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ABSTRACT

The demands for quality and productivity in manufacturing parts with complex design specifications
pose new challenges for manufacturing processes and quality inspection systems. The challenges are
collecting, processing, transmitting, and storing data from the manufacturing and inspection process and
refining each process related to the product life cycle. Concepts such as integration and interoperability,
relevant within the digital context, show barriers that prevent their full implementation within the current
manufacturing scenario. Implementing a closed manufacturing loop allows inspection results to be fed
back into the digital chain and used to make decisions in the design, planning, and manufacturing phases

that reduce uncertainties in manufacturing.

Dimensional and geometric inspection allows the generation of data containing traces of manufactur-
ing. These correctly processed data can provide knowledge about causes of deviation of the manufactured
part and manufacturing conditions that can be improved. This thesis work is framed within this perspective
and presents a solution for integrating data generated in the different phases of the life cycle of a prod-
uct. Data integration occurs within a closed-loop manufacturing architecture through a neutral, extensible,
syntactically homogeneous language that allows both linking design information, manufacturing, measure-
ment results, and supporting the flow through Computer-Aided Technologies (CAX) systems. As a result
of the research, interoperable integration architecture based on the ISO10303 standard and its application
protocols is presented, covering design specifications, manufacturing requirements, and dimensional and

geometric inspection information exchange.

A computational implementation is developed using the Java environment to manipulate EXPRESS
schemas, generate libraries with entities, functions, methods and develop an application that allows read-
ing, writing, and modifying neutral STandard for the Exchange of Product model data (STEP) exchange
files. The methodology followed through a practical conceptual framework is exposed to generate new
applications based on the International Standards Organization (ISO) 10303 standard. Three case studies
are presented to verify integration and interoperability within the closed-loop manufacturing architecture.

The results reveal new lines of research that are proposed for future work.



RESUMO

As demandas por qualidade e produtividade na fabricacio de pecas com especificacdes de projeto com-
plexas representam novos desafios para os processos de fabricacio e sistemas de inspecdo de qualidade.
Os desafios sdo coletar, processar, transmitir e armazenar dados do processo de fabricacdo e inspecdo e
refinar cada processo relacionado ao ciclo de vida do produto. Conceitos como integracio e interoperabili-
dade, relevantes no contexto digital, apresentam barreiras que impedem sua plena implementagdo no atual
cendrio de manufatura. A implementacdo de uma malha fechada de manufatura permite que os resulta-
dos da inspecdo sejam realimentados na cadeia digital e usados para tomar decisdes nas fases de projeto,

planejamento e fabricacdo que reduzem as incertezas na fabricagao.

A inspecdo dimensional e geométrica permite a gera¢do de dados contendo vestigios de fabricacio.
Esses dados processados corretamente podem fornecer conhecimento sobre as causas do desvio da peca
fabricada e as condicdes de fabricacdo que podem ser melhoradas. Este trabalho de tese se enquadra nesta
perspectiva e apresenta uma solucio de integracido de dados gerados nas diferentes fases do ciclo de vida
de um produto. A integracdo de dados ocorre em uma arquitetura de manufatura em malha fechada por
meio de uma linguagem neutra, extensivel e sintaticamente homogénea que permite vincular informagdes
de projeto, manufatura, resultados de medicao e suportar o fluxo por meio de sistemas CAXx (tecnologias
assistidas por computador). Como resultado da pesquisa, a arquitetura de integracdo interoperavel baseada
no padrao ISO10303 e seus protocolos de aplicacdo é apresentada, cobrindo especificagdes de projeto,
requisitos de fabricagdo e troca de informacdes de inspe¢cao dimensional e geométrica.

Uma implementagdo computacional € desenvolvida usando o ambiente Java para manipular esquemas
EXPRESS, gerar bibliotecas com entidades, fungdes, métodos e desenvolver uma aplicacdo que permite
ler, escrever e modificar arquivos neutros de troca STEP. A metodologia seguida por meio de uma estrutura
conceitual préitica é exposta para gerar novas aplicagdes baseadas na norma ISO 10303. Trés estudos de
caso sdo apresentados para verificar a integracdo e interoperabilidade dentro da arquitetura de manufatura
em malha fechada. Os resultados revelam novas linhas de pesquisa que sdo propostas para trabalhos

futuros.
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Chapter 1

Introduction

In the digital age, driven by Industry 4.0, new requirements call for advanced manufacturing integra-
tion and interoperability. These integration and interoperability requirements create new challenges, for
example, creating a digital chain to integrate each of the phases of a product life cycle. Total integra-
tion proposes to collect data from the processes in a dynamic way, generate information that can support
decision-making, and establish communication in a language that is understandable for each agent in-
volved in the process. The problem of interoperability is evident when the digital chain wants to include
technological solutions from different owners. The manufacturing industry needs to adopt a neutral data
structure to exchange data in its processes without losing information, which operates dynamically within

an architecture.

