. These models are

then used in the development of application protocols. The integrated resources are

ISO 10303 - STEP

‘ Description Methods

Integrated Resources

*Generic Resources
*Application Resources

Application Protocols (AP)

»AAM »ARM »AIM »CCs

Implementation Methods

Conformance Testing

«Conformance Testing Methodology
«Abstract Test Suite

Figure 2: Structure of ISO 10303 — STEP (Sarigecili et al., 2009)
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represented with 40 series parts of STEP. In this thesis, Part 41 (ISO 10303-41, 1994),
Part 43 (ISO 10303-43, 2004), Part 44 (ISO 10303-44, 1994), Part 45 (ISO 10303-45,
1997) and Part 47 (ISO 10303-47, 1994) will be studied to represent information

requirements for [IPC-175X and tolerance analysis, as needed.

A brief explanation of these integrated resources would be as followings: Part 41 of
STEP is known as the “Fundamentals of product description and support.” It basically
defines the conceptual models for the product definition, product property definition and
representation, management resources, document representation, person and organization
representation, date and time representation, external reference representation, support
resource representation, the representation of the measurement with units and values,
action representation, certification representation, approval representation, contract
representation, security classification representation, group representation, and effectivity
representation. Part 43 of STEP is called the “Representation structures.” It basically
defines the constructs for the representation of property definitions or shape definitions.
Part 44 of STEP is called the “Product Structure Configuration.” It is developed to
represent the product structure, product concept, and configuration information. Part 45
of STEP is called “Materials.” It is used to define materials information, material
property information, and representation of material properties with uncertainty
information. Part 47 of STEP is called “Shape Variation Tolerances.” It is used to

represent dimensions and tolerances of a product.
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Application protocols (APs) of STEP are represented by 200 level series. The most
commonly implemented ones are AP 203 and AP 214. AP 203 is the configuration
controlled 3D design of the mechanical parts and assemblies. It is used to exchange
product data for the mechanical parts and assemblies. For the materials declaration
purposes, the product definition, configuration control, three-dimensional shape
representation, materials, and their composition of chemical substance data can be
represented by implementing AP 203 information models as needed. On the other hand,
AP 214 is the core data for the automotive mechanical design processes. AP 214 covers
most of the information that is covered by AP 203 but not all information. Some of the
information (required by IPC-1752) that can be represented in AP 203 is not defined in
AP 214. Therefore in order to extract the required information for IPC-1752 from STEP
files we need to use AP 203 only. If a CAD vendor implements only AP 214 it will not be

possible to extract all the information.

2.2.1 Conformance Classes in STEP

In the old structure of STEP, the APs consist of four parts (ISO 10303-11, 1994;
Kemmerer, 1999): (1) an application activity model (AAM), (2) an application reference
model (ARM), (3) an application interpreted model (AIM) and (4) conformance classes

(CCs).

The implementable subsets of an AP are current CCs in the form of a list of entities.

For example, AP 203 1™ ed. (ISO 10303-203, 1994), which is the “Configuration
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Controlled 3D Design of Mechanical Parts and Assemblies,” has six CCs. The first is the
mandatory CC, which groups the entities for the configuration control data without shape
information. The other five CCs provide a list of entities for different shape

representation models.

Any STEP-certified CAD system implements a particular set of CCs defined in an
AP. As result of the implementation, a Part 21 STEP file is generated to represent product
data. However, the information inside the STEP files is disorganized. A STEP file created
by a translator includes a huge amount of data, and it is very difficult to query the data
that represent a set of concepts. For example, how the dimensions and tolerances of a
pattern of holes can be queried is not known. What should be specified as input? What

should be retrieved as output?

In order to improve implementation of the CCs, we propose a layered approach for
grouping the information requirements for several activities in a product life-cycle, as
outlined in a previous study (Sarigecili et al., 2009). The layered approach proposes the
establishment of a basic level of information requirements, in order to start defining the
activity, and other levels of information requirements are added hierarchically. At each
level, the information models defined by the integrated resources available in STEP are
utilized as much as possible to represent the information requirements of an activity. In

this way, we aim to make it easier to navigate through the information requirements of
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different levels and define what activities can be carried out by conforming to a specific

CC.

It is important to note that there are some structural problems in implementing CCs

from APs (ISO TC 184/SC4 N1161, 2001; Feeney, 2002):

1. Tt is not possible to implement a combination of subsets of multiple APs or extend
existing APs to meet a business need.
2. It is not possible to reuse translators developed particularly to support one AP for

developing and implementing another AP with the same, or similar, requirements.

The ISO developed modular application protocols (ISO TC 184/SC4 N1161, 2001) to
make it possible to reuse developed information models for APs, thereby decreasing the
time and effort needed to develop them. In the new modular structure, the information
requirements are harmonized first for applications and then modeled as application
reference models (ARMs). Finally, these ARMs are mapped to EXPRESS to produce
module-interpreted models (MIMs) as standardized representations in application
modules (AMs). Harmonizing the requirements before standardizing them prevents the
creation of different dialects in the mapped standardized representations for the same

application. It also facilitates the reusability of the AMs.

Application protocols that have modular structures also have CCs. For example, AP
203 2™ ed. (ISO 10303-203, 2005) has only one CC, i.e., CC7 — configuration-

controlled 3D design of mechanical parts and assemblies, with additions. The additions
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consist of 77 different conformance options in AP 203 2™ ed. Conformance with this
CC7 requires the support of all ARM and MIM elements defined in the application
modules 10303-1022 (ISO 10303-1022, 2010) and 10303-1023 (ISO 10303-1023, 2004).
10303-1022 is the application module for part and version identification, whereas 10303-
1023 is the part view definition. As an example of conformance options in AP 203 2™
ed., consider “co39,” which is called the “conformance option GD & T representation.”
It offers the capability to represent geometric dimensioning and tolerancing information
about the shape of a product. In “c039,” any other conformance options and application

modules that are required to be supported are also given.

As can be seen from the above explanations of CC7 and “co39,” the requirements are
implementable as small groups, and this makes it easier to implement them. However, the
information requirements for a particular engineering activity (e.g., tolerance analysis)
and the organization of the information requirements are not available. The user has to
collect all the information as needed. At least there is some organization in the STEP
information models, but they do not satisfy the exact needs of a user. Users do not know
what AP, what CC or what application modules they require for a particular engineering

activity.

In order to provide usage guidance and rules in data exchange for a particular
business activity through the use of templates from AP 239 information models, OASIS

PLCS TC developed data exchange specifications or DEXs (DEX, 2012). As an example,
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consider the template assigning_reference data (PLCS template, 2012), which represents
the pattern which is repeatedly used in AP 239 information models for the assignment of
a class to something. The definition of the specified class is provided in an external

reference data library. The information model of this template is shown in Figure 3.

*class_asg items S[1:7] A A 5( """"
NIGNORE 072 ] Classfication_assk : O s A
1 “classification_item
____________________
assigned_class
assigning_reference_data.class_name
id
mo /MULL
Class ——— o0 «—
-, description
Femmme- 0 JIGNORE
assigning_reference_data.ecl_id
\
*axt_class *axt_class_lib id ‘/
exlernal_source . 2
External_class p———————= External_class_librar; inti
- eass b | descripfon . IGNORE

Figure 3: Assigning_reference data template (PLCS template, 2012)

In a template representation, entities that need to be instantiated are presented as

A

reference parameters. This is shown by an annotation character “*” preceding a short
reference parameter name in blue for the entity. In Figure 3, classification_assignment,
external_class and external class_library entities have these reference parameters,
indicating that these are entities instantiated in this template. In a template, whether
attributes are optional or mandatory, and what the input parameters for attributes are, are
defined as well. For example, assigning reference data.class name and assigning_

reference data.ecl id, shown with blue arrows, are the input parameters that need to be

provided by users. More details on DEXs/Templates can be found in (DEX, 2012).
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In this study, we would like to develop templates based on repeatedly instantiated
patterns in GD & T representation information models. These models are defined in Part
47 of STEP. The templates could then be used in functionality-based conformance

classes for any engineering activity, such as tolerance analysis.

2.2.2 STEP-based Product Models in Literature

In the literature, there are several studies that use STEP-based product models to
integrate information from different domains in a product life-cycle. These studies do not
address either how to embellish current CCs or how to integrate the information needed

for tolerance analysis in a collaborative environment.

For example, Xie et al. (2008) offered a generic product modeling framework that
uses the STEP standard and integrates product design, manufacturing and assembly
activities. Shaharoun et al. (1998) developed a product model for plastic products to
define the geometric data representation of the injection molding features, employing the
AP 203 framework. Sharma and Gao (2002) used AP 224 in developing the STEP-
enabled Manufacturing Planning System (SMPS) to generate process plans automatically.
Tang et al. (2001) developed a die and product integrated information model for stamped
part and die development. Their model is also based on the integrated resources of STEP.
In their model, the integrated resources are used to define information for shape
representation, tolerance, materials, resources for manufacturing, actions to be taken for

changes in design, product definition, and product structures for stamped parts and dies.
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Zha and Du (2002) developed a system to integrate an assembly planning system with
other CAD systems. In their system, the information for shape, feature, tolerance, product
definition and assembly structure were defined based on STEP-integrated resources. Al-
Ashaab et al. (2003) proposed the SPEED (Supporting Plastic enginEEring
Development) system. This system helps in the sharing of injection mold information
among design, analysis and manufacturing workers over the internet. A team at the
University of Auckland, New Zealand, (Xie et al., 2008; Yang et al., 2008; Zhou, 2009-a)
reviewed product-modeling techniques and proposed a generic product-modeling
framework to integrate information on product design, manufacturing and assembly.
They defined EXPRESS data models in addition to STEP-integrated resources, in order
to exchange data. Barreiro et al. (2003) proposed an information model to integrate
inspection processes, based on coordinate measuring machines with other product life-
cycle activities. They used STEP resources and defined two models in EXPRESS
representation: the product model and an inspection process model. Ming et al. (1998)
proposed EXPRESS-based information models for Computer-Aided Process Planning to
be used in a computer-integrated manufacturing environment. Their CAPP system

brought together part, process plan and production resource information models.

Liang et al. (1999) developed an integrated product data sharing system for CAD,
CAM and FEA. STEP-based information models from the integrated resources of AP

203, AP 209 (ISO 10303-209, 2001), AP 214 and AP 224 (ISO 10303-224, 2006) were
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used as the information-sharing environment. In order to optimize the data integration
level and data processing efficiency, they defined a unit of functionality (UoF) as a group
of data that is shared among different applications. Each UoF is a subset of an AP. The
primary units of operation in their system are the UoFs. Because of this, they defined the
relationships among different UoFs. However, because entities in different UoFs might
be related to each other, the relationships between these entities also had to be defined.
As aresult, even though they tried to use information constructs from several application
protocols, their information groups are bigger in context, e.g., representing FEA results,

which is not sufficient for representing the capabilities of applications.

2.3 Representations of Product Data Semantics

Since semantics representation part of this study is based on the NIST’s work on
OntoSTEP (Barbau, 2012), it is necessary to review briefly the details of OntoSTEP to

understand the proposed methodology.

OntoSTEP is developed to provide semantic product models which include geometry,
function and behavior information. In OntoSTEP, the geometry information is defined by
the STEP models whereas function and behavior information are defined by the Core
Product Model (CPM) (Fenves, 2001) and the Open Assembly Model (OAM) (Baysal et
al., 2004). The steps required to develop OntoSTEP based product model is given in
Figure 4. At first, the EXPRESS model of a STEP application protocol is translated into

OWL 2 via OntoSTEP plug-in (OntoSTEP, 2012), and the OWL schema of the STEP AP
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is created in Protégé. In the second step, the STEP file which includes the physical

product data that is encoded with respect to the STEP AP is translated to the OWL

individuals. In the third step, the ontology representation of the CPM/OAM model

(Fiorentini et al., 2007) is merged into the OntoSTEP ontology to represent the function

and behavior information for products.

Step 1 — creation of
TBox from STEP AP

Step 2 — creation of ABox

from Part21 files

CAD

'..

file

Benefits from semantic
technologies

>
| STEP Part21

ES

Ontology | Protégé
with rules | (SWRL)

Reasoner - pellet
Inference mechanism
Query language - sparaL, SQWRL

STEP AP
== =l EEEEED EEEg
=t Ll e 3 =
Sy ;_ -—__:_ i = Step 3 — Integration of non-
(=r=—="7 ——— - e ] geometry information (function,
e —_——— ,_L_. L behavior, requirement...)
=n . 3 s =
== R o i Non-geometry
product model
EXPRESS file l = o 0
CPM/OAM =
j e—

[Efany dhet

CAD - Computer Aided Design CPM - Core Product Model OAM - Open Assembly Model SWRL - Semantic Web Rule Language SQWRL -
Semantic Query-Enhanced Web Rule Language SPARQL - SPARQL Protocol And RDF Query Language OWL - Web Ontology Language

Figure 4: Representation of OntoSTEP framework (Barbau et al., 2012)

In the literature, there are some other relevant studies that focus on the ontology-

based product models to capture the semantics of the product data, as well. Kim et al.

(2006) developed the assembly design ontology to represent explicitly and formally the

assembly design information to map the assembly constraints to the design intent in a
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heterogeneous design environment. The OWL and SWRL are used in the development of
their ontology. Even though it is possible to represent the assembly design information
explicitly in OWL, their work is not integrated with STEP. For the interpretation of the
GD & T information for tolerance analysis, all product structure, geometry and GD & T
information is needed to be developed in their ontology. In our work, we use the STEP
information models to have both standardized and explicit semantic information

representation.

Panetto et al. (2012) developed ONTO-PDM to facilitate the interoperability among
product data management (PDM) systems, enterprise resource planning (ERP) systems
and manufacturing execution systems (MES). ONTO-PDM (framework shown in Figure
5) is the integration of ISO 10303 — STEP and IEC 62264 (2002) which is the standard
for enterprise control system integration. In that study, the concepts are compared
between the two standards first and then, then mapped to conceptualized UML models
for representation of the information regarding the common concepts. They used the first
order logic to represent the semantics of each construct of the standards conceptual
models. First order logic axioms formalize the representation of mappings between the
concepts of ISO 10303 and IEC 62264. The developed ONTO-PDM provides a product-
centric interoperability. Its scope is the higher level data for the management of the
information. However, in our study the fine level technical data has to be represented

explicitly and interpreted for different application domains.
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Figure 5: ONTO-PDM architecture (Panetto et al., 2012)

Matsokis and Kiritsis (2011) developed an ontology based semantic model for the
representation and management of product life-cycle data’knowledge by mapping the
UML model of Product Data and Knowledge Management Semantic Object Model
(SOM) defined in Promise-PLM European project (PROMISE, 2012). They used
description logic, SWRL and Pellet reasoning mechanisms to check the consistency of

the ontology, to reclassify the classes to the correct position in the model.

The SOM is a product information model with capabilities of information tracking
and flow management. The SOM is particularly applicable to the use, service and

maintenance phases of the product life-cycle.
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Chapter 3

The Harmonization of the Standards: I1SO
10303 - STEP and IPC-1752 Materials

Declaration

In this section, all the necessary information required for creating the [IPC-175X
standard forms are identified and checked whether the requirements are present in the
integrated resources of STEP. However, since the integrated resources are not directly
implementable, and application protocols (APs) are only implementable parts of STEP,
two (2) APs (AP203 and AP214) are studied to see how much information from the [PC-
175X standards could be extracted practically from STEP. A case study of a simple

gearbox is also considered to illustrate the implementation of the concept.
3.1 Extraction of IPC-1751 Information Requirements
3.1.1 IPC-1751 Information Requirements

The overall scope of IPC-175X is to declare the substance level information for a

product. IPC-1751 is mandatory for other IPC-175X standards. The UML information
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model for IPC-1751 is given in Figure 6. According to this model, a material information
declaration can be initiated either by a request from a member of the supply chain or by a
company that would like to declare it on their website or in their catalogs. A request/reply
scenario requires defining a contact person both for making the request and for
responding the request, as shown in Figure 6. In addition to the personal information, the
company information, the contact information for the person like email address, physical
address, and phone number have to be defined for both requesting/replying people. In
IPC-175X, more than one physical address and phone number for a person may be
defined. In the second scenario, where a company would like to declare the materials
information by itself, the same information is required, except the requested portion

because there will be no one requesting the information.

The product information for which the material information declaration is being made
has to be defined as well. In IPC-1751, the product information consists of product
identification (e.g. product number, product name, etc.) and the product structure
information that is captured by the sub-product definitions (Figure 6). In IPC-1751
standard, the following information related to the product has to be defined in order to

satisty the substance level information exchange requirements:

e requester product number,

e requester product name,

e manufacturer product number,
e manufacturer product name,

e manufacturer product version,
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e manufacturer site,

o cffective date,

e product amount,

e unit of measure, and

e unit type.
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F 1 ion : DeclarationVersion [0..1]
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Figure 6: UML information model for IPC-1751 (IPC-1751A, 2012)

In the above list, the requester product number, requester product name, manufacturer
product number, manufacturer product name, manufacturer product version, and
manufacturer site are self-explanatory. The effective date represents the date for which

the declared product information is effective. The product amount defines the value of the
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total amount of the product mass. This information should also specify the unit of
measure, like milligrams, grams, kilograms, parts per million, or mass percent. The unit
type identifies the basis of the quantification. For discrete products, the unit type would
be “each”. For potentially boundless products such as a length of wire, a sheet of
laminate, or a liquid, the unit type would be per meter, per square meter, or per liter,

respectively.

The definition of the product structure in IPC-1751 is given in Figure 6. A product
can have 0 or more sub-products. Each sub-product is also a product and should have the
same information as defined previously for the products. In addition, each sub-product
should have another attribute, which is representing the number of instances of the
defined sub-product in the parent assembly. It is like a traditional bill of material (BOM)

structure.

Other than the product related information, the date for the declarations, the liability
of the declarations, i.e. legal definitions, and the document identification for the

declarations have to be defined.

For the request/reply declaration, the date when the request is made and the expected
response date are required in [PC-1751. Also, the date representation should comply with
the XML schema date definition. In addition, the document ID for both a request and a

reply has to be captured in order to keep consistency in between the declarations.
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In Figure 6, the response to a reply should have a legal definition of the declaration.
The legal definitions can be either a standard declaration, which is given in IPC-1751, or
a custom one defined by the companies. The legal definitions as well as the uncertainty
information of the declaration should be given under the declaration, as evident from
Figure 6. The details of the sectional, sub-sectional, and material information will be

defined under IPC-1752.

In short, these are the information requirements that need to be extracted from the
STEP standard. In the next section, the extraction of these information groups will be

discussed.

3.1.2 Extraction of IPC-1751 Information requirements from Integrated Resources

of STEP

The information requirements of [PC-1751 cannot be mapped on a one-to-one basis
into STEP standards. This is because the same information is conceptualized differently
in IPC-175X and STEP standards. Also, the data structure and representation are
completely dissimilar. In this section, the concepts of [IPC-1751 will be compared to the
concepts in the integrated resources of STEP, in order to identify the availability of the
information first and then to find a way to extract the information consistently. The
representation of the information requirements of IPC-1751 in STEP standards are

described in five sub-sections: (1) the representation of contact information, (2) the
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declaration of the date, (3) the representation of a document and its properties, (4) the

identification of a product and (5) the structure of a product.

3.1.2.1 The Representation of Contact Information

The contact, company, and the communication information of [IPC-1751 can be
extracted from Part 41 of STEP. The first difference is in naming the concepts. Part 41
calls person, organization, and address, instead of the terms contact, company, and
surface address of [IPC-1751, respectively. Another difference is that the address of the
company is inferred from the contact address (Figure 6) in [PC-1751. In Part 41, person
and organization information are defined separately, as shown in Figure 7. The entities*
organizational_address and personal_address are subsets of the entity
address. The address information is attached to both the person and the company
information, separately. This means every person and company will have contact
information. The association between person information and organization information is
achieved by person_and_organization, as shown in Figure 7. In IPC-1751, every
company should have a unique identifier and the organization that assigns the unique ID.
In Part 41, organization information is defined by id, name, and description
attributes. An additional attribute to define a “unique ID authority” will be incorporated

as explained below.

* We use Courier New font to represent EXPRESS definitions.
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Figure 7: The EXPRESS-G representation of person, organization and address
information in Part 41 (ISO 10303-41, 1994)

When the address, email, and phone number representations of IPC-1751 are
compared to those of Part 41, it is observed that phone number and email address are
defined as separate concepts from the address in [PC-1751. In Part 41, they are all
defined under address entity. The address definition of Part 41 covers more details
than IPC-1751. Some of the same concepts are represented by different terminologies in
Part 41 and IPC-1751. For example, IPC-1751 has city and state province, whereas Part

41 calls them town and region, respectively. However, the required information of
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address, phone, and email definitions in [IPC-1751 can be extracted completely from the

Part 41 address definitions. In Part 41, the role of a person and role of a company can be

assigned to related person and company, as shown in Figure 8. The person_role can be

used to represent the title definition of a person in [IPC-1751. The organization_role

can be defined as “supplier” or “requester” in order to identify the company that is

supplying or requesting the materials information as required in IPC-1751. In order to

represent the organization that assigns the unique ID in STEP, the organization_role

can be assigned as “unique ID definition” for the organization that assigns it and then use

a relationship between this organization and any other company, as shown in Figure 9.

role O
(ABS)person_

person_role

name

assignment

suffix fitles L]1:?] 0

p - Jlast name
: T st name
assigned person ;
L assiphed person person id o
name
role A T —_
(ABS)organization | organization_role DER )description O
assignment
ud
i g O
: name
i e )
deseription
L | mbng
1 1

assigned organization A

organization

4O
(DER )description ~

Figure 8: The EXPRESS-G representation of role assignment to person and organization

in Part 41 (ISO 10303-41, 1994)
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I
]
I
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1
1
1
1

related_organization name
organization_
relationshipm | —- 222

organization relating_organization

Figure 9: The EXPRESS-G representation of organization relationship definition in Part

41 (ISO 10303-41, 1994)

3.1.2.2 The Declaration of the Date

In IPC-1751, the date information has to be defined to identify the request date and
the expected response date for the request/reply declaration. The XML schema date
definition has been used for the date representation, i.e. year-month-day representation.
In Part 41, the available data structure for date definition has more definition types than
IPC-1751. In Figure 10, the EXPRESS-G representation for date definition, date role, and
date assignment are given. The date definition has three different representation types:
calendar_date represents year number, day number, and month number;
ordinal_date only represents year number and the day number of the year; and
week_of_year_and_day_date represents year number, the week number of the year,
and optionally the day number of the week. Any of this representation can be easily
converted to XML schema date type. The date_role entity will be used to identify the
request date and respond-by date of IPC-1751. The association of the role to any date is

achieved by the date_assignment entity, as shown in Figure 10.
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Figure 10: The EXPRESS-G representation of date and date role definition in Part 41

(ISO 10303-41, 1994)

3.1.2.3 The Representation of a Document and Its Properties

The document ID concept of IPC-1751 which is required for keeping consistency in
between the declarations, can be represented by document definition in Part 41, as
shown in Figure 11. The document entity has an ID, a name, and an optional
description attributes. The ID attribute will be used to define the document ID. The
name attribute will be defined as either “request,” “reply,” or “distribute.” Each
document has an association with document_type which can be used to define the
type of document. For the purpose of this study, it is suggested that the document type is
defined as “IPC-1752.” The document_representation_type entity distinguishes

the document format; e.g., a digital format, physical format, etc. The association between
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a document and a product is defined by the entity document_product_association.
In this definition, related product can be any of the product, product_definition,
or product_definition_with_formation entities of STEP. However, for the
purpose of this study, the product_definition_with_formation will be allowed as
the related product because only this entity shows the version information of the product
definition. The relationship between a request document and the reply document can be
captured by the entity document_relationship. In this definition, the request
document should be specified by the relating document and the reply document should be
specified by the related document. The four types of declaration that are defined as
classes A, B, C, and D in IPC-1751 can be represented by the subclass of the document

entity which is called document_with_class.

A standard legal definition or a custom defined legal definition is required for IPC-
1751 forms to declare the liability of the company by providing the data in the IPC-175X
forms. It is captured as a document of Part 41. The document type should be defined as
“legal definition of declaration.” The name attribute of the document will be defined as
either a standard legal definition or custom legal definition. In these documents, the legal

definition, uncertainty information, and supplier acceptance have to be defined.
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Figure 11: The EXPRESS-G representation of document definition in Part 41 (ISO

10303-41, 1994)

3.1.2.4 The ldentification of a Product

The information required for the identification of the product will be captured from
Part 41 of STEP. The related EXPRESS-G definition is given in Figure 12. Name and id
attributes of the product entity correspond to the product name and the product number
in [PC-1751 respectively. The product version information in Part 41 is captured by the
entity product_definition_formation. The id attribute of this entity corresponds
to the product version information. Each product version might have different product
views like design, maintenance, etc., which is represented by the

product_definition in Figure 12. Additionally, the entities product_context and
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product_definition_context have to be defined in Part 41. The engineering
discipline’s point of view from which data is being presented is captured by the
product_context entity e.g., electrical, mechanical, software, etc. On the other hand,
the product definition type and the life-cycle stage from which the data is viewed are
captured by the entity product_definition_context e.g., design, manufacturing,
etc. The entity product_definition_formation_with_specified_source
which is the subset of product_definition_formation specifies the source of the
product as made, bought, or unknown. This additional information explained above

cannot be defined in IPC-1751.

o discipline type
product_context
frame_of reference S[1:7] life cycle stage product_definition_
S ” context
id o
name product frame of reference
description —T
oy s

*of_product 9
P formation

i O
product_definition | description _

g
id
product_definition

ormaftion =~ F-==f==

L

product_definition_ | make or buy :'
formafion_with_
specified source | 00000 F------------oh

Figure 12: The EXPRESS-G representation of product definition in Part 41 (ISO 10303-
41, 1994)

The effective date in IPC-1751 can be represented by the date entity as explained

before. The mass of a product, unit of measure, and unit type information required for
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IPC-1751 can be represented by the measure schema of Part 41. The measure schema has
the required capability to define any value of measure with the unit, i.e. mass measure,
length measure, etc. In this paper, only how to represent the product amount (i.e. mass of
a product) and the unit of measure for the mass will be discussed (Figure 13) as an
example. In STEP, any measure with a unit is represented by the entity
measure_with_unit. It has several subsets, and each subset is different than the others
(ONEOF property of STEP). The measure_with_unit entity has a
value_component and a unit_component as evident from Figure 13. The

value_component is a select type, namely measure_value, which has several data

(fvalue_mmpmleul thermody i S t o)
1 ‘ luminous intensity exponent
‘ maf&&ﬁi‘lﬂft b—‘ measure_with_unit electric current exponent -
= di ional length exponent o
Jzum-t component exponents mass_exponent o
R time exponent
: it ! amount of sub i 0]

(DER)*(RT)dimensions

*elements S[1:7]

**********************

exponent

Figure 13: EXPRESS-G representation of mass measure with unit definition in Part 41

(ISO 10303-41, 1994)
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types to be selected from. The measure_value select type has to be compliant with the
measure_with_unit subset entity. For representing mass, the select type should be
mass_measure which is compliant with mass_measure_with_unit. The
unit_component of the measure_with_unit is also a select type, which is called
unit. The select type unit can be either derived_unit or named_unit. The entity
named_unit has also several subsets and each subset is different than the others. For
representing mass, the subset of the named_unit, mass_unit, has to be instantiated.
The named_unit is also superset of the si_unit. The si_unit has two attributes: a
prefix and a name. The prefix attribute is a select type, which is called si_prefix,

99 ¢¢

and it has the allowable values as “milli,” “centi,” “kilo,” etc. The name attribute of the
si_unitis also a select type, which is called si_unit_name. For our case, the required
si_unit_name is “gram.” Each named_unit and si_unit also has an attribute called
dimensions. This attribute defines the dimensional_exponents for the unit. The
dimensional_exponents capture the exponent values of the unit dimensions for the

named_unit or the si_unit. To represent the “unit type” of IPC-1751, a named_unit

with required dimensional_exponents can be instantiated.

3.1.2.5 The Structure of a Product

The product structure in STEP is defined in Part 44 (ISO 10303-44, 1994). Several

types of product structure representation are possible in Part 44. In this paper, only the
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ones that can be used to represent the product structure of [IPC-1751 will be discussed.

The required entities are represented below in Figure 14.

> product_definition_schema. I
I product_definition_relationship
) ————— I

product

assembly mES=0
.
component_usage
—‘component_usag T upper_usage |

1

next_assembly next_ | specified_higher

quantified_assembly
_usage_occurence |~ USage | _usage_occurence

_component_usage

quantity

I |
| measure_schema.
measure_with_unit
|

Figure 14: The EXPRESS-G representation of product structure in Part 44 (ISO 10303-
44, 1994)

The traditional BOM in Part 44 can be represented by the entity
guantified_assembly_component_usage. As evident from Figure 14, this entity is
a subtype of the entity product_definition_relationship, and it has two
attributes: relating_product_definition and the
related_product_definition. The relating_product _definitionis
connected to the parent assembly, and the related_product_definitionis
connected to the part. The quantified_assembly_component_usage also states the

number of components used in that particular assembly with the quantity attribute.

www.manaraa.com



42

Another type of product structure definition, which is called the assembly tree
structure, can be represented by connecting each component to its immediate parent
assembly. This type of product structure can be represented by the entity
next_assembly usage_occurence of Part 44. If this type of representation is
defined, then an algorithm is needed to convert this structure to the traditional BOM
because each instance of the sub-product is represented by an instance of the
next_assembly_usage_occurence entity. In IPC-1751, only traditional BOM is

defined as the product structure definition.

In Part 44, a sub-assembly’s components within an assembly can be identified by the
entity specified_higher_usage_occurrence (e.g., the LCD screen of the lid sub-
assembly of a laptop assembly). This entity is a subset of the
product_definition_relationship (Figure 14). It has two attributes inherited
from the parent: relating_product_definition and the
related_product_definition. The related product definition is attached to the
child product (e.g. LCD screen) that needs to be identified in higher parent assembly (e.g.
laptop), which is not the immediate parent assembly (lid sub-assembly of laptop). The
higher parent assembly, which is not the immediate parent assembly, is associated as the
relating product definition. The intermediate parent assemblies are associated with next
usage and upper usage attributes. This type of product structure also has to be converted

to the traditional BOM for the IPC-1751 product structure definition.
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3.2 Extraction of IPC-1752 Information Requirements from Integrated Resources of

STEP

3.2.1 IPC-1752 Information Requirements

IPC-1752 (IPC-1752A, 2012) is the standard for the materials declaration
management, which defines the information requirements of materials declaration for
different regulations. With IPC-1752 data structure, it is possible to define and exchange
the data of materials and substances that are present in products. In order to standardize
the information requirements of materials declaration, there are four types of materials
declaration in IPC-1752 that are called classes (Table 1). These classes can be combined
in a single form for declaration as required. The UML information model for the

declaration is also given in Figure 15.

In first type of declaration, which is class-A in Table 1, it collects simple true or false
answers for a host of statements related to the product specifications. Each statement is
called as a query in Figure 15. These statements can be standard ones that are given in
IPC-1752, or it can be custom defined by the company. The second type of declaration,
class-B in Table 1, requires the declaration of the materials information, which can be
grouped under a specific category for the products. It is instantiated with a “material
group list” in Figure 15. Each material group list has several “material groups.” The
amount of each material group in the product has to be declared in terms of values and

the unit of measure, as shown in Figure 15. The third type of declaration, class-C in Table
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1, can be used to report JIG-101 substances at the product level. In order to declare this
materials information, “Substance Category List,” in Figure 15, should be created. Each
list has several “Substance Categories.” Each “Substance Category” has a “name,”

29 ¢¢

“description of use,” “homogeneous material,” “threshold,” “concentration,” “substance,”
and “amount” information. The homogeneous material information captures whether the
substance defined is at the homogeneous level (True) or at the product level (False). The
threshold information captures the level of threshold, whether the substance group is over

threshold (true/false) and whether the substance is added intentionally (true/false). In

Figure 15, the amount of each substance group in the product has to

Table 1: Material Declaration Classification in [PC-1752

Class Declaration Type Detailed Requirements
Description
A - Reporting in Query/Reply Query/Reply - Supplier provides responses to standard
format queries and/or optional custom queries.
B - Material group reporting Material Group | — Supplier states the amount of different

groupings of materials within a product.

C - JIG-101 substance category Substance - Supplier provides mass and/or
. concentration of JIG-101 substance
reporting for the product S%Em: "y category at the product level if above
- Additional substance categories group thresholds.
reporting at the product level - Additional substance categories can be
added and reported at the product level.
D - Substances reporting at the Full - Supplier provides location, mass,
homogeneous material level substances substances at homogeneous material

- JIG-101 substances and level.

additional substances are
accommodated
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be declared as a value and a unit of measure. Any substance in a substance group is

9 ¢¢

defined by a “name,” “unique ID,” “amount,” and “exemption” information. The unique
ID identifies each substance with the authority that assigns the ID to the substance. The

exemption information for IPC-1752 is retrieved from the directives, such as RoHS and

REACH. The last type of declaration, class D in Table 1, is used to declare the
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S SmmIONC sheg oryLiat |HomogeneousMaterialList | MaterialGroupList
l l
-SubstanceCategoryList 0.
0.° Y
o — -MateriaiGroup
eCategory tring [0..1] s
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homogeneous substance level information in the product. For that purpose, a
“Homogeneous Material List,” in Figure 15, should be instantiated. Each homogeneous
material might have a “name,” a “Material Group Name,” a “Substance Category List,”

or an “Amount” information.

3.2.2 Extraction of IPC-1752 Information requirements from Integrated Resources

of STEP

For the purpose of this study, we would like to discuss: (1) material characterizations
as needed for IPC-1752, (2) how to represent material and substance information of a
product with STEP information model, and (3) how to create the required information for

IPC-1752 declaration classes.

3.2.2.1 The Material Information needed for IPC-1752

The information requirements for IPC-1752 are discussed in detail in section 3.2.1. In
this section, we would like to characterize the material information contents that need to

be extracted from the STEP standards.

Since IPC-1752 is related to the materials declaration, the material names assigned to
a product and the amounts of these materials have to be extracted. In addition, IPC-1752

also needs the declarations of the following information related to:
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(1) materials that can be grouped under common categories and amounts of these

material groups in a product;

(2) materials information for the whole product or, a small portion of that product to
define the homogeneous material information (it is needed to describe any materials that
can be separated from the base product). This is required for the regulatory directives

like RoHS and REACH;

(3) exemptions defined in these directives that are available in the declaration form.
For each exemption, whether it is true or not has to be specified in the [IPC-1752 form for

the product; and

(4) concentrations of the declared materials, whether the substance defined is added

intentionally or not.

3.2.2.2 The Materials Representations Schema Available in STEP

The materials information is represented by Part 45 of STEP standards. The
information model of Part 45 can be used to represent substance level information for
compliance management. In Part 45, any material is defined as a product by instantiating
the product entity, as given in Figure 16. An id and name can be defined for the
material or substance. The product_related_product_category entity is used to

differentiate between a raw material and a mechanical product. This entity is a subset of
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the product_category entity. The name attribute of the

product_related_product_category should be raw material.

discipline type
product_context £ P O

frame_of reference S[1:7]

product

----------------
r iti make or_buy ! [l
|
specified source | U]

Figure 16: The EXPRESS-G representation of representing materials as product in Part
41 (ISO 10303-41, 1994)

In Part 45, any material designation is represented by the entity
material_designation, as shown in Figure 17. This entity is associated to a select
type, called characterized_definition, and it is used as a mechanism to associate
the material designation to any product, product_definition, or only some part of
the product shape definition. The characterized_definition is explained in detail
later in this section (Figure 18). The material_designation entity will be used to

represent the unique ID concept of materials and substances in [PC-1752.
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constituent_amount

Figure 17: The EXPRESS-G representation of material designation and material
composition in Part 45 (ISO 10303-45, 1997)

In Part 45, the mass of any material, such as the constituents of any material and the

mass of any substance, have different ways of representation. In Part 45, either a material

property definition or the product material composition relationship definition can be

associated to a material_designation (Figure 17). This association is represented by

the entity material_designation_characterization. In order to define the

constituents of a material product, an instance of the

material_designation_characterization has to be created for each constituent

substance of a product. Each constituent is then identified by the entity

product_material_composition_relationship. This entity aggregates the class

information for the kind of relationship between a constituent and a homogeneous

product (e.g. mixture, alloyed, chemically bonded, etc.), the amount of constituent, the
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representation
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Figure 18: The EXPRESS-G representation of material property in Part 45 (ISO 10303-
45, 1997)

basis of composition (e.g. volume, weight, mole, atoms, etc.), and the method (of

determination) by which the amount of constituent is determined. This entity is a subset

of the entity product_definition_relationship, and it inherits five attributes: id,

name, description (optional), relating_product_definition, and

related_product_definition. The relating_product_definition attribute

should be connected to the product_definition of the base material. The

related_product_definition attribute should be connected to the

product_definition of the constituent material. The constituents of a product that
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are defined through the entity product_material_composition_relationship
can be used as the substance representation at the product level for [IPC-1752. The
constituent_amount attribute represents the amount of the substance and the unit of
measure. The representation of the amount of mass and the unit of mass measure are
exactly the same as given previously. For each constituent material, a
material_designation entity should be instantiated to define the ID of the

constituent.

In order to represent the mass of a material or a product in Part 45, the entity
material_property in Figure 18 will be used. It is a subset of
property_definition which has name, description, and definition attributes.
The definition attribute is connected to the characterized _definition select
type. The product_definition entity (Figure 18) is selected for the definition
attribute of the material_property through the characterized_definition
select type for the product or material for which the mass has to be defined. Then, the
material_property_representation entity (Figure 18) has to be instantiated,
which is a subset of property_definition_representation. It inherits two
attributes from the superset entity: definition and used_representation. The
definition attribute will be connected to the instantiated material_property. The
used_representation attribute will be connected to the representation entity. In

Figure 19, how the representation entity is related to the
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measure_representation_itemis shown. The measure_representation_item
is a subset of both the representation_item and measure_with_unit. The value

and unit of mass will be represented through measure_representation_item.

(INV)

representations_
items in_context
S[1:7] esentatio S[1:7] representation_
) S— repr on context_of_ 9 context
o— iterns
representation_item
descriptive_
3 epresentation_item
J) desrption
Q] qualified_
representation_item
qualifiers | S[1:7]
(o]
er """" 1
measure_ [ o
representation_item : :\alue;uuhtm -
=

T qualified_measure

qualifiers

measure_qualification

l.,m J;ﬁ

s[1:7

Figure 19: The EXPRESS-G representation of measure representation item in Part 45
(ISO 10303-45, 1997)

In order to represent the homogeneous level substance information of [IPC-1752, the
material_designation entity has to be instantiated for the given substance of interest
(Figure 17). The definitions attribute of this entity should be connected to the
characterized_definition select type. The allowable select types for the

characterized_definition are shown in Figure 18. The shape_aspect entity
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(Figure 18) is selected to define the homogenous level substance information. The
shape_aspect defines an element of the shape, which is identifiable for a product.
Hence, this entity is used to collect the information to identify the part of the product
where homogeneous substance is defined. Then, substance information can be assigned

through the material_designation entity, as explained above.

3.2.2.3 The Representation of IPC-1752 Material Requirements Using STEP

Schema

All the information, which can be extracted from integrated resources of STEP, can
be used to create each declaration class of [IPC-1752 (Table 1). In this section, the

representation of these declaration classes of IPC-1752 in STEP formats is discussed.

In order to represent queries defined in class-A declaration of IPC-1752, the
material_property entity will be instantiated (Figure 18). The name attribute of the
material_property will be defined as the exact query list name of the IPC-1752, e.g.
“EURO0HS-0508,” The definition attribute will be connected to the
product_definition entity for which the class-A declaration is being reported; the
used_representation attribute of the material_property_representation
will be connected to the representation; and it will be connected to a set of
descriptive_representation_items (Figure 19). Each

descriptive_representation_item will describe a query of the query list in [PC-
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1752. Unfortunately, a “True/False” statement for any query that is required in IPC-1752
is not available for the descriptive_representation_item. Our solution to this
problem is to define the “True/False” statement of any query inside the
descriptive_representation_item after a column “:”. For example, “Product(s)
meets EU RoHS requierement without any exemptions: True” will be instantiated as a

descriptive_representation_item.