By overcoming interoperability barriers, feedback measurement information aids decision-making in
the design, planning, and manufacturing phases. Dimensional and geometric inspection enables the gener-
ation of data that contains information about the deviation or uncertainty of a manufactured part and data
that covers relevant manufacturing aspects associated with manufacturing conditions. If a more specific
measurement is made, the information associated with the final appearance of the part and its surface prop-
erties can also be determined. Some decisions may include setting manufacturing parameters, selecting
suitable cutting tools, defining machining strategies, and setting up and sequencing operations. Features
such as repeatability, precision, and quality in part manufacturing are positively influenced in a controlled

manufacturing environment.

1.1 Background and Problem Motivation

The variability and uncertainties in part can come from different sources with different natures; The aim
is to reduce these values and maintain the geometric and dimensional characteristics within the projected
values and thus guarantee the correct functioning of the piece. The primary motivation of the project
is to propose an integration architecture for the different phases of the product life cycle, share design,
manufacturing, and measurement data through a neutral data structure, extensible and interpretable by the

different technologies associated with the different phases of the product life cycle.

Advanced manufacturing requires significant data management and processing of the information gen-



erated during the manufacturing process. Manufacturing requires full integration of CAD/CAPP/CAIP/-
CAMY/CALI (computer-aided design, process planning, inspection planning, manufacturing, and inspection)
systems to operate from an interoperability environment, regardless of the technologies used in each sys-
tem. Data shared between systems must be interpreted, analyzed, and processed to generate informa-
tion that can support decision-making, implement process control, virtualize and automate manufacturing
(BERNSTEIN et al., 2017; HEDBERG; HELU, 2017).

Using Coordinate-Measuring Machine (CMM) as a computer-aided inspection tool, Computer-Aided
Inspection (CAI) provides the necessary conditions for Closed-Loop Manufacturing (CLM) with feedback
of measurement data. It remains a challenge to find a neutral, standardized, and interoperable data structure
that covers all phases of the inspection process and integrates the results of the manufacturing chain. The
reasons stated above and the need to find a solution that meets the demands presented by Industry 4.0
justify the development of a strategy for feedback of inspection results within a closed manufacturing
cycle (ZHAO et al., 2010a).

Different efforts to overcome the interoperability barriers present in the measurement system are pro-
moted in the international context. The ISO highlighted that the main problem in integrating measurement
systems is the variability in the definitions, since it directly affects the consistency of the knowledge ob-
tained in the measurement(ISO 17450-2, 2012). Different corporate practices with a commercial tendency
to use proprietary solutions, various international standard options for exchange, and the myriad of tech-
nologies involved in inspection made this task even more complicated. An interoperability architecture is
required for the integration of specific information (RAY; JONES, 2006).

In the 1990s, research already reported on the impact of computer technologies on the performance of
manufacturing processes and the role of computer systems in the integration of machine tools, robotics, and
production systems (GUNASEKARAN et al., 1994). A study commissioned by National Institute of Stan-
dards and Technology (NIST) (NIST, 1999) quantified the industry penalty for the lack of an interoperable
architecture that avoids the need to exchange formats for sharing information between CAx systems. This
study reported that the US automotive industry spends $1 billion a year to solve interoperability problems.
The study also reported that up to 50% of this expense is destined to face data file exchange problems,
part of the item used to develop information interpreters. In the search for a solution, approaches have
emerged that involve open and neutral architectures to avoid using bidirectional translators and provide
some stability in representing information. An example of a successful open standard is STEP, a set of
extensible standards that define a neutral representation for data generated throughout the lifecycle of a
product (GALLAHER et al., 2002).