The class-B declaration of IPC-1752 requires the declaration of the material groups
(e.g. non-ferrous metals) and amounts of these groups in the product. The material group
information in IPC-1752 is actually derived information from the original material
content information of a product. Because of that reason, the material group information
should be defined as a material property definition. From Figure 18, the name attribute of
the material_property will be defined as the material group name; the definition
attribute will be connected to the product_definition. Then, the amount of mass for
the material group can be represented through the

material_property_representation as explained previously.

The substance information at the product level should be declared for class-C
declaration of IPC-1752. This information can be extracted by the entity

product_material_composition_relationship, as explained before.
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The substance information at the homogeneous material level should be declared for
class-D declaration of IPC-1752. This information required for the class-D forms of IPC-
1752 can be extracted from the materials information that has been assigned directly to
the shape_aspect which specifies the part of the product for the homogeneous

material.

3.2.3 IPC-1752 Information Representation Capabilities of Application Protocols:

AP203 and AP214

Both AP203 2™ Ed. (ISO 10303-203, 2011) and AP214 3™ Ed. (ISO 10303-214,
2010) can represent the product and the product structure information. The person,
organization, personal_address, and organizational_address can be
represented. However, the person_role is not defined in either AP203 or AP214. This
is a problem for extracting the title information in IPC-1751 from AP203 or AP214. In
AP214, the organization_role is represented. This entity is associated with the
organization and with the organization_assignment. AP203 does not capture
that information. Instead, AP203 has another entity, which assigns a role to both the
person and organization. It is called person_and_organization_assignment. The
role is defined by the entity person_and_organization_role. This causes a
problem in identifying the separate title information for person and role information of a
company for [IPC-175X forms from AP 203 STEP files. Both AP 203 and AP 214 can

capture the date information. Even though AP 214 has less representation capabilities
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for date, the XML date type can be easily extracted. The representation of the IPC-1752
declaration classes is mapped into the document_with_class entity. This entity is not
available in AP203 and AP214. Other than this entity, the other representation

capabilities explained in section 3.1.2.3 can be represented by both AP 203 and AP 214.

All Part 45 material property and material constituent representations with the
uncertainty definitions can also be represented with AP 203. On the other hand, AP 214
can only capture the material property representation with limited uncertainty definitions.
AP 214 cannot capture the coverage factor of uncertainty, which is a multiplier of the
standard deviation for defining the uncertainty. Also, AP 214 cannot capture the material
constituent information, as well as the relationships between several data environment

definitions.

3.3 Case Study: A Gearbox

In this section, a case study of a simple gearbox assembly is implemented to show the
extraction of STEP information. The parts of the gearbox and the assembly are created in
a CAD system. The assembly is shown in Figure 20. A traditional BOM for the gearbox

assembly is also given in Table 2.

The gearbox has one lower case (i.e. the lower half of the gear assembly) and one
upper case (i.e. the upper half of the gear assembly) as a container. It has two shafts that

hold two different spur gears. The spur gears have 20 mm and 40 mm pitch diameters.
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Figure 20: A typical gearbox assembly

Table 2: BOM for the Gearbox Assembly

Product Product Name Quantity

Figure
- Gearbox assembly | 1

W Case_lower 1
S~ Shaft 2
. Gear_40 1
. Gear_20 1
- Case_upper 1

A part of an IPC-1752 XML file that shows the product structure information is given

in Figure 21. As it is evident from the XML representation, the product that is in context
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- <Product comment="1his is a trial gearbox pr.duct unit] ype="Each">

wersion="2.0" “Gearbox” effectiveData="201 10" ingsi N ber= ASM® "Gearbox
Assembly” >
—Amount UOM="g" valus="5981"/=
«fProductiD>
- <SubProduct comment="Case part" unblf\rp& E,.du numberoﬂm»ces "1t
version="1.1" ="2012-0 BEY ingSite="Syracuse,NY" ="GBO2" “Case Part™>

<Amount UOM - *g" valua - “ZE12%>
< /ProductiDi
</ SuhProdisct>
- <SubProduct comment= g-aftpad- unll‘ype-'la(h numbetﬂﬂnshm:es- 2>
version="1.2 "2012-03-10-04:14 . e "GBO3" “Shaft Part">
<AMeUNt UUM="9" value="123">
<Productins
< fSubProduct >
- <SubProcuct comment="Gear with O 40 part” unitType="Each™ numhevohnslam&- 1>
version="1.4" "GB-04 ar-40° 201 17" ingsi WY ="GBO4" “Gear with 0D 40>
cAmount LOH—"g" valuc—"92.4%/»
</Productil
<fSuhPrdisct>
- <SubProduct comment="Gear with OD 20 part* unitType="FEach® numberOflnstances="1">
- version="1.5" "GB-05" "Gear-20" i 201 18" “Syracuse, NY" ="6805" “Gear with 0D 20°>

<Amount BUM="g" value="18.5>

- <SubProcuct comment=" uppermsep-t unitType="Each" numberOfinstances="1">
ersion="1.. GB-06" “Upper Case" effectiveDate="201 19" ingSi ~"GBOG" “Upper Case Part">
<Amaunt UDH-"g" e 2813 "fn
= fPraducriny
<ysubProdues
- «xMazerialinfaz
<ExemptionLists
& EmainL TILD atheity = DN ety = B0 = PO B

<Exemplicn identiy= 12" descrgton="Lead in the plating layer of high voltage diodes an the basis o n zinc borate glass bady."/>

</Exemption
= cfjueryl iol ide u|i||-— F UM SN o
<Query meets EU RoHS
<Query meets EU RoHS requirements ucepl lead in solder and this usage may qualify under the lead in solder '7b' (other may apply)”/>
<Query “ meets EU RoHS ion of the select response="true"/>
<Query ) does not meet EU RoHS nd is not
<Quory statement. is absolete, no iz available’
<Query Y Is unknown, no Information is svailable™ =

& Tyl >
- <MaterialGrouplist
<MaterisbGroupListiD suthority="1EA" Hentity="1£C- 62474"/~
& Ml g e =0T her ke allogs, menestainless, st s
<AMGURt UOM="g" valua="1207/>
«fMaterialGnmups
= MaTeaialGroupl T3
</Matertalintg:
«fProduct >

Figure 21: The XML representation of the gearbox product structure in IPC-1751

form

has to be identified, as explained before. In Figure 22, the EXPRESS-G instantiation of
the product for the gearbox assembly has been shown. The product number and the
product name are captured by 1d and name attributes of the product entity,
respectively. The product version information is given by the entity
product_definition_formation_with_specified_source which is a subset of
product_definiton_formation. The id attribute defines the product version
number. As explained in previous sections, a product version might have several product

definitions for different application contexts, like design, maintenance, etc. In this case,
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the product_definition is represented for design view. The context of the product is

given as the mechanical context in Figure 22.

‘mechanical’

dizcipline_type
l\—| #1625=MECHANICAL_ CONTEXT |
C

‘design’
frame_of_references S[1:7]

#1696=FRODUCT

of_product frame_of_reference

'GEARBOR_ASM' O—\
id

'GEARBOX ASSEMBLY" O
TEmE

life_cycle_stage

F1E6T=DESIGMN_ CONTEXT

description ;,
NOT SPECIFIED' C---

9
id #F1697=PRODUCT_ DEFINITION_

| FORMATION_WITH_SPECIFIED_ [ Iigas: I
, _WITH _ — #E86=PRODUCT_DEFINITION |—— 'desian

LAST_VERSION' Q----- SOURCE

make_or_buy description .g).
MADE.

Figure 22: The EXPRESS-G instance representation of the product for the gearbox

assembly

In IPC-175X forms, the product structure is represented as a simple traditional BOM
(Figure 21). As explained in section 3.1.2.5, there are several ways to represent the
product structure in STEP. It is possible to create the traditional BOM out of each product
structure representation. In Figure 23, the traditional BOM is shown by instantiating the
guantified_assembly component_usage entity. For each component (i.e.
product_definition), there is one quantified_assembly_component_usage
entity. The related_product_definition attribute is connected to the component
part, whereas the relating_product_definition attribute is connected to the parent
assembly (i.e. gearbox product_definition). Then, the quanti ty attribute captures

the number of component used in the parent assembly.
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(Gearbox assembly)

[#1898=PRODUCT_ DEFINITION |

relating_product_definition

(Case_lower)

— [#1850=QUANTIFIED_ ASSEMBLY_ #1851=MEASURE_ 1ED
[ #875=PRODUCT_DEFINITION_Jo———— product_defrdion | COMPONENT _ USAGE gty 4 WITH_ UNIT TR
(Shaft) |
— [#1854=QUANTIFIED_ ASSEMBLY_ FI1B55-MEASURE_
[#685=PRODUCT_ DEFINITION — oo COMPONENT_USAGE wertty | WITH_UNIT [ oou © 2F0
(Gear_40) |
- = [#1856=QUANTIFIED_ ASSEMBLY_ F1857-MEASURE_
|#88?_PRODUCT_ DEFINITION p related_product_defintion | COMPONENT_ USAGE quartity 4 WITH_ UNIT court 2 1.ED
(Gear_20) [

- [#1866=GUANTIFIED_ AGSEMBLY_ F1856-MEASURE_
[#1087=PRODUCT_ DEFINIION [o— e fion | COMPONENT_USAGE ety ] WITH_UNIT [ = 1 EP
(Case_upper) |

— [#1860=0UANTIFIED_ ASSEMBLY_ #1861=MEASURE_
|#1671_PRODUCT_ DEFINTION p related_product_definition | COMPORNEMNT_ USAGE quiantity 4 WITH_ UMIT court @ 1B

Figure 23: The EXPRESS-G instance representation of BOM for the gearbox assembly

If the product structure is represented by the entity
next_assembly usage_occurence, it will be represented as shown in Figure 24. In
this representation, the component parts are represented only once by the
product_definition entity which collects all the information related to the
component part. Then, there should be one next_assembly_usage_occurence entity
instantiated for each component used in the parent assembly because the number of each
component used in the parent assembly is represented by the instances of the
next_assembly usage_occurence. As shown in Figure 24, there are two
instantiations of the next_assembly_usage_occurence for the shaft component

which is compliant with our BOM (Table 2).

Another product structure representation in STEP is one that can be used to relate

individual components within any sub-assembly or assembly in which they are included.
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relsting_product (Case_lower)
Tt R =NEAT_AGGEMBLY_ | _relsted_product_defintion __[#575=PRODUCT_
USAGE_OCCURRENCE | DEFINITION
relating_product
Hefinion e PaE=NEXT_ASSEMBLY_ | relsted product_definiio (Shaft)
LUSAGE_ DCCURRENCE #E05=FRODUCT

(Gearbox assembly) releting._product DEFINITION
- FE99=NEXT_ ASSEMBLY_

#1688=FRODUCT
DEFINITION [ USAGE_OCCURRENCE | gjated_product_defintion

relating_product (Gear_40)
_ Oefinkion I Ron=NENT_ASSEMBLY_ | related_product_definiton _[#387=PRODUCT_
USAGE_ OCCURRENCE | DEFINITION
relating_product (Gear_20)
- oetinition #F1080=MEXT_ASSEMBLY_ | related_product_definition #1087=PRODUCT
USAGE_ OCCURRENGE | _ DEFINITION
relating_product (Case_upper)
\_ PEmOn [ E74=NEXT_AGGEMBLY_ | relsted procuct definition [#1671=PRODUCT
USAGE_ OCCURRENCE | DEFINITION

Figure 24: The simple assembly tree structure representation for the gearbox assembly in

EXPRESS-G

This is achieved by the entity specified_higher_usage_occurrence. In Figure 25,
an EXPRESS-G instantiation of this entity is represented for the shaft component in a
gearbox. For the sake of this example, the shaft and the gear are combined to a
subassembly. Then, this subassembly is defined as a component of the gearbox assembly.
In our conceptual gearbox model for this case, there are two shaft and gear
subassemblies. Two shafts are identical in the parent assembly. There is only one
product_definition instance (i.e. instance #695 in Figure 25) which collects all the
details of the shaft product. To identify one of the usages of the shaft component in two
subassemblies of the shaft and gear, the specified_higher_usage_occurence
entity is instantiated (i.e. instance #1866 in Figure 25). By this way, it is possible to

identify the usage of the shaft in a particular subassembly in the gearbox assembly.
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#690=MEXT_ASSEMBLY_
USAGE_ OCCURREMCE
[

#390=MNEXT_ASSEMBLY_
USAGE_ OCCURREMCE

relating

(Gearbox rebting restet s
relate
#1860=PRODUCT_DEFINITION |
assembly ) (Gear_40)
[#1698=PRODUCT_ DEFINITION [, UpRES_Usage e
[#887=PRODUCT_ DEFINITION |
JFEBI=NEXT_ASSEMBLY_
USAGE_ OCCURRENCE related (Shaft)
{ #685=PRODUCT_DEFINITION |

relating next_usage

(Gear_20)

[#1087=PRODUCT_DEFINITION |

relating 1 8E6=SFECIFIED_ HIGHER_ related related

USAGE_ OCCURRENCE

#1863=NEXT_ASSEMBLY_
USAGE_ OCCURREMCE

relating

related

#1BE1=NEAT_ ASSEMBLY_ — i #1H0=NEAT_ ASSEMBLY_
USAGE_ OCCURRENGE relsted <[#1802-PRODUCT_LEFINITION [ relating USAGE_ OCCURRENGE

Figure 25: The complex assembly tree structure representation for the gearbox

assembly in EXPRESS-G

In order to represent the material and substance information of any product in STEP,
they need to be instantiated as a product because any substance or any material is
represented as a product in STEP. The EXPRESS-G representation of iron as a raw

material is shown in Figure 26.

In order to represent the material composition of any product, the
material_designation should be assigned to the product in STEP. In Figure 27,
plain carbon steel, AISI1040, will be assigned to a product which is called “block” for an
EXPRESS-G representation. As shown in the figure, material_designation is
associated to the product_definition entity for the “block” because a product
might have several versions, where each version might have a different assigned material.

The materials assignment to all other parts of the gearbox should be done the same way.
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#202=PRODUCT_
DEFIMITION_ FORMATION

#204=PRODUCT_ DEFINITION lTO ‘part definition’

description o]
5

farmation

¥ 4 of_product
description
{J
Fe' #200=PRODUCT O ron’ frame_of_reference
{3

products
#203=PRODUCT_ —————C 'part definition’
#201=PRODUCT RELATED DEFIMITION_ CONTEXT name
‘raw material' O—— - - -
name FRODUCT_CATEGORY
life_cycle_stage
l description Ie}
‘design’

o

Figure 26: The EXPRESS-G representation of “Iron” as raw material

LAST _YERSION' MADE.
?
. . BLOCK!
description make_or_kuy -

F1ES=PRODUCT_ DEFIMITION_
FORMATION_WITH_ SPECIFIED_
SOURCE

O 'BLOCK!

3 #164=PRODLICT

Ll . .
v description

of _product Name

E SN

1 description MOT SPECIFIED

farmation

‘design’ O—;&—' #166=PRODUCT_DEFINITION #162=DESIGN_ COMNTEXT

frame_of_
reference

defintions

AlS11040° DW #225=MATERIAL_ DESIGMNATION |

Figure 27: The EXPRESS-G representation of material designation for AISI 1040

In Figure 28, how to represent a constituent material of a homogeneous product (i.e.

iron for AISI 1040 material), the amount of this constituent is represented. This is

achieved by instantiating the product_material_composition_relationship

entity. The relationship between material_designation and product_definition

is achieved through material_designation_characterization. In Figure 28, an

example “iron” constituent for AISI 1040 plain carbon steel is shown. For each
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constituent substance of product material, another

material _designation_characterization has to be instantiated. In Part 45, the
constructs for the uncertainty definition of the measured values are also given. The
uncertainty definition is not required for IPC-1752, but is defined in STEP. In Figure 28,
the uncertainty of the measure values for the ‘iron’ content has been associated as

minimum and maximum values.

~— 'substance compasition’
description P

AIBI1040 C‘W' F#225=MATERIAL _ DESIGNATION |O—\ #226=MATERIAL_ DESIGNATION_

designation CHARACTERIZATION

o
defintions t nams

property ~— "alloyed"
class ¥

#166=PRODUCT_ DEFINITION
relating_product _definition

composition_basis

#22T=PRODUCT_MATERIAL_
COMPOSITION_ RELATIONSHIP

(II‘OII) related_product_definition
| #204=PRODUCT_ DEFINITION

determiantion_methocd

‘max limit'

‘itan composition level’

description
#343=MEASURE_
QUALIFICATION

qualifiers

. constituent_smount "
qualified_measure quslified_messure

‘min limit' &

#342=MEASURE_
QUALIFICATION

oualifiers

description

F230=MASE_ MEASURE_'WITH_ #F231=MASE_MEASURE_WITH_
UNIT, MASS_ MEASURE UNIT, MASS_ MEASURE

{3
#340=TvPE_ QUALIFIER

i i #341=TYPE_ QUALIFIER
unt_comparent unit_component value_component
walue_component
9] name
rams £ #276-WMASS_ UNIT, o GRAM. g) ‘ ‘
7 53BE-1 MAMED_ UNIT, SI_UNIT 4.536E-1 MAIMUN

o]
"WML

Figure 28: The EXPRESS-G representation of “Iron” as a constituent of a homogeneous

product

A material property (e.g. density, mass, etc.) is assigned to a product through the
material_property and material_property_ representation entities. In
Figure 29, the density of AISI 1040 material, which is assigned to the product “block,” is
defined. The value and the unit of the density are defined through the

material_property_representation entity. The material property, density, has
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been selected on purpose to show how to instantiate a derived unit. Also, representing
mass unit has been shown for constituents of a product in the previous example. In order
to represent the mass of a product as a material property in Figure 29,
material_property should be instantiated with a name attribute of “mass.” The
material _property_representation should be connected to representation,
and the representation should have items mass_measure_with_unitas

instantiated in Figure 28.

f/—q #166=FRODUCT_ DEFINITION
defintions
BISI1040° OW #F225=MATERIAL_ DESIGMNATION pf) name /-O L3
definition

L #2EB=MATERIAL_ DESIGNATIOMN_ }_{O
designation CHARACTERIZATION ‘density’

‘density
property description
name

#267=MATERIAL_ PROPERTY_ definition —
| REPRESEMTATION }—q *ZES—MATER‘AILPROPERW ‘

K description

dependent_environmert | eeeaae
uged_represertation } (5
‘density of AISI1040"

#27E=DATA_ EMNVIROMMENT 'WO ¥

0
#269=REPRESENTATION

ftem=s

F27TO=MEASURE_ Heret .
REFRESENTATION_ [TEM, FOSITVE [ e = Densiby measure

description | r ‘density’

‘amhient’

unit_component

#271=DERNMED_UNIT [

walue_component

elemerts 7.845
#274=MASS_ UNIT, #272=DERINED_ UNIT_ #273=DERNED_ UNIT_ #276=LENGTH_ UNIT,
MAMED_ UMNIT, SI_UNIT urit ELEMENT ELEMENT unit 7] MNAMED_ UNIT, SI_ UNIT
¥ (GRAM CEMNTI. .METRE

1 -3

Figure 29: The EXPRESS-G representation of material property assignment

Part of an IPC-1752 XML file which shows the contact information and company
information that have to be filled out in order to send the form is given in Figure 30. In

Figure 31, example instantiation of person and organization has been shown. The
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person entity keeps id, First, middle, and last names for the person. The
organization entity keeps the required id and name information for the organization.
The relationship between the person and the organization is captured by the

person_and_organization entity.

t="this is a trial.” fie ck="false" doclD="Doc-01" date="2012-02-27-04:02" supplierCheckbox="false" internalSuppkerID="MySuppID-01" respondByDate="2012-03-12-04:03">
"Tenching Asslstant” name “Mahmet Therls sadgactl’
< “misarlqadeyr.adn

2="13244" country="USA" stztedrovince="NY" city="Syracuse" strezt="263 Link Hall" internal="Mech. Eng. Dept."/>

ma “Syracnsa lnkvarsity s
ority—"DUMNS" Icentity—"SYR"/ >

Figure 30: The XML representation of request information in IPC-1751
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Figure 31: The representation of person and organization in EXPRESS-G

The contact information is represented for person and organization separately in
STEP. In this section, only the personal_address will be shown as an example. In

Figure 32, the personal_address keeps all contact information, like address,
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street
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----------- 13244

postal_code

Figure 32: Example instantiation of personal address in EXPRESS-G

#1720=FERS0ON
]

agzsigned_person

R1998=FERSON_
ASSIGNMENT

role

| #2002=PERSOMN_ROLE I—{) TEACHING ASSISTANT'

name

| #1721=0RGANIZATION

assigned_organization

[

2004=0RGAMNIZATION_
ASSIGNMENT

role

| #2003=0RGANIZATION_ROLE |—O 'REQGUESTER'

name

Figure 33: The representation of person and organization assignment in EXPRESS-G

phone, email, etc., and connects to the related person. The title of the contact person is

captured by person_role, as shown in Figure 33. This entity is then connected to the

person by the person_assignment. The organization_role will be used to define

the requester and supplier companies. The organization_role is attached to the

organization by the organization_assignment entity. The relationship between

a company that requests information and a company that supplies information can be
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created by the organization_relationship, as shown in Figure 34. The
organization_relationship is characteriezed as “materials declaration” by the

name attribute.

5

1 description
RE2007=0RGANIZATION
_ RELATIONSHIP

MATERIALS DECLARATION'

related_organization

relating_organization

F2005=0RGAMNIZATION

azsigned_organization

F1T2=0RGANIZATION |

aszigned_organization
201 6=0RGAMNIZATION_
2004=0RGANIZATION_ ASSIGNMENT
ASSIGNMENT

rale

rale

| #2003=0RGANIZATION_ROLE | F2006=0RGANIZATION_ ROLE

Figure 34: The representation of organization relationship in EXPRESS-G

The date information needs to be specified for the request date, response date, and the
effective date. In STEP, as explained in previous sections, it has several ways to represent
the date information. In Figure 35, for example, the calendar_date representation is
shown. The year, day, and month information can be captured by the
calendar_date. The type of the date (i.e., request date, response date or effective date)
is captured by the date_role, and it is associated to the calendar_date by the

date_assignment.

The document identification also has to be done for IPC-1752 (Figure 29). This is
shown in Figure 36. The document_with_class entity, which is a subset of the

document, keeps the id, name, and class information for the declaration document.
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2012
yEar_companent

F1T11=CALENDAR_ DATE 27
[ day_component

agsigned_date
2
marth_component

[ #2018=DATE_ ASSIGNMENT |

rale

#2017=DATE_ROLE < 'REQUEST DATE'
natne

Figure 35: The representation of date in EXPRES-G

The document is attached to the product through the
document_product_association. The document_representation_type
represents that the document is in digital format. The document_type is defined as
“IPC-1752” in Figure 36. The relationship between a request document and a response

document is captured by the document_relationship.

The class-A declaration of [IPC-1752 has queries to be answered as true or false
(Figure 29). An EXPRESS-G representation of these queries is shown in Figure 37. The
query list is represented as a material property, where each query statement is shown as a
descriptive_representation_item. The material property is directly connected to
the product (i.e. gear box) and the association between the query statements and the
material property is define through material_property_representation and

representation entities.
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related_document

5

description [ id

represented_document

relating_document ‘ F#2010=DOCUMENT_

REFRESENTATION_TYFPE

#2013=DOCUMENT_
REFRESENTATION_TYFPE

name

‘DIGITAL FORMAT

#2011=DOCUMENT_

name
'DIGITAL FORMAT'

SRR FI697T=PRODUCT_
& & DEFIMITION_ FORMATION_ G MATERIALS
§ MATERIALS relsted_procuct | WITH_ SPECIFIED_ SOURCE related _product REPLY FOR
REQUEST FOR GEARBOM

GEARBIOX

Figure 36: The representation of document and document relationship in EXPRESS-G

#F1698=PRODUCT_ DEFINITION |

definition namefﬂ—O ‘EURoHS-0508"
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nEme ar
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—0 a2
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name Rkl
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description exemptions’
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O a6
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REPRESEMTATION_ ITEM

Product is unknown _no

deserition information is available

Figure 37: An EXPRESS-G representation of queries for Class-A in IPC-1752
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Chapter 4

Development of Functionality-Based

Conformance Classes

In this section the development of the functionality-based CCs (FCCs) discussed.
This necessitates (i) analyzing and identifying the required information for an
engineering activity, (ii) grouping the information requirements in a hierarchical order,
(ii1) mapping the grouped information to available STEP resources to facilitate the
standardized data exchange, (iv) defining any other pieces of information (that are not
available in present STEP models) in EXPRESS, (v) breaking down the mapped
information in groups (i.e., each information layer) into small units which are repeatedly
instantiated as a unit. In the following sections, the development of FCCs for 1-D

tolerance analysis is discussed in detail.
4.1 ldentification of Information Requirements for 1-D Tolerance Analysis

In the development of FCCs for 1-D tolerance analysis (i.e., stack-up analysis), as a
first step, the information requirements for tolerance analysis activity are identified from

the industrial practices. A stack-up analysis is used for finding out the variation of an
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assembly (or a part) requirement by adding the dimensions and tolerances. Several
sample problems related to stack-up analysis, collected from different sources (Fischer,
2004; Drake, 1999; Geng, 2004; Zhang, 1997; Neumann, 2003), have been analyzed in

detail.

A complex bolted assembly is considered to present the required information for 1-D
stack-up analysis. 3-D model of the assembly is shown in Figure 38. The sample
tolerance analysis problem for this assembly is presented in Figure 39. The goal is to
determine the minimum and maximum gap between parts 5 and 6 (i.e., between A and J).

The details for the base plate (part 1) and the bracket (part 2) are given in Figure 40 and

Figure 38: The assembly model
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Figure 41, respectively. The GD & T specifications for these parts are shown in the
figures. The specified geometric tolerances are as follows: (1) the patterns of holes in
both the base and the bracket have positional tolerances, and (2) the bracket has a profile

tolerance.

The manual tolerance analysis for this sample problem is shown in Figure 42. In the
figure, every element required for the stack-up analysis is marked with a circled number.

These elements and the explanations for them are tabulated in Table 3.

@ ProfileSur face @

i 52034 25 bh—7.3103
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(5) DERERIEE q \\ @ EBonus Tolerance
~" (LH Bradiety \ 12 @ woswire
@ fosenkly Shif b § (FH Bracket?
1 H Bracket? % D Fe. @ Assembly 3hift
% (RH Bradhel)
} .
0 N 1 el
Y SRS
@ Asserbly Shift " ) Brcfliesintace © @ Assemily Shilt

~ ibase Plate)

(Rame Pinte J G 1 swEt o ¢
L H Tracket? —= |
1

@ Position #5.7 Holes ({8} Position #57 Holes
ﬁ‘i‘) Borus Tolerarce 3 @ Bonus Talerance

4 ShiFt
@ &;E Ploted Hz direction 18) IF SHIFt

{Buse Plute)

&4

Figure 42: The stack-up analysis details for complex assembly (Fischer, 2004)
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Table 3: The Stack-up Analysis for the Complex Assembly (Fischer, 2004)

Dim | Part | + - + Description
No

=
o

11.5 | £0.1 Dim: Pin Length

2 +0.2 Dim: LH Plate Thickness

86 | +0.3 Standoff Thickness

10.3 Profile of Flange Face on LH L-bracket

+1 Datum Feature Shift: ((5.7+0.3)-(5.7-0.3-1.4))/2=+1

121 | 20 Dim: Flange Face — CL DFg Holes on LH L-bracket (Basic)

+0 Position of Dia 5.7 DFg Holes on LH L-bracket: N/A

+0 Bonus Tolerance: N/A

+0 Datum Feature Shift; N/A

+1 Assembly Shift: LH L-bracket Holes @ LMC: 6(H)-4(F)=2/2=+1

+1 Assembly Shift: Base Plate LH Holes @ LMC: 6(H)-4(F)=2/2=+1

+0.7 Position of LH Dia 5.7 DFg Holes on Base Plate

10.3 Bonus Tolerance; (0.3+0.3)/2=40.3

+0 Datum Feature Shift: N/A — DFa not a Feature of Size

55 10 Dim: CL LH DFg Holes — CL RH DFg Holes on Base Plate (Basic)

+0.7 Position of RH Dia 5.7 DFs Holes on Base Plate

10.3 Bonus Tolerance: (0.3+0.3)/2=40.3

+0 Datum Feature Shift: N/A — DFa not a Feature of Size

+1 Assembly Shift; Base Plate RH Holes @ LMC: 6(H)-4(F)=2/2=%1

+1 Assembly Shift: RH L-bracket Holes @ LMC: 6(H)-4(F)=2/2=+1

+0 Position of Dia 5.7 DFg Holes on RH L-bracket: N/A

+0 Bonus Tolerance: N/A

+0 Datum Feature Shift: N/A

121 | £0 Dim: CL DFg Holes — Flange Face on RH L-bracket (Basic)

10.3 Profile of Flange Face on RH L-bracket

+1 Datum Feature Shift: ((5.7+0.3)-(5.7-0.3-1.4))/2=+1

RO INININININININININ |22 NN NNIN N (W o

NINININININDINDINNDINDINND R s —
OS|p|N||A|R|R N[=|S|lo|lo|N|o|a|n e |o|@ RN | oA w i =

2.5 10.1 RH L-bracket Flange Thickness
2 $0.2 Thickness of RH Plate
6&7 7.3 | 0.5 Thickness of RH Plate &Boss
Total 59.5 | 53.6 | £10 Worst Case Tolerance — Sum of the plus/minus tolerance values

From Figure 42 and Table 3, the following information is identified as needed for

stack-up analysis:

e Tolerances should be converted to symmetric bilateral format.
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¢ Dimensions and tolerances are represented by a chain of dimensions (i.e.,
dimension loop): A B—-C—D—-E—-F—-G—-H-I->]J-A.

e Nominal dimensions and symmetric dimensional tolerances from A through J in
the loop have to be identified. For example, A—B is 11.5+0.1 mm. In this case,
the nominal dimension is 11.5 mm and the symmetric tolerance is £0.1 mm.

e Geometric tolerances should be converted to symmetric bilateral tolerances (for
details (Fischer, 2004)). For example, the profile tolerance of the flange face in
the L-bracket is converted to + 0.3 mm.

e Bonus tolerances, datum feature shifts and assembly shifts should be defined in

symmetrical bilateral format (details are explained in section 4.4.3 on page 84).

The nominal gap (i.e., 5.9 mm) is calculated by subtracting the negative sum (i.e.,
53.6 mm) from the positive sum (59.5 mm) (Table 3). The worst-case variation is
calculated as £10 in Table 3. Hence, the stack-up analysis for the gap (Figure 42) yields

5.9+10 mm.

4.2 Grouping of Information Requirements into Hierarchical Information Layers

Grouping the required information into hierarchical layers necessitates analyzing the
procedure to carry out tolerance analysis in computerized systems. A general procedure is

given below:

e Geometric models of components are created.

e GD & T specifications are added to the geometric models of each component.

e Assembly model is created from component models. The assembly model
contains assembly constraint (i.e., mating) and transformation definitions between

components.
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e The objective of the tolerance analysis (i.e, gap in between two faces) has to be
defined.

e Any bonus tolerance, datum feature shift or assembly shift is created by CAD

system.

In a data exchange / sharing scenario, the order of this procedure for tolerance
analysis clearly represents the hierarchical layers of information that can be navigated.
The information layers are shown in Figure 43. The information requirements are divided
into two different domains: (i) product design and modeling and (ii) tolerance analysis.
Since product design and modeling is a common domain for other activities as well, the

information requirements specific to tolerance analysis is grouped separately.

Product Design and Modeling Tolerance Analysis

Product Definition Shape Aspect

Geometry

Feature Tolerances

Tolerance
Analysis

Figure 43: Information layers for tolerance analysis
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4.3 Mapping of Information Requirements into Available STEP Resources

The information groups in Figure 43 have to be mapped to the available STEP
resources. The information requirements for identifying any product by its name, version
number and product context are defined in information layer 1 of the product design and
modeling activity as shown in Figure 43. These information requirements are collected

from the product definition schema of Part 41 of STEP.

The geometric representation of a product model is defined in information layer 2.
The geometry information is available at Part 42 of STEP. In addition to Part 42, Part 43
of STEP has the necessary information requirements to associate the geometric definition

of a product with its basic definition, i.e., its name, version number, etc.

Feature-level information is grouped in information layer 3. Feature definitions are

taken from the form definitions of AP 214.

In the last layer, the structural information is defined. The assembly tree structure
information is defined by Part 44 of STEP. The orientation information of components
within the assembly is available in Part 43 of STEP. The information on assembly
constraints between components is given in Part 109 (ISO 10303-109, 2004) of STEP.
Besides the assembly constraint definitions relating to components, the information

groups of product design and modeling are pretty well implemented in STEP by
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commercial CAD systems. For this reason, only the assembly constraint information

model will be discussed in detail in section 4.4.1.

The information requirements for tolerance analysis, aside from product design and
modeling, are given in Figure 43 as well. Once the product definition and geometry have
been identified, the shape of a part has to be defined in terms of shape aspect, which
includes dimensions and tolerances. There are several types of identifying shape aspects,
e.g., a pattern of features conceived as a shape aspect, or a derived shape aspect, etc. In
STEP, they are available in the shape aspect schema of Part 47. These information
requirements are grouped in information layer 1. Size and location dimensions are
defined by referring to the related shape aspects. Size and location information are
grouped in information layer 2. These information requirements are available in the shape
dimension schema of Part 47 of STEP. In layer 3, the dimensional tolerances and
geometric tolerances are grouped. These tolerance information requirements are available
in the shape tolerance schema of Part 47. This layer contains all the information needed
to carry out tolerance analysis at the part level. The assembly level tolerance analysis
requires assembly structure information as well. For this reason, the information

requirements for assembly level tolerance analysis are grouped in information layer 4.

4.4 Information Requirements Unavailable in STEP Resources

The information requirements that are unavailable in STEP resources for stack-up
tolerance analysis have to be represented in EXPRESS. In the previous section, the

information requirements for the product design and modeling domain were mapped to
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STEP except the representation of assembly constraints between components. In section
4.4.1, the modified information model for assembly constraint representation is
discussed. Additionally, GD & T representation information were mapped to STEP in the
last section, as well. However, the following information is not available in STEP:
information for dimension loop that is created by chaining dimensions to each other, and
the loop elements (section 4.4.2), dimensional variation items (section 4.4.3) and
tolerance analysis process (section 4.4.4). In the following sections, the details of

representing these information requirements in EXPRESS are discussed.

4.4.1 Modifying Assembly Constraint Information Model of STEP

Specification of the explicit geometric constraints among components of an assembly
model is defined in Part 109. The assembly constraints defined there are descriptive, not
mathematical. These constraints are subtypes of constraints defined in Part 108 (ISO

10303-108, 2005).

The assembly constraint representation available in STEP has to be modified for the
following reason: In STEP, assembly constraint information is defined between two
components of an assembly. The geometric entities that are constrained in these two
components are identified by the constraint information. The constraint information also
captures the transformation information (i.e., orientation and location) of each component
with respect to each other. The transformation information is represented in STEP by
representation_relationship_with_transformation entity. However, in a

STEP file, product description of a component in an assembly is defined only once. Then,
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for each usage of the same component within the assembly (the same component might
be used more than once in an assembly), the next_assembly_usage_occurence
entity is instantiated to define a relationship between the component and the assembly.
The transformation information for the usage of this component with respect to assembly
is represented by the representation_relationship_with_transformation.
Therefore, defining transformation information between components in assembly
constraint representation excludes the usage information of each component within the
same assembly. Because of that reason, we modified the assembly constraint
representation in STEP by separately referring to the
representation_relationship_with_transformation that captures the

transformation information for each component usage within the assembly.

In Figure 44, the EXPRESS-G representation of the modified assembly constraint
representation is shown. The assembly _geometric_constraint entity is used to
define the relationships between rigid components of an assembly, which control the
transformation matrices that position and orient the models of these components. The
assembly_geometric_constraint has two subtype entities:
binary_assembly constraint and
fixed_constituent_assembly_ constraint. The first is used to precisely define
binary constraints controlling the relationship between two components in an assembly;
the second is used to define a fixed position and orientation of one component of an

assembly. Two attributes added to represent the transformation information of each
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explicit_geometric_constraint

fixed_element_
geometric_ constraint

‘ (ABS) assembly_geometric_constraint

I 1
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(ABS) binary_ assembly_

fixed_constituent_

constraint reference assembly_constraint
representati;n_
constrained transformation constrained_
representation_ representation_
1 transformation transformation

parallel_ geometric_ constraint

Q

‘ parallel_assembly_constraintb—

Q

parallel_assembly_constraint_
with_dimension

?

pgc_with_ dimension

sdgc_ with_ dimension

surface_distance_assemblyﬂ
constraint_with_dimension

agc_ with_ dimension

representation_relationship_
with_transformation

‘ perpendicular_ geometric_constraint ‘

—4perpendicular_assembly_constraintl

incidence_ geometric_ constraint

}

t——() incidence_assembly_constraint

‘ coaxial_ geometric_ constraint

—(# coaxial_assembly_constraint

‘ tangent_ geometric_constraint ‘

!

angle_assembly_constraint_
with_dimension

Figure 44: Modified assembly constraint representation in EXPRESS-G

—(# tangent_assembly_constraint

component with respect to the assembly are the

constrained_representation_transformation and the

reference_representation_transformation (Figure 44). In this way, it is

82

guaranteed that the assembly constraints between components of an assembly are defined

for the correct use of the component in the assembly.
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Similarly, constrained_representation_transformation, attribute is
defined for the Fixed_constituent_assembly_constraint to represent the

transformation information of the fixed component with respect to the assembly (Figure

44),

The entity definitions that are used as defined in Parts 108 and 109 are listed in Table
4, for ready reference. In the table, the entities in the right column are subtypes of the
entities in the left column. The details can be found in (ISO 10303-109, 2004; ISO

10303-108, 2005) respectively.

Table 4: Entities Used from Part 108 and Part 109 for the Assembly Constraints

Entities used from Part 108

Entities used from Part 109

explicit_constraint

assembly_geometric_constraint

binary_assembly_constraint

defined_constraint

explicit_geometric_constraint

fixed_element_geometric_constraint

fixed_constituent_assembly_constraint

parallel_geometric_constraint

parallel_assembly_constraint

pgc_with_dimension

parallel_assembly_constraint_with_dimension

surface_distance_geometric_constraint

sdgc_with_dimension

surface_distance_assembly_constraint_with_dimension

angle_geometric_constraint

agc_with_dimension

angle_assembly_constraint_with_dimension

perpendicular_geometric_constraint

perpendicular_assembly_constraint

incidence_geometric_constraint

incidence_assembly_constraint

coaxial_geometric_constraint

coaxial_assembly_constraint

tangent_geometric_constraint

tangent_assembly_constraint

tangent_geometric_constraint

tangent_assembly_constraint
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4.4.2 Dimension Loop and Loop Element

The analysis objective (i.e., the gap) for 1-D stack-up tolerance analysis is defined by
the distance in between two particular faces in the assembly model. Then, starting from
one face of the analysis objective each component’s dimensions that affect the analysis
objective are chained to each other to create a dimension loop, ending at the other face of
the analysis. The dimension loop information is not available in STEP. Therefore, its
EXPRESS definition is created in this study. The EXPRESS-G representation is shown in
Figure 45. The dimension loop is defined as a list of loop elements. Loop elements are
defined as a subset of shape aspect_relationship which is available in Part 47.
This entity defines a relationship between two shape_aspect definitions. Hence, the
directionality of loop elements are defined by two attributes inherited from the
shape_aspect_relationship: the directionality is from relating_shape_aspect
to related_shape_aspect. Each loop element is used to identify the required
dimension and tolerance value for the analysis. Additionally, the transformation
information of each component that is used in the loop element definition has to be
captured. This is defined by the following two attributes: elementl_transformation

and element2_transformation.