The report NIST (2004) presents the discussion on the interoperability of measurement and the chal-
lenge that standards must assume to operate in this digital environment addressed by the team of the
metrology interoperability project of Automotive Industry Action Group (AIAG). The purpose is to find a
solution to reduce the product development cycle, manufacturing time, and costs through the interoperabil-
ity of systems supported by software, hardware, and components used in automated metrology (RIPPEY,
2005).

In the report (NIST 2006), the NIST continued this discussion and wrote some interoperability issues

related to current standards. The report presents projects in interoperability testing and self-integration



research, with the goal that future standards rely on the use of formal logical representations that will
enable the automation of many integration tasks (RAY; JONES, 2006).

The Digital Twin machining concept uses models of parts, tools, accessories, and operations and tool
paths. The complete model is loaded for real-time simulation (HARDWICK, 2017). As for actual ma-
chining proceeds, the simulated model is updated to show the same Digital Twin results. Therefore, it is
possible to analyze the results from remote locations, smartphones, and browsers. Measurements can be

made on Digital Twin, and alerts can be sent if tolerances are not being met (LU et al., 2020).

These efforts present significant opportunities for reusing knowledge throughout the design process.
Research is focused on getting information from both the physical and digital worlds using the same
medium within this perspective. It is essential to create a solution that covers the different life cycle stages
and supports decision-making. The variety of patterns in this space makes it difficult to converge towards
a shared vision within the manufacturing environment. It is also necessary to formalize different aspects of
the product and provide techniques for mapping information into Product Lifecycle Management (PLM)
patterns. In this work, the solution focuses on combining data to provide a decision-making platform that

meets inspection requirements and feeds the manufacturing system’s results.

1.2 Research Questions and Hypothesis

A previous review of integration issues in CAx systems that support the product lifecycle raised con-
cerns about closed-loop manufacturing architectures. The most relevant questions lie in the role of inspec-
tion systems and how data integration happens. Each measurement on a manufactured part provides traces
of the manufacturing conditions and the identified causes of deviation and uncertainty. The data acquired
in the measurement process requires an adequate structure that supports both descriptive and structural

information and must handle precise and homogeneous semantics to transfer and interpret them.

An initial stage of exploratory research glimpsed the line taken by observing the requirements and
demands of the digital age for CAx systems involved in the life cycle. Digital data is required to com-
municate, optimize, simulate, experiment, and evaluate the impact of decisions made in the manufacturing
process through performance metrics. This digital context is an adequate justification to encourage the
generation of solutions conducive to obtaining an integrated and interoperable measurement process with

active participation within the digital world.

1.2.1 Hypothesis

The hypothesis adopted in this project consists of verifying that by implementing an integrated and
interoperable dimensional and geometric inspection with a neutral data structure compatible with informa-
tion and manufacturing data, the results and analysis can be feedback within a system of in CLM. The main
problem to be solved is to manage the measurement results within the manufacturing chain dynamically.
The development of a dimensional inspection architecture with a neutral, integrated and interoperable data
structure, operating in a closed-loop, seeks to obtain the following advantages that challenge current inter-
operability barriers:



* Feedback on the inspection results with the different CAx systems.
* Ensure the consistency and integrity of the information captured in the measurement process.
* Avoid switching formats between CAx systems.

* Harmonize measurement data with manufacturing information to enable the development of new

control strategies.
* Eliminate format incompatibility that results in loss of information.
 Eliminate restricted access to specific technologies.

* Facilitate the storage of information generated during the product’s life cycle.

1.3 Purpose Of The Study

Different architectures for CLM allow to optimize the process and promote sustainable systems. CLM
execution requirements change progressively in this digital age, but it is still paramount to implement full
integration and maintain interoperability between CAx systems (BRODSKY et al., 2015). This work aims
to digitize and share manufacturing and inspection information within a closed-loop manufacturing. This
digitized information will incorporate advanced functionality into traditional manufacturing systems and

streamline manufacturing processes.

The data collected in the measurement is the knowledge base to optimize different aspects of the man-
ufacturing process. In addition to the manufacturing conditions, the data allows identifying functional
improvements within a design perspective. Dimensional and geometric adjustments are applied to de-
sign, and the knowledge generated is the basis for the development of new projects. Through closed-loop
manufacturing, the correct operation of the system is guaranteed by controlling the manufacturing environ-
ment, treating sources of uncertainty, reducing human intervention, and improving levels of precision and

accuracy, favorably influencing the quality and process productivity.