4.4.3 Dimensional Variation Items

For 1-D stack-up tolerance analysis, each variation item (i.e., each dimension and
tolerance) that contributes to the variation has to be associated with a loop element in a

dimension loop. The variations should be represented in symmetrical bilateral format.
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dimension_loop

element1_transformation elements L[1:7]

representation_relationship || 68 élement
_with_transformation | P

element2_transformation i

‘ shape_aspect_relationship

related_shape_aspect

| “relatingfshapefaspect

shape_aspect

Figure 45: Detailed representation of the dimension_loop in EXPRESS-G

Hence, nominal dimensions and tolerances (section 4.4.3.1) and geometric tolerances
(section 4.4.3.2) should be converted to symmetric bilateral tolerances. There are also
variation items that are caused by assigned geometric tolerances. They are bonus
tolerances (section 4.4.3.4), datum feature shifts (section 4.4.3.5) and assembly shifts
(section 4.4.3.6). They have to be represented in symmetric bilateral format as well. All
these variation items are collected under the select type dimensional_variation in
Figure 46. To present definitions of these allowable entities neatly, each will be treated
separately. Also, the explanation of these additional variation items caused by geometric
tolerances necessitates the definition of virtual condition boundary and it is given in

section 4.4.3.3.
4.4.3.1 Nominal Dimension

In a dimension loop, each loop element should have a nominal dimension and a
dimensional tolerance, both of which affect the tolerance analysis. This is represented by
the nominal dimension in Figure 47. To use dimension and tolerance representation

available in STEP, the nominal dimension is defined as a subset of the

www.manaraa.com



86

dimensional_variation

nominal_dimension ©

bonus_tolerance

converted_geometric_|
tolerance

|

datum_feature_shift ©

assembly_shit o

i

Figure 46: Detailed representation of the dimensional_variation in EXPRESS-G

tolerance_method_definition

T range

‘ plus_minus_tolerance

toleranced_dimension

| dimensional_characteristic | || dimensional_variation

dimension L

‘ dimensional_characteristic_representation ’—q nominal_dimension ‘

representation belongs_to

‘ shape_dimension_representation ‘ loop_element

T

‘ shape_representation ‘

Figure 47: Detailed representation of the nominal_dimension in EXPRESS-G

dimensional_characteristic_representation of Part 47. The nominal
dimension indirectly acquires a dimensional value and a plus/minus tolerance. The

attribute belongs_to defines the association between the nominal dimension and the

loop element.
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4.4.3.2 Converted Geometric Tolerance

Any specification of geometric tolerance that affects the tolerance analysis has to be
converted to plus/minus tolerances for linear tolerance analysis. In our EXPRESS-G
representation (Figure 48), the values of the plus/minus tolerances for converted
geometric tolerance are represented by available STEP representation, i.e.
tolerance_value. Additionally, the geometric tolerance that is converted to
symmetric bilateral tolerances is identified by the g_tolerance attribute. To associate
the converted geometric tolerance with a loop element, the attribute belongs_to is
defined. This attribute associates converted geometric tolerance with shape aspect. The
constraint on this attribute is that the associated shape aspect has to be either the

relating_shape_aspect or the related_shape_aspect of a loop element.

elements L[1:7]
dimension_loop <| loop_element

dimensional_variation T

related_shape_aspect
\ 4{ shape_aspect_relationship ‘

converted_geometric_

tolerance
belongs_to &
tolerance i
description ] \ ! shape_aspect [

o} relating_shape_aspect

g_tolerance

) geometric_tolerance tolerance_value ‘

name
upper_bound lower_bound

magnitude = =
— ‘ measure_with_unit

toleranced_shape_aspect

Figure 48: Detailed representation of the converted_geometric_tolerance in

EXPRESS-G
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4.4.3.3 Virtual Condition Boundary

A virtual condition boundary (Drake, 1999) is an imaginary boundary established for
features of size with a geometric tolerance specification that is modified to MMC or
LMC. Any geometric tolerance applied to a feature of size and modified to MMC creates
a virtual condition boundary in the air adjacent to the feature surface(s). This boundary is
the limit in air space where the feature shall not encroach. The MMC virtual condition
boundary represents a restricted air space reserved for the mating part feature. In such a
mating interface, the internal feature’s MMC virtual condition boundary must be at least
as large as that for the external feature. Similarly, any geometric tolerance applied to a
feature of size and modified to LMC creates a virtual condition boundary which is
embedded in part material, just beneath the feature surface(s). This boundary constitutes a
restricted core or shell of part material into which the feature shall not encroach. The
LMC virtual condition boundary assures a protected core of part material within a pin,

boss, or tab, or a protected case of part material around a hole or slot.

The perfect geometric shape of any virtual condition boundary is a counterpart to the
nominal shape of the controlled feature. Virtual condition (the boundary’s fixed size) is
determined by three factors: 1) the feature’s type (internal or external); 2) the feature’s
MMC or LMC size limit; and 3) the specified geometric tolerance value. The details are

given in Table 5.

In Figure 49, a pin fitting into a hole is represented to explain virtual condition

boundary. Both pin and hole have perpendicularity tolerance with MMC modifier.
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Perpendicularity tolerance applied to a feature of size, modified to MMC or LMC,

establishes a virtual condition boundary beyond which the feature’s surface(s) shall not

encroach.
Table 5: The Virtual Condition Size for MMC and LMC
Internal feature of size External feature of size
MMC virtual condition MMC size limit — geometric | MMC size limit + geometric
tolerance tolerance
LMC virtual condition LMC size limit + geometric | LMC size limit - geometric
tolerance tolerance

’——— ¢.512+.003
|| |3.0050)[A]
V] 4

|-—F @ 500001

| |
Drawings
M’J@rp‘“
|

90°

& .504 H

virtual
condition |

boundary |J

J —

Figure 49: Using virtual condition boundaries for mating constraints (Drake, 1999)

For the pin in Figure 49, the diameter of the virtual condition boundary equals the
pin’s MMC size plus the perpendicularity tolerance value: @.501 + @.003 = ¢.504 in.

Similarly, the diameter of the virtual condition boundary for the hole is calculated by
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subtracting the perpendicularity tolerance value from the hole’s MMC size: 0.509 -

®.005 = @.504 in.

In this section, virtual condition boundary (VCB) representation using available
STEP entities is explained. The VCB is defined as a property of the shape_aspect
because it is a derived definition based on the feature of size and the geometric tolerance
definition. In Figure 50, the name and description attributes of the
property_definition should be set to “tolerance property” and “virtual condition
boundary definition,” respectively. This attribute is connected to the shape_aspect
through the definition attribute. The value of the VCB is defined by the
measure_representation_item. The name attribute of this entity is set as “VCB
size.” The value_component attribute shows the value of the VCB. This value

representation is connected to the representation by the items attribute. The name

'VIRTUAL CONDITION BOUNDARY'

namel

used_representation
representation @ property_definition_representation

items S[1:?]
MEASURE_REPRESENTATION_ITEM, ‘ property_definition
LENGTH_MEASURE

name description
name value_component :

'"TOLERANCE 'VIRTUAL CONDITION
PROPERTY' ~ BOUNDARY DEFINITION'

definition
o definition |

shape_aspect

'VCB SIZE'

Figure 50: Detailed representation of the virtual condition boundary in EXPRESS-G
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attribute of the representation is set to “virtual condition boundary.” Then, the
association between the representation and the property_definiton is defined

by the property_definition_representation in Figure 50.

4.4.3.4 Bonus Tolerance

Any geometric tolerance applied to a feature of size and modified to MMC or LMC
establishes a bonus tolerance (Fischer, 2004) when the size of the as-produced feature
deviates from the virtual condition boundary. In Figure 49, the diameter of virtual
condition boundary for both pin and hole is set to #.504 in. The tolerance zone for the pin
increases as its diameter deviates from MMC size limit (the largest pin) to LMC size
limit (the smallest pin). Similarly, as diameter of the hole changes from MMC size limit
(the smallest hole) to LMC size limit (the largest hole), its tolerance zone increases. This
increase in tolerance zone is added like a bonus in tolerance analysis. Therefore, the
bonus tolerance is the maximum amount of increase in tolerance zone. For the pin
diameter it is @.001+¢0.001=@.002 in. For the hole diameter, it is @.003+@.003=0.006 in.
After finding out any bonus tolerance, it has to be converted to symmetric bilateral

tolerances.

The representation of bonus tolerance in EXPRESS-G is shown in Figure 51. In this
figure, the plus/minus tolerance values for bonus tolerance are defined by
tolerance_value entity available in STEP. Other than that, any information that
contributes to the calculation of bonus tolerance has been captured as well: size

dimension assigned to feature of size, specified geometric tolerance and material

www.manaraa.com



modifier. Bonus tolerance is also associated with shape aspect for relating this bonus

tolerance to a loop element.

datum_refrence

datum_systems S[1:7]

geometric_tolerance_
ith_datum_reference|

[ _tolerance

- limit,

geometric_tolerance

|name | description

g_tolerance

| gmodified_geometric,

modifier y
ey tolerance_value

4 shape_aspect |,
magnitude upper_bound lower_bound

name
dimensional_size

dimensional_variation |

dimension_loop

size

bonus_tolerance

“modifier

tolerance belongs_to

related_shape_aspect

‘ measure_with_unit

elements L[1:7]

loop_element

i

shape_aspect_relationship

relating_shape_aspect
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Figure 51: Detailed representation of the bonus_tolerance in EXPRESS-G

4.4.3.5 Datum Feature Shift

Datum feature shift (Fischer, 2004) is the maximum variation that may be caused
when inspecting features related to datum features of size specified at MMC or LMC. For
the inspection, the datum feature simulators have to be created. These simulators may be
larger or smaller than the datum features. The maximum difference between the datum

features and their simulators contributes to the maximum variation.

Any datum feature of size has to be simulated for its applicable virtual condition size,
LMC size, or MMC size, whichever is applicable, according to the paragraph 2.11.3 in
the ASME Y 14.5M-1994 (ASME, 1994) standard. Two considerations must be made to

determine which datum feature simulator size is appropriate:
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1. Determine whether LMC or MMC is specified.
2. Determine if there is a geometric tolerance specified that controls the datum feature
of size’s center geometry as per the rules below:
a. If a datum feature of size is not specified with a geometric tolerance that controls
the datum feature’s center geometry (such as its orientation or position), then the
datum feature of size is simulated at its appropriate LMC or MMC size (Table 6).
b. If a datum feature of size is specified with a geometric tolerance that controls the
datum feature’s center geometry (such as its orientation or position), then the
datum feature of size is simulated at its appropriate virtual condition size (Table

6).

Table 6: Datum Feature Shift

Referred datum | Modifier | Internal Datum Feature External Datum Feature
Datum referenced w/o modifier 0 0

Modified datum and datum Upper limit — lower limit Upper limit — lower limit
feature w/o geometric tolerance

Modified datum and | RFS N/A N/A
datum feature with (Nominal size + upper limit) — (Nominal size + upper limit +
geometric tolerance | MMC (Nominal size — lower limit — geometric tolerance) -
geometric tolerance) (Nominal size — lower limit)
(Nominal size + upper limit + (Nominal size + upper limit) —
LMC geometric tolerance) — (Nominal | (Nominal size — lower limit -
size — lower limit) geometric tolerance)

As an example, a profile tolerance is specified with datum A as the primary datum

and datum B at MMC as the secondary datum in Figure 52. The datum feature B is

simulated at its MMC virtual condition size because the datum feature of size has a

positional tolerance controlling its center geometry.

Datum feature shift calculation for the hole at its MMC virtual condition size is as

follows:
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Figure 52: A datum feature simulated at its virtual condition size

1. MMC virtual condition size :

?10.0 nominal size - 0.6 size tolerance - @1.4 positional tolerance = @8.0 mm.
2. This is the datum feature simulator size.
3. LMC (largest hole) = @10.0 nominal size + 0.6 size tolerance = @10.6 mm LMC size.
4. Datum feature shift = @10. LMC size - 8.0 MMC size = 2.6 mm datum feature

shift.

5. Divide the datum feature shift by 2: 2.6/2 =+1.3 mm.

6. This is the equivalent + symmetric tolerance value for the tolerance analysis.

Datum feature shift definition is developed in EXPRESS-G as shown in Figure 53.
The symmetric bilateral tolerance value for datum feature shift is represented by
tolerance_value entity defined in STEP. Datum feature shift definition collects any
information that contributes the calculation of it: assigned geometric tolerance, specified
datum modifier, size dimension assigned to datum feature and geometric tolerance

assigned to this datum feature. The last element is defined as optional attribute in Figure
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53 since datum feature might or might not have a geometric tolerance specified. Datum

feature shift is also related to shape aspect to be associated with a loop element.

name

dimensional_variation dimension_loop ‘
. . . [ datum_size -
dimensional_size |
L elements L[1:7]
magnitude g_tolerance 0 i loop_element ‘

\ | datum_feature_shift

description —
geometric_tolerance |

I

shape_aspect_relationship

tolerance
name —0 related_shape_aspect
tolerance_value
relating_shape_aspect

datum_g_tolerance

upper_bound lower_bound | shape_aspect
‘ belongs_to

| measure_with_unit

modified_geometric,
_tolerance

modifier
geometric_tolerance_ —
with_datum_reference|

limit_condition

datum_moadifier
precedence

[

. modifier g
datum_refrence _d referenced_modified_datum 3 limit_condition

datum_systems S[1:?]

Figure 53: Detailed representation of the datum_feature_shift in EXPRESS-G

4.4.3.6 Assembly Shift

Assembly shift (Fischer, 2004) is the maximum misalignment between components of
an assembly caused by clearance between an as-produced hole feature and a fastener. For
example, specifying a positional tolerance at MMC for holes leads to the greatest possible
dislocation when the hole is produced at LMC (the largest hole). As a result, the
difference between the hole diameter at LMC and the fastener diameter is the assembly
shift. The fastener nominal values (e.g., 8 mm diameter for a M8 bolt) are assumed as the
fastener diameters in this assembly shift calculation. Each assembly shift value has to be

converted to symmetric bilateral tolerances for tolerance analysis.
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The representation of assembly shift in EXPRESS-G is shown in Figure 54.

Assembly shift definition captures the following information that contributes to the

calculation of it: size dimensions assigned to internal and external features (i.e., hole and

shaft, respectively), association of assembly shift with shape aspects of internal and

external feature and geometric tolerance assigned to internal feature if any. Plus/minus

tolerance values of assembly shift are represented by tolerance_value.

name
dimensional_size |-

| dimensiona

|_variation |

e f size

i_f_size

0

datum_refrence

limit_condition

}datum_systems S[1:?] | modifier

geometric_tolerance_
with_datum_reference

modified_geometric
_tolerance

name

) geometric_tolerance
C

description

P
magnitude

-

assembly_shift

tolerance

tolerance_value

upper_bound lower_|

i_f_g_tolerance

hole_feature

!

j_f shape_aspect
shaft_feature

related_shape_aspect

relating_shape_aspect

‘ shape_aspect_relationship

l

loop_element ‘

bound

Q
measure_with_unit

‘ elements L[1:?]
dimension_loop

Figure 54: Detailed representation of the assembly_shift in EXPRESS-G

4.4.4 Tolerance Analysis Process

In this section, we represent how to aggregate all the information required for 1-D

tolerance analysis. To carry out the 1-D tolerance analysis in a CAD package, in addition

to the information requirements from product modeling and GD & T representation,

information regarding the analysis objectives and the dimension loop is needed. The 1-D
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tolerance analysis can be represented by the following information requirements: nominal
dimensions, bonus tolerances, converted geometric tolerances as used in the analysis (i.e.,
plus/minus tolerances converted from geometric tolerances), datum feature shifts and

assembly shifts. The EXPRESS-G representation of tolerance analysis is given in Figure

55.

shape_representation

| ;toleranceimelhodidehnition

l range
shape_dimension_representation i
plus_minus_tolerance

‘ representation . : .
dimension | toleranced_dimension

dimensional_characteristic_representation < | dimensional_characteristic

|

tolerance_analysis

Figure 55: Detailed representation of the tolerance_analysis in EXPRESS-G

The common properties of all different types of tolerance analysis are represented by
tolerance_analysis entity. The analysis objective of the problem (i.e., the
gap/distance/size to be analyzed for dimensional variation) is needed to start the analysis.
In order to use available GD & T specifications in STEP for defining the analysis
objective, tolerance_analysis is characterized as a subset of
dimensional_characteristic_representation, which is given in Part 47
(Figure 55). This entity has two attributes to identify size or location dimension implicitly
and to define value of the dimension. The tolerances are associated with the implicit size

or location dimensions.
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The linear_tol_analysis entity is represented as a subset of the entity
tolerance_analysis. The EXPRESS-G representation is shown in Figure 56. This
entity collects all the information required for 1-D tolerance analysis: 10op attribute
represents the dimension loop used for the tolerance analysis; components attribute

represent any dimensional variation that has an effect on the tolerance analysis.

‘ tolerance_analysis

1 loop
linear_tol_analysis - <| dimension_loop

.

components S[1:7]

dimensional_variation

Figure 56: Detailed representation of the inear_tol_analysis in EXPRESS-G

Hierarchically grouping the information content is still not helpful for users because
the data content needed is much smaller than these information groups. Therefore, the

development of the templates is discussed in the next section.

4.5 Development of Templates for FCCs

The last step of the development of FCCs for 1-D tolerance analysis is to break down
the information groups into small, repeatedly instantiated information groups that are
called as templates. A template explicitly identifies the entities to be instantiated and
attributes to be selected. Templates might use (or consist of) other templates. The

developed templates are discussed in detail in the next chapter.
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As an example, developed shape aspect template is shown in Figure 57. The shape
aspect entity is used to identify a part of the product shape definition to attach GD & T
specifications. The part of the product shape is defined by representation template. The
association between shape aspect and product shape is realized by property definition

template. The product definition template identifies the product for which shape aspect is

defined.
Product Definition
Template Shape Aspect Template

product_definition_ product_definitional

shape d—_iajoo

e numuT Tdes:npljon
ralating_shape_aspect
shape_aspect related_shape_aspect shape_aspect_relationship
Property Definition Template

e property_definition
definition
property_definition

representation

shape_definition sed_representatio ot o
representation_context

representation =
INV) representations_in_context S[1:7]
L o
_item
(DER}m|

representation_item
rame:
sha resentation . -
tODOlOgIcEl_I'GDI'BS@I'ItaT.IDI"I
Citem

Representation Template

used_representation

Figure 57: Shape aspect template
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Example instantiation of the shape aspect template is shown in Figure 58-b.
EXPRESS definitions for this template is also given in Figure 58-a, for ready reference.
The instantiation of shape aspect template requires four entity instantiations (i.e., #400 -
#403) which are highlighted in yellow. Other entity instances are defined by other

templates and needed for the shape aspect template.

ENTITY shape_aspect; #152=ADVANCED_FACE('right face'(#151),#137..F.);
name : label; #298=(GEOMETRIC_REPRESENTATION_CONTEXT(3)GLOB
description : OPTIONAL text; AL_UNCERTAINTY_ASSIGNED_CONTEXT((#297))GLOBAL _
of shape : product_definition_shape; UNIT_ASSIGNED_CONTEXT((#291,#295,#296))REPRESENTA
product_definitional : LOGICAL; TION_CONTEXT('1D1','39);

END_ENTITY; #307=PRODUCT _DEFINITION_SHAPE(",'SHAPE FOR

PRODUCT.' #306);
ENTITY shape aspect_relationship;

name : label; * SHAPE ASPECT DEFINITIONS *
description : OPTIONAL text; #400=SHAPE_ASPECT(",$,#307,.T.);
relating_shape_aspect : shape_aspect; #401=PROPERTY DEFINITION(",$.,#400);
related_shape_aspect : shape_aspect; #402=SHAPE_REPRESENTATION(",(#152),#298);
END_ENTITY:; #403=SHAPE_DEFINITION _REPRESENTATION(#402.#401);
(a) EXPRESS definition (b) Data instance representation

Figure 58: Shape aspect EXPRESS definition and data instance representation

4.6 Case Study

In this section, the sample tolerance analysis problem which was discussed in section
4.1 (Figure 38) is presented as a case study. The implementation framework is shown in
Figure 59. In this figure, the assembly is modeled in a CAD package. All GD & T
specifications are defined for products. Since the current CAD systems do not translate
GD & T specifications assigned to products, these specifications are manually added to
the STEP file. The enriched STEP file then can be used by another CAD system to carry

out tolerance analysis. In Figure 60, part of the enriched STEP file for our bolted
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GD& T+
Tolerance Analysis
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. | STEP Part 21
: file

STEP Part 21
file

i

Figure 59: Framework for implementation of FCC - tolerance analysis

1SO-10303-21:
HEADER:

ENDSEC:
DATA:
#14=DIRECTION(" (0.E0.0.E0,1 E0)):

#5421=SYMMETRIC_SHAPE_ASPECT (",5,#601..T.):
#5422=PROPERTY_DEFINITION(",S.#5421):
#5423=SHAPE_REPRESENTATION("(#483 #495) #588).
#5424=SHAPE_DEFINITION_REPRESENTATION(#5422 #5423);
#5425=CENTRE_OF_SYMMETRY('l'$,#601..F.);
#5426=PROPERTY_DEFINITION(".S #5425):
#5427=SHAPE_REPRESENTATION(",(#473).#588);
#5428=SHAPE_DEFINITION_REPRESENTATION(#5426,#4527).
#5429=SHAPE_ASPECT_DERIVING_RELATIONSHIP (".8.#5425#5421):

#5510=DATUM("." #601,.F.'A"):
#5511=PROPERTY_DEFINITION(",S #5510);
#5512=SHAPE_REPRESENTATION("(#335)#588);
#5513=SHAPE_DEFINITION_REPRESENTATION(#5511.#5512);
#5514=DATUM_FEATURE(","#601,.T.);
#5515=PROPERTY_DEFINITION(",S.#5514);
#5516=SHAPE_REPRESENTATION(",(#370)#588):
#5517=SHAPE_DEFINITION_REPRESENTATION(#5515.#5516);
#5518=SHAPE_ASPECT RELATIONSHIP(","#5514.#5510);

/* mating conditions BASE PLATE-LBRACKET(RIGHT HAND SIDE)*/
#5751=PARALLEL_ASSEMBLY_CONSTRAINT_WITH_DIMENSION(",",(#1104),(#431),.
FALSE. #1306,#669.0.E0);

#5752=COAXIAL_ASSEMBLY_CONSTRAINT("", (#1143 #1157),(#500,#514),#1306 #669);
#5753=COAXIAL_ASSEMBLY_CONSTRAINT("",(#1169.#1 183),(#552.4566),#1306.#669);

/* bonus tolerance */
#6020=(LENGTH_UNITONAMED_UNIT(*)SI_UNIT(MILLL, METRE.));
#6021=BONUS_TOLERANCE(#5524 #5546,45546 #6024,#5421);
#6022=LENGTH_MEASURE_WITH_UNIT(LENGTH_MEASURE(-3.E-1).#6020);
#6023=LENGTH_MEASURE_WITH_UNIT(LENGTH_MEASURE(3.E-1)#6020);
#6024=TOLERANCE_VALUE(#6022#6023);

EICEIDSEC:
END-1SO-10303-21;

Figure 60: Part 21 STEP file for the bolted assembly
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assembly is shown. It is evident that, the data instances are organized according to our
templates. In the figure, instantiations of symmetric shape aspect template, datum

template, assembly constraint template and bonus tolerance template are shown.

Implementation of FCCs for 1-D tolerance analysis will help identify the missing

information that is needed for 1-D tolerance analysis.
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Chapter 5

Development of Templates for Part 47

Information Models

In this section, templates for representing GD & T (geometric dimensions and
tolerances) information defined in Part 47 of STEP are developed. These templates then
can be used for constructing functionality-based conformance classes (FCC) proposed in

the previous chapter.
5.1 Introduction

Integrated resources provide abstract and highly usable product models for the
development of APs in STEP. Part 47 is an integrated resource of STEP; it is called
shape variation tolerance and is divided into three distinct information models: (1) The
shape aspect definition schema provides the definitions for the spatial characteristics of
a shape, which are required for dimensioning and tolerancing. (2) Representation of
location and size dimensions is provided by the shape dimension_schema. (3) The
shape tolerance schema provides the constructs for describing tolerances, and includes

two types of tolerance representation: plus-minus tolerance and geometrical tolerance.
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Hierarchical relationships among the layers of information needed for functionality-
based CCs for tolerance analysis, as shown in Figure 61, is also used for representing GD
& T. In the figure, the information models of Part 47 are represented in three layers:

shape aspect, dimensions and tolerances.

Product Design and Modeling Tolerance Analysis

Product Definition Shape Aspect

Geometry

Tolerances

Tolerance
Analysis

Figure 61: Information layers for tolerance analysis

In the following three subsections, templates are created for repeating patterns in the
information models of Part 47: for shape aspect, for dimensions and for tolerances. In
these template definitions, entities that are to be instantiated are identified with
“’instantiate.” In addition, the GD & T specifications for a sample part, shown in Figure

62, are used to represent the instantiations of some templates.
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Figure 62: Dimensions and tolerances of a sample part

5.1.1 Templates for the Shape Aspect Information Model

Representing any dimension or tolerance requires identifying and associating the
dimension and/or tolerance specifications with a product shape. Identifying process can

be accomplished by using the template representing_shape aspect, shown in Figure 63.

It should be noted that only the following entities are instantiated with this template:
shape_aspect, property_definition, shape_definition_representation
and shape_representation. The shape_representation is a subset of the
representation. Therefore, the items attribute collects the geometric definitions for

the shape_aspect.

The relationship between two shape_aspect definitions is represented by the
shape_aspect_relationship entity. This relationship entails that the
related_shape_aspect be dependent on the relating_shape_aspect. The

template for this representation is shown in Figure 64.
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product_definitional
———0
description

Not part of this template i o

product_definition_ of_shapa tinstantiate

b |
shape shape_aspect

definition
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definition Ainstantiate :
—_— description
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shape_definition used_representation _item
_representation l
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items S[1:7] (e C—— 3
| dimension_coun
Ainstantiate
shape_representation topological_representation

_item

Figure 63: The template representing_shape aspect

Not part of this template

shape_aspect

relating_shape_aspect related_shape_aspect

Ainstantiate
shape_aspect_relationship

Figure 64: The template representing shape aspect relationship

Any shape_aspect whose existence depends on other shape_aspects is

represented by derived_shape_aspect in Part 47. This entity has eight sub-classes.
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Under certain conditions, a specialized subtype of derived_shape_aspect should be
used. Under certain other conditions, the plain derived_shape_aspect entity should
be used. For example, a cylindrical hole is symmetrical about an axis, which exists only
when the hole exists. For this reason, the axis is defined as a derived_shape_aspect,
1.e., the centre_of_symmetry. The data instance of the centre_of _symmetry will
have one symmetric_shape_aspect, i.e., any shape_aspect of a product that is
symmetrical about a geometric element. The symmetric_shape_aspect entity can
also be used to represent the shape_aspect defined by a group of identified
shape_aspects of a product that is symmetrical overall. The template for this
representation is shown in Figure 65. It should be noted that both

symmetric_shape_ aspect and centre_of _symmetry are subsets of the
shape_aspect, and have the same requirements. In addition, in the template, the
inverse attribute basis_relationships of the shape_aspect_relationship
identifies relationships with one or more features that are symmetrical about centers of
symmetry, e.g., a point, axis, or median plane. The relating_shape_aspect attribute
of the shape_aspect_relationship has to be the symmetric_shape_aspect. The
related_shape_aspect attribute should refer to shape_aspects that are symmetric.
The symmetry definition is represented by the centre_of_symmetry. The relationship
between the symmetric_shape aspect and the centre_of _symmetry is described
by the derived_shape_aspect_relationship, a subset of the
shape_aspect_relationship. For this entity, the related_shape_aspect is the

symmetric_shape_aspect and the relating_shape_aspect is the
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centre_of_symmetry. For example, the central axis of a cylindrical hole feature can
be represented as a centre_of_symmetry. The cylindrical face of the internal surface

of the hole can be represented as a symmetrical_shape_aspect.

description
product_definitional T nama.
! 1 relating_shape_aspect
name
shape_aspect Fﬂ shape_aspect_relationship| -
1 ! related_shape_aspect | description
of_shape
— relating_shape_aspect
(INV) basis_relationships S[1:7] &
0
" i Ainstantiate
finstantiate —
- symmetric_shape_aspect Shape?:Isa;:;ﬁ;;:ﬂwng
product_definition_ -
shape
Not part of this template ' derived_shape_aspect o—————
" . relating_shape_aspect
definition

Ainstantiate
centre_of_symmetry

B name
definition C ftinstantiate description
property_definition |- 1] Not part of this template
context_identifier

rty_definiti context_of_items —o
pm:-zereys_ent:;ilc:r?n — representation_context
P (INV) representations_in_context S[1:7] —-=o
context_type
name
Ainstantiate representation & geometric_representation
shape_definition used_representation _item
_representation ‘
- representation_item ‘L(DERN"“
items S[1:7]  BEEEEEEE—
. dimension_count |

topological_representation
_item

Ainstantiate
shape_representation

Figure 65: The template representing_symmetric_shape aspect

As an example, the template shown in Figure 65 is used to identify one of the hole

features in our example part (Figure 62) as symmetric_shape_aspect, shown in
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Figure 66. Templates for other subclasses of the derived_shape_aspect can be

created in a similar way.
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definition F

#5424=5HAPE_DEFINITION_
REPRESENTATION

used_representauonl

#5425=-CENTRE_OF |
SYMMETRY

definition

|#5425=FROFERTY_DEFINITION|

?~| definition

#5428=5SHAPE_DEFINITION
_ REPRESENTATION

|
é’descripﬁun

'SHAPE FOR BASE_PLATE'

used_representation

#5423=SHAPE_REPRESENTATION |

F5427=SHAPE_REPRESENTATIO
M

| items S[1:7]

iberns 5[1:7] Ll

‘#433=ADVANCED_FACE ‘ ’#495=ADVANCED__FACE I

)«a ?3=AXISZ_FLACEMENT_3D‘

Figure 66: Instantiation of the representing_symmetric_shape aspect

Defining GD & T specifications for discrete features of a product necessitates

associating shape_aspect definitions

for each feature with a

composite_shape_aspect definition. The template for this representation is given in

Figure 67. In order to define GD & T specifications for a pattern of features, the name

attribute of the composite_shape_as

pect should be set as “pattern of features.” For

disjointed features that are not part of a pattern, the name attribute should be set as

“multiple elements.” It should be noted that for each shape_aspect definition, there

should be one shape_aspect_relationship with its relating_shape_aspect

attribute connected to the composite_shape_aspect. For example, the four holes in
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name

Not part of this template
TR e peped Ainstantiat | reme
product_definition_ of_shape Ainstantiate nstantiate
shape shape_aspect related_shape_aspect |shape_aspect_relationship| description_
il l a Ainstantiate | relating_shape_sspect
P —— .
composite_shape_aspect v s2
name »
definition Ainstantiate — P
,—" property_definition |- ) Not part of this template
of i context_identifier
Dmperly_deﬁn_ition context_of_items rep ion_context context
! representation [ (INV) representations_in_context S[1:7) - D—‘)‘P'

tinstantiate representation O

shape_definition
_representation

items S[1:7)

tinstantiate
shape_representation

| representation_item

[

[ .
- dimension_count |
| __|

topological_representation
_item

Figure 67: The template representing _composite shape aspect

#5448=SYMMETRIC
SHAPE ASPECT

relating_shape_aspect

58=SHAPE_ASPECT_
RELATIONSHIP

'PATTERN OF
name FEATURES'

relating_shape_aspact relating_shape_aspect
H" #5457=COMPOSITE_SHAPE_ASPECT Pi

relating_shape_aspect

58=SHAPE_ASPECT

RELATIONSHIP RELATIONSHIP

45458=SHAPE_ASPECT | |wss=SHAPE_ASPEGT_

RELATIONSHIP

related_shape_aspect

related_shape_aspect

related shape aspect

#5421=SYMMETRIC_ #IAI0=SYMMETRIC _
SHAPE_ASPECT SHAPE_ASPECT

#5439=SYMMETRIC

SHAPE_ASPECT

Figure 68: Instances for representing pattern of holes

our sample part (see Figure 62) are identified as “pattern of features” in the template (see

Figure 68).
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For representing geometric dimensions and tolerances, datum is a referenced perfect
theoretical entity which is simulated by datum features or datum targets. Any datum
which is simulated by a datum feature that has a size can have a material modifier. These

concepts appear repeatedly in the representation of geometric tolerances.

Figure 69 shows the template for representing a datum with a datum feature. As
shown, the instantiation of the datum requires a datum_feature in order to define
which part of the geometry is being treated as a datum. It should be noted that both
entities (i.e., datum and datum_feature) are subsets of the shape_aspect. Hence,
the instantiation of these two entities requires a minimum set of information for the
shape_aspect. Then, a datum_Feature is associated with a corresponding datum

definition using the shape_aspect_relationship, as shown in Figure 69.

description
0

product_definitional

‘ name

relating_shape_aspect name
‘ > — Ainstantiate o

shape_aspect ~ shape_aspect_relationship|
related_shape_aspect description

Ainstantiate - relating_shape_aspect
Q  datum_feature |* (INV) feature_basis_relationship

) related_shape_aspect
K
o Ainstantiate (INV) established_by_relationships S[1:7]
datum

identificatfon

Figure 69: The template representing_datum with_datum_feature

Another important point is that both datum and datum_feature, as

shape_aspects, should have representation_items: the datum should be
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associated with a plane or axis definition, defined as a
geometric_representation_item, whereas the corresponding datum_feature
should be associated with a planar surface or cylindrical surface, defined as a
topological_representation_item (since a datum can be simulated by a simple
planar or cylindrical datum feature). For example, the template shown in Figure 70 is

used to identify datum A for our sample part (Figure 62).

—| #5518=5HAPE_ASPECT_RELATIONSHIP

relating_shape_aspect related_shape aspect
identification -
definition definition
J#5515=F‘F40FERTY_DEFINITION | [ #5511=PROPERTY_DEFINITION l
1=} T
definition definition
#5851 7=SHAPE_DEFINITION_ #5513=5SHAPE_DEFINITION_
REPRESENTATION REPRESENTATION
J) usad_representation used_representation
&
[ #5516=SHAPE_REPRESENTATION ‘ |#5512=3H APE REPRESENTATION |
iteims S[1:7] terms S[1:7]

| #3T0=ADVANCED FACE | #335=PLANE
Lid

'bottom face

Figure 70: Instances for datum A
A template for representing a datum with a datum target is presented in Figure 71.

This is similar to the template for representing a datum with a datum feature.

Referencing a datum for a geometric tolerance is defined by the entity
datum_reference in part 47. The template for representing datum_reference is

shown in Figure 72. This entity has two attributes: the first—precedence—shows the
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priority assigned to a datum; the second— referenced_datum—refers to the datum
entity. The precedence attribute is used to show the order of the datum in the feature

control frame.

description
Y name
roduct_definitional
P s f relating_shape_aspect
. . name
Ainstantiate F—0
e SSpe shape_aspect_relationship|
related_shape_aspect description
target_id
Mnstantiate T Y
—O datum_target relating_shape_aspect

(INV) target_basis_relationship

related_shape_aspect

Ainstantiate (INV) established_by_relationships S[1:7]
datum

()]

identification

Figure 71: The template representing_datum_ with _datum_target

precedence

Minstantiate

datum_reference

lreferenced_datu m

datum

Not part of this template

Figure 72: The template representing_datum_reference

Referencing a datum with a material modifier condition for a geometric tolerance is
represented by referenced_modified_datum, which is presented in Figure 73. In this
case, the datum feature should be a feature of size, and the geometric tolerance should be

defined with a modified datum. The referenced_modified_datum is a subset of the
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datum_reference, and in addition to superset attributes, it has another attribute called
modi fier. The following modifiers can be defined by the enumeration type

limit _condition:

e MAXIMUM MATERIAL CONDITION
e LEAST MATERIAL CONDITION
e REGARDLESS OF FEATURE SIZE.

limit_condition

modifier

Ainstantiate
referenced_modified_datum

7

precedence
datum_reference o

referenced_datum

datum

Not part of this template

Figure 73: The template representing_referenced modified datum

5.1.2 Templates for the Dimensions Information Model

The description of location and size dimensions is defined in Part 47. In order to
define a dimension between two geometric items, the template for representing
dimensional location can be used (see Figure 74). The entity dimensional_location

is a subtype of the shape_aspect_relationship; it implicitly describes the location
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dimension between two shape_aspects. The dimensions that are mapped to name
attributes of dimensional_locations are given in Table 7. The

dimensional _location has two subsets: angular_location and

dimensional _location_with_path. The angular_location is instantiated to
describe the measure of the angle defined by the two shape_aspect elements (see
Figure 75). Its angle selection attribute is an angle_relator, and the allowable values
for angle_relator are “equal,” “large” and “small.” The
dimensional_location_with_path, as a specialized subtype of
dimensional_location, uses the same structure as the template in Figure 74. This
subtype entity provides a path for the measurement to follow by means of a

shape_aspect (Figure 76).

i dimensional_characteristic |

Ainstantiate ) )
dime—nsional_location shape_aspect_relationship

relating_shape_aspect related_shape_ aspect

shape_aspect

Not part of this template

Figure 74: The template representing_dimensional location
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Table 7: Name Attributes of Dimensional _location

Dimensional location Dimensional location.name
Angular location dimension N/A

Curved distance dimension ‘curved distance’

Linear distance dimension linear distance’

: dimensional_characteristic |

dimensional_location })— shape_aspect_relationship

relating_shape_aspect related_shape_aspect

Ainstantiate
angular_location

shape_aspect

angle_selection
Not part of this template

angle_relator

Figure 75: The template representing_angular location

Size dimensions in GD & T specifications can be defined by the template
representing_dimensional_size, shown in Figure 77. The dimensional_size is used
when the measurement applies to only one feature of size, rather than involving a
relationship between two distinct geometric or topological features. Note that this “one
feature of size” can, under certain circumstances, be a composite of several

shape_aspects. Also, the shape_aspect used for dimensional_size should lie on
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Edimensional_characteristic

(]

dimensional_location (3 ——— shape_aspect_relationship

relating_shape_aspect related_shape_aspect

Q
Ainstantiate
dimensional_location_|————¢ shape_aspect
with_path

path

Not part of this template

Figure 76: The template representing_dimensional location with path

| dimensional_characteristic

Not part of this template l

applies_to
shape aspect [

Ainstantiate name

dimensional_size

Figure 77: The template representing_dimensional size

the physical boundary of the shape, which means the product_definitional attribute
should be set to “true.” The dimensions that are mapped to name attributes of
dimensional_sizes are given in Table 8. The dimensional_size has two subsets:
angular_size and dimensional_size_with_path. The angular_size s
instantiated to describe an angular measure between two boundaries of a shape_aspect

(Figure 78). Its angle selection attribute is an angle_relator select type. A template
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the measurement to follow by means of a shape_aspect is provided.

Table 8: Name Attributes of Dimensional_size

Dimensional size Name attribute
Angular size dimension N/A

Curved size dimension ‘curve length’
Diameter size dimension | ‘diameter’
Height size dimension ‘height

Length size dimension length’

Radial size dimension ‘radius’
Thickness size dimension | ‘thickness’
Width size dimension ‘width’

Not part of this template

applies_to
shape aspect e

! dimensional_characteristic |

)

dimensional_size

(o]
Ainstantiate
angular_size

angle_selection

angle_relator |

Figure 78: The template representing_angular_size

implicit dimensions which can be derived from geometric definitions of

118

for representing dimensional_size_with_path is shown in Figure 79. Its structure is

similar to that of the template for representing_dimensional_size. In Figure 79, a path for

name

The dimensional_size and dimensional _location entities both define
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§dimensional_characteristic

Not part of this template

applies_to name
shape_aspect [p——— dimensional_size [ ©

path

Minstantiate
dimensional_size
with_path

Figure 79: The template representing_dimensional size with path

Not part of this template

context_identifier

context_of_items T, —0
(INV) representations_in_context S[1:7] 2 = I

context_type

(DER)description
- (DER)id
‘ representation name
——=0

unit_component__| unit

L.

e
[ |

* measure_with_unit ——a measure_value |

] value_component
name
shape_representation =
l _ﬂh qualifiers S{1-7)88 - ifars S[1:7]

shape_dimension_representation S— wvalue_qualifier |

T Ll RSEER

| items 5[1:7]

Mnstantiate | dimension | S : 1
| di ional_characteristic. representation | el ynal_characteristic

‘ reprasantation |

Figure 80: The template representing_dimensional characteristic_representation

shape_aspects. In order to associate explicit dimensions with these implicit dimension
definitions, the entity dimensional_characteristic_representation is defined

in Part 47, and the template for this representation is shown in Figure 80. As is evident
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from the figure, the representation attribute is associated with the explicit non-
geometric dimension representation, and the dimension attribute is associated with the
implicit dimension definition through select types of the entity
dimensional_characteristic. In this figure, the items attribute of
shape_dimension_representation should have only
measure_representation_items. On the other hand,
dimensional_characteristic can be either dimensional_location,
dimensional_size or one of their subtypes. For example, the size dimension for the
pattern of holes in our sample part is shown in Figure 81, using the templates
representing_dimensional size and

representing_dimensional characteristic_representation.

5.1.3 Templates for the Tolerances Information Model

In part 47, dimensional tolerances are defined by the entities tolerance_value and
limits_and_fits. The tolerance_value is used to define plus-minus tolerances,
and the tolerances specified by this entity consist of numeric values added to the nominal
dimension of a shape_aspect. A template for this representation is shown in Figure 82.
There are two constraints for the tolerance_value: the upper_bound value should
be bigger than the lower_bound value, and the values for both the upper and lower
bounds should be the same unit of measure. The entity 1imits_and_fits, on the other

hand, is used to specify tolerances within a pre-defined fit system (Figure 83).
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'PATTERN OF
FEATURES"

name T

fro457T=COMPOSITE_SHAPE_ASPECT

applies_to

‘ #G524=DIMENSIONAL_SIZE |

G name
diameter dimensian

#5528=DIMENSIONAL _
CHARACTERISTIC_REPRESENTATION

representation

#552T=SHAPE_DIMENSION_
REPRESENTATION

itams S[1:7]

#3025=LENGTH_MEASURE_WITH_UNIT,
MEASURE_REPRESEMTATION_ITEM,
MEASURE_WITH_UNIT, LENGTH_MEASURE,
REPRESENTATION_ITEM

l value_component
5T

Figure 81: Instances for the dimensional size of the pattern of holes

The association between a dimensional tolerance and a dimension is defined by the
entity plus_minus_tolerance. A template for this representation is shown in Figure
84. For this template, dimensional_characteristic can have values of either
dimensional_location, dimensional_size or one of their subtypes. The
tolerance_method_definition can have only one of two values:
tolerance_value or limits_and_Tfits. For example, Figure 85 shows the
plus/minus tolerances for the size of the hole feature in our sample, using the templates
representing_tolerance value, representing_plus_minus_tolerance and

representing_dimensional size.
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tolerance_method_definition

|

Ainstantiate
tolerance_value

lower_bound

upper_bound J

|

measure_with_unit

Not part of

this template

Figure 82: The template representing_tolerance value

tolerance_method_definition

l

Ainstantiate
limits_and_fits

source
———o0

grade

form_variance

L =

zone_variance

O

Figure 83: The template representing_limits_and_fits

Geometric tolerance definitions can be categorized into six types: (1) a geometric

tolerance without any datum or any material modifier, (2) a geometric tolerance with a

material modifier, (3) a geometric tolerance with

a datum, (4) a geometric tolerance with

a modified datum, (5) a geometric tolerance specified on a per unit basis of the toleranced

feature, and (6) a composite tolerance (i.e., a feature control frame with at least two

geometric tolerances).
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{ | dimensional_characteristic

toleranced_dimensionT

Ainstantiate
plus_minus_tolerance

range

tolerance_method_definition

Figure 84: The template representing plus minus_tolerance

"PATTERN OF FEATURES'

namaT

15457=COMPOSITE_SHAPE_ASPECT|

T applies_to

] #5524=DIMENSIONAL_SIZE L

name
‘diameter’ o_l T toleranced_dimension

E’EE&E?F'LUS MINUS TOLERJ\NCE]

ranga

#5531=TOLERAMCE _VALUE
lower_bound - bound

529 LENGTH MEASURE ! WITH UNIT, 5530=LENGTH_MEASURE ! WI"I'H UNIT,
LENGTH_MEASUI LENGTH_MEASURE
Lvalue_mponenr. l\raius_mmponsnt
0.3 0.3

Figure 85: Instances for dimensional tolerance for the pattern of holes

(1) The specification of a geometric tolerance without a datum and material modifier
can be created using the template representing_geometric_tolerance (Figure 86).
The name attribute of the geometric_tolerance describes the type of
tolerance (e.g., flatness tolerance). The description attribute is used as a

supplementary note. The magnitude attribute states the size of the tolerance and
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should be equal to or greater than 0. The toleranced_shape_aspect attribute

refers to the shape_aspect for which a geometric tolerance is being defined.

Not part of this template

‘ shape_aspect

T toleranced_shape_aspect

name

Ainstantiate —0

geometric_tolerance O

description
magnitude

measure_with_unit

Not part of this template

Figure 86: The template representing_geometric_tolerance

(2) Representation of a geometric tolerance with a material modifier is shown in
Figure 87— the template representing modified geometric_tolerance. Both the
geometric_tolerance and modified_geometric_tolerance entitics are
instantiated in this template. The modi Fier attribute of the
modified_geometric_tolerance entity isa limit_condition

enumeration type. It can assign one of the following values:

e MAXIMUM MATERIAL CONDITION
e LEAST MATERIAL CONDITION
e REGARDLESS OF FEATURE SIZE.
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Not part of this template

shape_aspect

(T)
toleranced_shape_aspect
name
Ainstantiate —0
‘ geometric_tolerance [ ©
l ' description
magnitude
Ainstantiate
modified_geometric

_tolerance

H modifier

O, Not part of this template

limit_condition |

measure_with_unit

Figure 87: The template representing modified geometric tolerance

(3) A geometric tolerance with a datum can be represented by using the template
representing_geometric_tolerance with datum_reference (Figure 88). Both the
geometric_tolerance and
geometric_tolerance_with_datum_reference entities are instantiated in
this template. The geometric_tolerance_with_datum_reference has
only one attribute, which is datum_systems, associated with a set of
datum_references. In the feature control frame, the datum, if present, appears
in a specific order, i.e. primary, secondary or tertiary. However, the STEP
implementation of the datum systems is an unordered list. The precedence of the
datum in the feature control frame is, therefore, given by the precedence
attribute in the datum_reference. This is important to note, as there is no

guarantee that the order in the geometric_tolerance_with_datum is correct.
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Not part of this template

shape_aspect

toleranced_shape_aspect
name
Ainstantiate —0
geometric_tolerance O
Ainstantiate . l description
geometric_tolerance_ magnitude
with_datum_reference (])

measure_with_unit

datum_systems S[1:7]

Not part of this template

@]
datum_refrence

Not part of this template

Figure 88: The template representing geometric_tolerance with datum reference

(4) A geometric tolerance with a modified datum is instantiated by using the same
template from Figure 88. However, in this case, the
referenced_modified_datum (Figure 73) is instantiated instead of a
datum_reference for the datum_systems attribute. For example, the
geometric tolerance specified for the pattern of holes in our sample part is shown
in Figure 89; it was created using the following templates:
representing_geometric tolerance, representing modified geometric_tolerance,
representing_geometric_tolerance with datum reference,

representing _datum_ with datum feature and representing datum_reference.
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(5) A geometric tolerance specified on a per unit basis of the toleranced feature is
represented by the geometric_tolerance_with_defined_unit. A template
for this representation is shown in Figure 90. This entity has an additional

attribute, unit_size, to represent the unit measure applied to a tolerance.

‘A #5510=DATUM

referenced_datum

q o———.——-|#5544=u.wrum_nEFERENCE[ magnitude #5545 ENGTH_MEASURE_WITH_UNIT,
precarlance LENGTH_MEASURE

datum_systems S[1:7] T ivalue cotnponent

#5546=GEOMETRIC_TOLERANCE, GEOMETRIC_ .4
TOLERANCE_WITH_DATUM_REFERENCE,
MODIFIED_GEOMETRIC_TOLERANCE,
POSITION_TOLERANCE

r&srscom){JSITE_SHAPE
l ey toleranced_shape_aspect gt

MAXIMUM_MATERIAL_CONDITION'

Figure 89: Instances for geometric tolerance

Not part of this template

shape_aspect

toleranced_shape_aspect

name

geometric_tolerance |

description
magnitude
Ninstantiate
geometric_tolerance_
with_defined_unit measure_with_unit
Not part of this template

Figure 90: The template representing_geometric_tolerance with defined unit

www.manharaa.com




128

(6) A composite geometric tolerance, assuming it has two feature control frames, can
be instantiated by first instantiating the geometric_tolerance for each control
frame, and then these two geometric_tolerance instances can be connected
by the geometric_tolerance_relationship. A template for this
representation is presented in Figure 91. The description attribute of the
geometric_tolerance_relationship should be set as “composite
tolerance.” In the geometric_tolerance_relationship, the upper feature
control frame is the relating_geometric_tolerance, and the lower one is
the related_geometric_tolerance. If there are more than two feature
control frames for a composite geometric tolerance, more than one
geometric_tolerance_relationship has to be instantiated. For example, a
composite tolerance with three feature control frames would require two
geometric_tolerance_relationship instances: the first one relating to the
top and middle feature control frames, and the second to the middle and bottom

feature control frames.
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o—— |

o—

Minstantiate
geometric_tolerance_
relationship

description

relating_geometric_tolerance
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shape_aspect

toleranced_shape_aspect

name

related_geometric_tolerance

g
geometric_tolerance |

description
magnitude

measure_with_unit

Not part of this template

Figure 91: Template representing_geometric_tolerance relationship
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Chapter 6

Interpreting the Semanticsof GD & T

Specifications of a Product for Tolerance Analysis

6.1 The Proposed Methodology

In this chapter, the mechanism to interpret the semantics of GD & T specifications for
tolerance analysis is described. The schematic representation of the mechanism is shown
in Figure 92. The first step is to develop the information model for tolerance analysis in
EXPRESS so that this model can be integrated with the AP 214 EXPRESS model
(because the product, geometry, structure and GD & T information is defined in AP 214).
The second step is to translate this EXPRESS model into OWL 2 through the OntoSTEP
Protégé plug-in. Then, the SWRL (2012) rules are developed to map the GD & T
specifications into the tolerance analysis application domain. The obtained ontology in

OWL is used for developing the complete product data instances.
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Information Model for

STEP — AP Tolerance Analysis
-Product -Bonus tolerance
-gtmmm -Converted geometric
-Geometry |« e .
GRS -Datum Feature Shift
-Assembly Shift

EXPRESS file EXPRESS
OntoSTEP
OntoSTEP
Mappin
STEP Part \Aﬁfh ¥
21 file SWRL

rules

Ontology
with rules

Protégé
(SWRL)

Figure 92: The schematic representation of the interpretation process

3-D product models are created in CAD systems. These models are then translated
into STEP formats. Since the current STEP translators do not create the GD & T
specifications, these specifications have to be added manually to the STEP file. The final
STEP file is translated to the developed OWL schema to take advantage of inferencing
and reasoning mechanisms. The details of these steps are discussed in the following sub-
sections: (1) the development of the tolerance analysis information model, (2) the
translation of AP 214 and tolerance analysis EXPRESS models into OWL 2, (3) Mapping

the GD & T specifications to the specifications needed for tolerance analysis.

6.1.1 Development of the Tolerance Analysis Information Model

The tolerance analysis helps evaluate the effects of assigned tolerances on a product.

The GD & T assigned to a product leads to five main types of variation that needs to be
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interpreted in a tolerance analysis: (1) dimensional tolerance, (2) converted geometric

tolerance, (3) bonus tolerance, (4) datum feature shift and (5) assembly shift. In section 4,
an information model in EXPRESS for the representation of these variation items (except
the dimensional tolerance) has been developed. The dimensional tolerance representation

is already available in AP 214.

6.1.2 Translation of the EXPRESS Models to OWL Schema

In this section, we would like to discuss how to translate and import EXPRESS
models into OWL schema using OntoSTEP plug-in. In this translation process, entities
and instances in EXPRESS are mapped to classes and individuals in OWL, respectively.
In Figure 93, the translation process is shown schematically. The EXPRESS definition of
the bonus_tolerance is translated into the functional syntax representation of OWL in
the figure. The bonus_tolerance entity is mapped to the corresponding class with the
same name in OWL. The attributes of this entity is mapped to ObjectProperties in OWL.
For example, the size attribute is mapped to the bonus_tolerance_has_size
ObjectProperty. In OWL, the domain and range of the properties are constrained
explicitly. For the translation, the domain is the class name representing the translated
entity (e.g., the bonus_tolerance) and range is the class name that represents entity
type of attribute (e.g., dimensional_size). Unless the properties are restricted in
OWL, they can be used to connect each individual of their domain to many individuals of
their range. Hence, the usage of the bonus_tolerance_has_size property has to be

restricted with the cardinality definition of “ObjectExactCardinality” construct in OWL
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(Figure 93). The range of this property has to be restricted with the

“ObjectAllValuesFrom”.

Translated with
OntoSTEP Plug-in

Figure 93: Mapping EXPRESS models to OWL schema

Further details of translating the STEP models into OWL schema can be found in
(Barbau et al., 2012). In our study, the EXPRESS definitions of the
converted_geometric_tolerance, the bonus_tolerance, the
datum_feature_shift and the assembly_shift are combined with AP 214
EXPRESS schema. Then, this schema is imported into OWL schema using OntoSTEP

plug-in.

www.manharaa.com




134

6.1.3 Mapping GD & T Specifications to the Specifications Needed for Tolerance

Analysis

In this study, the rule-based reasoning is used for the interpretation of the GD & T
specifications for tolerance analysis. The rules are developed in the SWRL language.
Before developing the rules, it should be noted that Protégé and associated SWRL
language have limited capabilities for reasoning. The followings are some of the

limitations that we encountered during the mapping process:

1. The SWRL rules cannot be used to create new individuals in ontology. These rules
can only be used for reclassifying an individual’s class definition and/or add new
relationships between the available individuals.

2. Another issue with Protégé and SWRL is that Protégé is not a computational
application program. The calculations necessary for the creation of the concepts of
the tolerance analysis from the GD & T require computational tools. With the SWRL
rules, only one of the simple addition, subtraction, multiplication and division can be
done once. It is not possible to make calculations of the several mathematical
operations to infer a fact. This prevents the calculation of the values of the tolerance

analysis concepts directly from the GD & T in Protégé.

In order to cater these limitations, the values of datum feature shift and assembly shift
are calculated beforehand and corresponding individuals in the OWL schema are created
manually. The Pellet-based (Pellet, 2012) reasoning mechanism is then used to infer the
additional relationships required for the complete class definitions of
converted_geometric_tolerance, bonus_tolerance, datum_feature_shift,

etc. In the following sub-sections, the development of the SWRL rules for (1) the
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converted geometric tolerance, (2) the bonus tolerance and (3) the datum feature shift are

discussed.

6.1.3.1 The SWRL Rules for the Converted Geometric Tolerance

Since any geometric tolerance has to be converted to plus/minus tolerances in a
tolerance analysis process, we would like to infer the values of these plus/minus
tolerances as well as the relationships required for the
converted geometric_tolerance. It should be noted that the structure of the

information is defined in Section 4.4.3.2 for this concept.

The SWRL rules developed for inferring the instances of the
converted_geometric_tolerance are given in Table 9. The difference between
these two rules is that in the first rule, the positive tolerance value of the plus/minus
tolerances is inferred for the converted_geometric_tolerance whereas in the

second rule, the negative tolerance value is inferred.

In Table 9, the antecedent column shows the requirements of the rules for the
application of reasoning whereas the consequent column shows the results that will be

inferred after reasoning. Both of the rules in Table 9 require the following conditions:

e A geometric tolerance with a unit and a value component should be defined.

e This geometric tolerance should be assigned to a shape aspect.

e An instance of the converted_geometric_tolerance should be available.
e This instance should be connected to the geometric tolerance as well as the

instance for the plus/minus tolerance (i.e., tolerance_value).
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Table 9: The SWRL rules for the converted_geometric_tolerance

Rule | Antecedent Consequent

1 geometric_tolerance(?y), shape_aspect(?x), converted_geometric_tolerance_has_
tolerance_value(?a), length_measure(?v), belongs_to(?b,?x),
converted_geometric_tolerance_has_g_tolerance(?b,?y), measure_with_unit_has_unit_component
converted_geometric_tolerance_has_tolerance(?b,?a), (?u1, ?u), to_decimal(?v1,?r)
geometric_tolerance_has_toleranced_shape_aspect(?y,?x),
geometric_tolerance_has_magnitude(?y,?m),
measure_with_unit_has_unit_component (?m,?u),
measure_with_unit_has_value_component(?m,?v),
to_decimal(?v, ?w), divide(?r, ?w, 2),
tolerance_value_has_upper_bound(?a,?u1),
measure_with_unit_has_value_component(?u1,?v1)

2 geometric_tolerance(?y), shape_aspect(?x), converted_geometric_tolerance_has_

tolerance_value(?a), length_measure(?v),
converted_geometric_tolerance_has_g_tolerance(?b,?y),
converted_geometric_tolerance_has_tolerance(?b,?a),
geometric_tolerance_has_toleranced_shape_aspect(?y,?x),
geometric_tolerance_has_magnitude(?y,?m),
measure_with_unit_has_unit_component(?m,?u),
measure_with_unit_has_value_component(?m,?v),
to_decimal(?v,?w), divide(?r,?w,-2),
tolerance_value_has_lower_bound(?a,?u1),
measure_with_unit_has_value_component(?u1,?v1)

belongs_to(?b,?x),
measure_with_unit_has_unit_component
(?u1,?u), to_decimal(?v1,?r)

If these conditions are satisfied the reasoning mechanism will infer automatically the

values and units of the plus/minus tolerances for the instance of the

converted_geometric_tolerance. The relationship between the instance of the

converted_geometric_tolerance and the shape_aspect will be inferred as well.

6.1.3.2 The SWRL Rules for the Bonus Tolerance

In this section, the development of the SWRL rules for inferring the bonus tolerance

from the available GD & T information is discussed. The information structure needed

for the development of the SWRL rules has been given in section 4.4.3.4.
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Since a bonus tolerance is calculated for a feature of size that has a dimension and a

geometric tolerance with a material modifier, there are two rules developed for the bonus

tolerance (Table 10). Rule-1 is considered for a feature of size that has a geometric

tolerance with the least material condition as the material modifier; whereas the Rule-2 is

considered when the geometric tolerance has the material modifier of the maximum

material condition. Other than this distinction, the conditions required for both rules are

given as follows:

Table 10: The SWRL rules for the bonus_tolerance

modified_geometric_tolerance(?y), shape_aspect(?x),
plus_minus_tolerance(?a), tolerance_valug(?r),
dimensional_size_has_applies_to(?z,7x),
geometric_tolerance_has_toleranced_shape_aspect
(?y,?x),modified_geometric_tolerance_has_modifier
(?y,maximum_material_condition),
plus_minus_tolerance_has_toleranced_dimension
(7a,7z), plus_minus_tolerance_has_range(?a,?r),
bonus_tolerance_has_belongs_to(?b,?x)

Rule | Antecedent Consequent

1 dimensional_size(?z), bonus_tolerance_has_tolerance (?b,
modified_geometric_tolerance(?y), shape_aspect(?x), | ?r), bonus_tolerance_has_size(?b,?z),
plus_minus_tolerance(?a), tolerance_valug(?r), bonus_tolerance_has_g_tolerance
dimensional_size_has_applies_to(?z,7x), (?b,?y),bonus_tolerance_has_modifier
geometric_tolerance_has_toleranced_shape_aspect | (?b,least_material_condition)
(?y,?x), modified_geometric_tolerance_has_modifier
(?y,least_material_condition),
plus_minus_tolerance_has_toleranced_dimension
(7a,7z), plus_minus_tolerance_has_range(?a,?r),
bonus_tolerance_has_belongs_to(?b,?x)

2 dimensional_size(?z), bonus_tolerance_has_tolerance(?b,?r),

bonus_tolerance_has_size(?b,?z),
bonus_tolerance_has_g_tolerance
(?b,?y),bonus_tolerance_has_modifier
(?b,maximum_material_condition)

A dimension and a geometric tolerance should be assigned to a feature of size.

The value and unit components of the plus/minus tolerances for the dimension

should be defined.

The assigned geometric tolerance should have a material modifier.
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e The instance of the bonus_tolerance should be connected to the feature of size
(i.e., shape_aspect).
The inferencing mechanism will infer the following information once the conditions

described above is true:

e the plus/minus tolerances for the bonus tolerance,
e the dimensional size used for the bonus tolerance,
e the geometric tolerance used for the bonus tolerance,

e the material modifier used for the bonus tolerance.

6.1.3.3 The SWRL Rules for the Datum Feature Shift

The datum feature shift in a tolerance analysis process is defined for any geometric
tolerance with a modified datum. The conversion of the datum feature shift from the GD
& T is dependent on the type of datum feature (i.e., internal feature or external feature),
the geometric tolerance assigned to the datum feature and the material modifier defined
for this geometric tolerance. Different use cases for the datum feature shift are presented
in Table 11. It is divided into three main sections. The first row shows that there is no
datum feature shift for a geometric tolerance definition without a modified datum. The
second row is used when a geometric tolerance has a modified datum but the datum
feature does not have any geometric tolerance. The last group in the table is used for any
geometric tolerance with a modified datum and when the datum feature has a geometric

tolerance.
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Table 11: Datum Feature Shift

Referred datum | Modifier Internal Datum Feature External Datum Feature
Datum referenced w/o modifier 0 0
Modified datum and datum Upper limit — lower limit Upper limit — lower limit
feature w/o geometric tolerance
Modified datum and | RFS N/A N/A
datum feature with (Nominal size + upper limit) — (Nominal size + upper limit +
geometric tolerance | MMC (Nominal size — lower limit — geometric tolerance) — (Nominal
geometric tolerance) size — lower limit)
(Nominal size + upper limit + (Nominal size + upper limit) —
LMC geometric tolerance) — (Nominal | (Nominal size — lower limit —
size — lower limit) geometric tolerance)

For the first use case, there is no datum feature shift and there is no need to define any
rule. The rules defined for the second case are subsets of the rules defined for the third
case however; this relationship between the rules creates a problem for the reasoning

purposes.

The reasoning mechanism will infer both of the rules (i.e., the second case and the
third case rules) are true and generate the new inferred information. The cause of this
problem is that in the second rule, we should be able to define the rule for a geometric
tolerance with modified datum and the corresponding datum feature should not have any
geometric tolerance. This is not possible to define in ontology because of the open world
assumption. In the ontology, a datum feature without a geometric tolerance does not
mean it will not have any geometric tolerance. It only means this geometric tolerance
information is not available yet. Therefore, we only concentrate on the last row which is

showing how to calculate the datum feature shift for a geometric tolerance with modified
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datum and when the corresponding datum feature has a geometric tolerance with material

modifier.

The geometric tolerance assigned to the datum feature can have three different
material modifiers: the regardless of feature of size (RFS), the maximum material
condition (MMC) and the least material condition (LMC). The RFS condition does not
yield any datum feature shift. Because of that reason, only two cases are considered for

the development of the SWRL rules in this study: the MMC and the LMC.

The SWRL rules developed for inferring the instances of the
datum_feature_shift are given in Table 12. The information structure needed for the
development of the SWRL rules has been given in Section 4.4.3.5. The first rule is
developed for the MMC condition in Table 11 whereas the second rule is developed for
the LMC condition. Both of the rules defined in Table 12 require the following

conditions:

e A geometric tolerance with a modified datum should be defined for a feature (i.e.,
shape_aspect).

e The corresponding datum feature should have a geometric tolerance with a
material modifier.

e The datum feature has to be a feature of size.

e The instance of the datum_feature_shift should be connected to the

geometric_tolerance.

If these conditions are satisfied the reasoning mechanism will infer automatically the

relationship between datum feature shift and the followings:
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Table 12: The SWRL rules for the datum_feature_shift

Rule

Antecedent

Consequent

geometric_tolerance_with_datum_reference(?y),
shape_aspect(?x), geometric_tolerance_has_toleranced_
shape_aspect (?y,?x),geometric_tolerance_with_datum_
reference_has_ datum_ system(?y,?d),
set_of_datum_reference_has_content(?d,?d1),
referenced_modified_datum(?d1),
referenced_modified_datum_has_modifier
(?d1,maximum_material_condition),
datum_reference_has_referenced_datum(?d1,?d1d),
shape_aspect_relationship_has_related_shape_aspect
(?sr,7d1d), shape_aspect_relationship_has_
relating_shape _aspect(?sr,?d1df), datum_feature(?d1df),
datum(?d1d), shape_aspect_relationship_has_relating_
shape_aspect (?sr2,?d1df),
shape_aspect_relationship_has_related_shape_aspect
(?sr2,7s1), dimensional_size(?ds),
dimensional_size_has_applies_to(?ds,?s1),
datum_feature_shift_has_g_tolerance(?dfs,?y),
modified_geometric_tolerance(?y1),
geometric_tolerance_has_toleranced_shape_
aspect(?y1,?s1), modified_geometric_tolerance_has_
modifier(?y1,maximum_material_condition)

datum_feature_shift_has_datum_
modifier (?dfs,?d1),
datum_feature_shift_has_datum_size
(?dfs,?ds),
datum_feature_shift_has_belongs_to
(?dfs,?x)

geometric_tolerance_with_datum_reference(?y),
shape_aspect(?x), geometric_tolerance_has_toleranced_
shape_aspect (?y,?x),geometric_tolerance_with_datum_
reference_has_ datum_ system(?y,?d),
set_of_datum_reference_has_content(?d,?d1),
referenced_modified_datum(?d1),
referenced_modified_datum_has_modifier
(?d1,least_material_condition),
datum_reference_has_referenced_datum(?d1,?d1d),
shape_aspect_relationship_has_related_shape_aspect
(?sr,7d1d), shape_aspect_relationship_has_
relating_shape _aspect(?sr,?d1df), datum_feature(?d1df),
datum(?d1d), shape_aspect_relationship_has_relating_
shape_aspect (?7sr2,?d1df),
shape_aspect_relationship_has_related_shape_aspect
(?sr2,7s1), dimensional_size(?ds),
dimensional_size_has_applies_to(?ds,?s1),
datum_feature_shift_has_g_tolerance(?dfs,?y),
modified_geometric_tolerance(?y1),
geometric_tolerance_has_toleranced_shape_
aspect(?y1,?s1), modified_geometric_tolerance_has_
modifier(?y1,maximum_material_condition)

datum_feature_shift_has_datum_
modifier (?dfs,?d1),
datum_feature_shift_has_datum_size
(?dfs,?ds),
datum_feature_shift_has_belongs_to
(?dfs,?x)
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e the referenced_modified_datum,
e the dimensional_size defined for the datum_feature,
o the toleranced feature (i.e, shape_aspect) that is associated with the datum

feature shift.

6.2 Case Study

In this section, the example tolerance analysis problem given in chapter 4 is discussed
to verify the interpretation mechanism developed in this study. The details of the problem

have been described in section 4.1.

The tolerance analysis solution (see Figure 94) is presented here with L-bracket
(figure) and base (figure) for ready reference. To be able to carry out the tolerance
analysis, the specifications needed for this analysis have to be created. These

specifications are as follows:

e Any geometric tolerance which has an effect on the gap variation has to be converted
to the plus/minus tolerance. In Figure 95, the positions of holes on the base plate have
to be converted to the respective plus/minus tolerances. In Figure 96, the profile of
the flange face and the positions of holes on the L-bracket have to be converted to
plus/minus tolerance.

e Any applicable bonus tolerance associated with the specified geometric tolerance has
to be defined. In Figure 95, there is a bonus tolerance for the positions of the holes on
the base plate. In Figure 96, there is no bonus tolerance to be considered for the
profile tolerances because they are specified at RFS. There is also no bonus tolerance
for the positions of the holes on the L-brackets because the pattern of holes is the

secondary datum and this pattern locates other features.
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Figure 96: Details of the L-bracket (Fischer, 2004)

e Any applicable datum feature shift of the specified geometric tolerance has to be
defined. A datum feature shift for the positions of the holes on both the L-bracket
(Figure 96) and the base plate (Figure 95) is not applicable, because the datum
features are not features of size; they are planar features. In Figure 96, the datum

feature shift for the profile tolerance of the L-bracket has to be calculated.

In Figure 94, the assembly shifts at points E and F for possible position changes of

the parts have to be calculated. These shifts are the maximum assembly shifts.

6.2.1 Implementation

In this section, implementation of the case study is presented. Pro/E (2012) is used to
model the assembly defined in the previous section. Then, all product information for the
assembly is translated into STEP format with Pro/E translator. The STEP format is set to
AP214. Unfortunately, Pro/E translator cannot translate the GD & T specifications.
Because of that reason, the STEP instances for the GD & T specifications are added

manually to the STEP file.
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In order to test the model, the obtained STEP file is imported to the ontology in OWL
using OntoSTEP plug-in. This process directly creates all the OWL individuals defined in
the STEP file. In the following two sections, first the individuals required for the
specifications needed for tolerance analysis are defined and then, the inferred new

information created after inferencing is discussed.

6.2.1.1 Asserted Instances and Properties

In this section, the instances for the classes in addition to the instances provided in the
STEP file are presented with their properties needed for the ontology. These instances are
the members of classes: the converted geometric_tolerance, the

tolerance_value, the bonus_tolerance and the datum_feature_shift.

There are two geometric tolerances converted to plus/minus tolerances for our
tolerance analysis problem: the profile tolerance on the L-bracket and the positional
tolerance on the base plate. In Table 13, the instances created for the
converted_geometric_tolerance are given. The instances of the classes that are
connected to the instances of the converted_geometric_tolerance through the
properties are defined in rows. The letter “D” represents the domain of the property

where as the letter “R” represents the range of the property.

The instances of the tolerance_value required for the instances of the
converted_geometric_tolerance are created in the ontology as well. They are

shown in Table 14.
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Table 13: Asserted instances for the converted _geometric_tolerance

Converted

eometric tolerance

Asserted
Properties

converted_geometric_tolerance_has_g
_tolerance

D: converted_geometric_tolerance R:
geometric_tolerance

converted_geometric_tolerance_has_
tolerance

D: converted_geometric_tolerance

R: tolerance_value

Instances
i6031 i6036
i5639 i5546
16034 i6039

Table 14: Asserted instances for the tolerance_value of the

converted_geometric_tolerance

Tolerance value

Asserted
Properties

tolerance_value_has_upper_bound
D: tolerance_value
R: measure_with_unit

tolerance_value_has_lower_bound
D: tolerance_value
R: measure_with_unit

Instances
i6034 16039
i6032 6037
i6033 6038

There is only one bonus tolerance for our tolerance analysis problem: it is defined for

the pattern of holes on the base plate. In Table 15, the instance created for the

bonus_tolerance is given. This instance is connected to the instance of the

shape_aspect through the bonus_tolerance_has_belongs_to property. This

instance of the shape_aspect is used for the definition of the positional tolerance on

the base plate.

www.manaraa.com



Table 15: Asserted instances for the bonus_tolerance

Instances
Bonus tolerance 16021
Asserted bonus_tolerance_has_belongs_to 5421
Properties | D: bonus_tolerance R: shape_aspect

Table 16: Asserted instances for the datum_feature_shift

to the profile tolerance on the L-bracket. In Table 16, the instance created for the

datum_feature_shift is given. This instance is connected to an instance of the

property. The instance of the geometric_tolerance in Table 16 is the positional

this property, the instance of the datum_feature_shift is also connected to the

tolerance_value through the datum_feature_shift_has_tolerance.

R: tolerance_value

Instances
Datum feature shift i6051
datum_feature_shift_has_g_tolerance
D: datum_feature_shift 15639
Asserted R: geometric_tolerance
Properties | datum_feature_shift_has_tolerance
D: datum_feature_shift i6054

147

In our tolerance analysis problem, there is only one datum feature shift which is due

geometric_tolerance through the datum_feature_shift_has g_tolerance

tolerance on the L-bracket which is used to find out the datum feature shift. Other than
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6.2.1.2 Inferred Instances and Properties

In this section, the new knowledge inferred by the reasoner (i.e., Pellet) and the
SWRL rules are discussed. As a result of reasoning, the new properties are inferred for
the instances of the converted geometric_tolerance, the bonus_tolerance and

the datum_feature_shift.

The instances of the converted_geometric_tolerance are connected to the
instances of the shape_aspect by the reasoner. These instances of the shape_aspect
are used for the definition of the profile tolerance on the L-bracket and the positional
tolerance on the base plate. The inferred instances are given in Table 17. Additionally,
the following information is inferred by the reasoner for the instances of the
tolerance_value that are connected to the instances of the

converted_geometric_tolerance:

Table 17: Inferred instances for the converted_geometric_tolerance

Instances
Converted_geometric_tolerance i6031 | 6036
Inferred converted_geometric_tolerance_has_ | i5596 | i5421

Properties | belongs_to
D: converted_geometric_tolerance
R: shape_aspect

e the units assigned to the instances of the geometric tolerances are connected to the
instances of the tolerance_value
e division of the geometric tolerance value to “2” is assigned as the upper bound of

the tolerance_value
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e division of the geometric tolerance value to “-2” is assigned as the lower bound of

the tolerance_value

The reasoner has created four new properties for the instance of the

bonus_tolerance (Table 18). These properties define the relationship between the

instance of the bonus_tolerance and the instances of any of the tolerance_value,

the dimensional_size, the geometric_tolerance and the

modified _geometric_tolerance. The inferred information is needed for the

calculation of the instance of the bonus_tolerance. A snapshot of the Protégé is given

to show the inferred new information in Figure 97.

Table 18: Inferred instances for the bonus_tolerance

R: geometric_tolerance

Instances

Bonus tolerance 16021

bonus_tolerance_has_tolerance

D: bonus_tolerance 16024

R: tolerance_value

bonus_tolerance_has_size

D: bonus_tolerance i5524
Inferred R: dimensional_size
Properties | bonus_tolerance_has_g_tolerance

D: bonus_tolerance i5546

Bonus_tolerance_has_modifier
D: bonus_tolerance
R: modified_geometric_tolerance

maximum_material_c

ondition

For the instance of the datum_feature_shift, we have three new inferred

properties. They connect the instance of the datum_feature_shift to the instances of
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the referenced_modified_datum, the dimensional_size and the

geometric_tolerance as shown in Table 19.

Table 19: Inferred instances for the datum_feature_shift

Instances
Datum feature shift i6051
Datum_feature_shift_has_datum_ modifier
D: datum_feature_shift i6037
R: referenced_modified_datum
datum_feature_shift_has_datum_ size
D: datum_feature_shift 15604
R: dimensional_size
Datum_feature_shift_has_datum_ g_tolerance
D: datum_feature_shift i5635
R: geometric_tolerance

Inferred
Properties
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Figure 97: The inferred new information for the bonus_tolerance
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Chapter 7

Conclusion and Future Studies

Historically, the creation of products has been influenced by three primary drivers:
customer needs, cost to produce, and time to market. Today a new driver is emerging:
sustainability. Sustainability requirements add another dimension to the already complex
demands for product life-cycle information management. The companies are required to
develop sustainable manufacturing and sustainable products due to depletion of
resources, environmental regulations, environmental consciousness and destroying effect
that we have on Earth. This requires a fast, unambiguous and complete product
information exchange among all stakeholders in a product life-cycle. The STEP standards
have an ambitious scope to support complete product life-cycle data however; in order to
support the development of sustainable manufacturing, STEP standards have to be
enriched for many other product life-cycle activities. In this research work, only two of
the most important activities that have a direct effect on manufacturing processes,
product performance and end-of-life cycle activities have been studied to show how
STEP-based product models can be used to support sustainable manufacturing: (1) the
substance and materials information declaration as required by environmental regulations

and (2) 1-D tolerance analysis. It should be noted that geometric dimension and tolerance
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(GD & T) specifications are dependent on materials specifications. Also, both GD & T
and materials information directly affect manufacturing processes, product quality and

end-of-life cycle activities like recycling, remanufacturing, recovering and reusing.

The substance and materials information in products are screened closely by
manufacturing industries due to environmental regulations. The industry standards like
IPC-1752 help industry declare the substance and materials information for the purpose
of material tracking and declaration in a supply chain. However, the implementation of
these standards is not directly connected to the product life-cycle and needs manual or
proprietary mechanisms to extract (or integrate) the required information. The
representation and extraction of these information requirements from an international
standard, which covers complete product lifecycle data, is a need of the hour. By doing
s0, companies can increase the capabilities to identify right away the substance level
problems of their products related to sustainability requirements and take necessary
actions faster. Therefore in this dissertation, the information requirements of IPC-1752
has been identified and extracted from integrated resources of ISO 10303- STEP. It has
been shown that even though STEP integrated resources have the capabilities to represent
the information requirements of materials declaration standards, implementable parts of
STEP (i.e., application protocols) do not inherit full capability from these resources.
Hence, additional mechanisms are needed to extract information from application

protocols.
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Another scope of this research was to improve the structure of the STEP information
models so that a user would know exactly what needs to be implemented to carry out any
particular engineering analysis (e.g., tolerance analysis). The proposed structure should
also provide the information in small, repeatedly needed patterns. In this thesis, the
functionality based conformance classes for 1-D tolerance analysis is developed. To
achieve that a schema for tolerance analysis has been developed and integrated with

STEP product models. A case study has been shown as well.

Final objective of this research was to extract any semantic information from
available STEP information models. In this research, the semantic interpretations of GD
& T for tolerance analysis in a computer system have been represented successfully with

a case study.

7.1 Contribution

The following are the contributions of this thesis:

1. The information requirements for [PC-175X standards have been extracted

from STEP standard by developing the necessary EXPRESS schema.

ii.  The evaluation of representation capabilities of two (2) application protocols

(AP 203 and AP 214) has been given.

iii.  The functionality-based CCs (FCCs) are proposed. FCCs suggest organizing
the required information for an engineering activity into hierarchical layers. It

helps users to retrieve product data instances in layers. For each layer, the
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small repeatedly used information is grouped into templates. Hence, in a Part
21 STEP file, the data instances are organized according to first templates and
then FCCs. The structure of FCCs helps to identify the available and

unavailable information content in the Part 21 STEP file.

iv.  FCCs for 1-D tolerance analysis have been developed. In this process, an
information model (i.e. EXPRESS schema) for tolerance analysis is developed
by enriching STEP product model with GD & T information, and the
assembly constraint definitions available in STEP have been modified. The
necessary templates have also been developed by grouping the information

into small, repeatedly used patterns to facilitate populating product data.

v.  How to map STEP-based product information model into OWL-based
ontological environment has been discussed so that appropriate semantic
reasoning could be facilitated. The mapping of product’s GD & T information
content from STEP to OWL-based models in Protégé using NIST’s
OntoSTEP plug-in has been shown. It is also shown how this ontology based
model could be used for interpreting semantics of GD & T needed for

tolerance analysis by developing SWRL rules (i.e., description logic rules).

7.2 Future Work

The proposed work can be improved further by extending the work as listed below:
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It is evident from this study that AP203 2™ Ed. or AP 214 3™ Ed. cannot fully
represent the required information for IPC-1751 and IPC-1752 standards.
Some additional mechanisms might have to be developed by the PLM system

implementer to represent the required information.

In order to have full control over the product material information and take a
proactive action for the evolving regulations, the companies should have

access to the following information:

e Materials usage,

e Materials deterioration history

e Materials handling constraints

e Materials usage constraints

e Materials maintenance requirements

e Materials disposal requirements

e Safety requirements for material handling
e Material reuse information

e Materials recovery suggestions

e Materials recycling directives

Unfortunately, this information is not available either in [PC-1752 or STEP
standards. The materials information representation can be improved by

adding the aforementioned information.

The potentials of the developed FCCs can be shown thoroughly by developing
web services for templates of these FCCs in service oriented architecture that
can be used to provide data exchange mechanisms in the form of interoperable

services available on the internet.
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The proposed methodology for semantic interpretation can be followed in a
similar way to reason about inspection activities that are needed for product
inspection purposes. For other product life-cycle phases, we may need
different interpretation of the specified GD & T and we can still apply the
same methodology as required. The wider application of this method is mainly
restricted by the inherent limitations of Protégé, SWRL, and reasoning

capabilities of their inference mechanisms.

How designers can use the enriched STEP product models to develop
sustainable products would provide much more competitive advantage to the

companies.

It should be also further investigated how restricted materials information can
be used to develop strategies for end-of-life activities (i.e., recycling, reusing,
remanufacturing, etc.). For example, identifying the restricted materials
present in products, their amount and concentration is very useful to make a

decision on reusing, remanufacturing, recycling, etc.

Finally, companies would benefit a lot if the effect of GD & T specifications

and product performance on the end-of-life activities could be investigated.
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