Despite the already existing connection between CAD/CAPP/CAM/CNC systems, interoperability bar-
riers prevent fully meeting integration requirements. The problem is visible if the manufacturing chain con-
tains the Computer-Aided Inspection Planning (CAIP) and CAI systems. However, the integrated CAD/-
CAPP/CAIP/CAM/CAI/CNC system needs a homogeneous data exchange architecture, mechanisms to

encode process information, systems to store and share information, and means to virtualize processes.

The data of a part undergoes a series of transformations and losses in each of the CAD/CAPP/CAIP/-
CAM/CAI/CNC systems, caused by incompatibilities of proprietary formats. Parameter changes made by
any of the CAx systems may not be noticed in subsequent processestHARDWICK, 2016; HARDWICK et
al., 2013). There may be a difference between the product obtained and the designed one at the end of the
manufacturing chain. Therefore, it is necessary to use an integration architecture with a neutral data struc-
ture accessible by any technology (XU; NEWMAN, 2006). An open, neutral, and extensible data model
is an effective mechanism for solving a data incompatibility problem and building a dynamic knowledge
base (ZHAO et al., 2010b). A vision still under study uses the STEP-NC standard to support intelligent and



interoperable production, distributed across a global network with STEP-NC compliant data interpretation

and autonomous manufacturing workstations (RIPPEY, 2005).

The purpose of the study incorporates planning aspects of the inspection process, data analysis, and
reporting of the dimensional measurement of prismatic parts manufactured by machining. The inspection
process is carried out in the final stage of the product’s manufacturing cycle when required to verify com-
pliance with the design specifications. The manufacture of prismatic parts should preferably be done in
an integrated CAD/CAPP/CAM/CNC environment to ensure error compensation operates under the same
manufacturing conditions. The data analysis and the inspection results report will be feedback to the de-
sign, planning, and manufacturing phases. The compensation strategies seek to associate uncertainties with
causes and apply corrective actions that improve the process. It may also be possible to update the tolerance
values, which allow compliance with the project specifications. Tolerance values are calculated within a
compensation strategy, and statistical methods are used to determine them. The inspection strategy can be

applied to other manufacturing processes, such as additive manufacturing and turning.
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Figure 1.1: Components of the closed-loop manufacturing and inspection system.

The Figure 1.1 presents the components of the closed-loop manufacturing and inspection architecture.
This diagram summarizes the purpose of the study, the projected data flow, and how each system that makes
up the product life cycle is interrelated. Computer-Aided Design (CAD) model data shared within the
digital manufacturing chain through a neutral format, ensuring interoperability and preserving information
integrity. For example, from the STEP AP242 file, a Model-Based Definition (MBD) generated in the
QIF MBD format is used within the computer-aided inspection system. The CAIP also adheres to this

architecture to improve the conditions to perform the measurement.
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Aims and Objectives

The general objective is to develop an architecture to implement dimensional and geometric inspection

integrated within a closed manufacturing loop, adhering to the ISO 130303 standard. The development of

this architecture seeks to obtain the following advantages that defy current interoperability barriers:

Feedback inspection results between different CAx systems.
Ensure the consistency and integrity of the information obtained in the measurement process.

Avoid switching between the formats that support the CAx system, the product’s life cycle (design,

planning, manufacturing, and inspection)

Harmonize measurement data with manufacturing information to enable the development of new

control strategies.

Eliminate format incompatibility that results in loss of information.

Eliminate restricted access to different technologies.

Facilitate the storage of the information generated during the product life cycle.
Bidirectional transmission of information.

It unifies the information in a single file, avoiding the problematic manipulation of the product data

and generating multiple versions of the project.
Link inspection and manufacturing data to define new error compensation strategies.

Generate knowledge by capturing acceptable practices that improve the quality control system and

promote process improvement.

Systematize decision-making that in many measurement processes depends on the experience of the

operator.

The specific objectives of the investigation are summarized below:

Identify the different variables related to CAD/CAPP/CAIP/CAM/CALI systems (computer-aided de-

sign, process planning, inspection planning, manufacturing, and inspection).

Define the integration architecture for integrated dimensional and geometric inspection in closed-

loop with the manufacturing system.
Define the methodology to implement the closed-loop integration architecture.

Implement the integration architecture for dimensional and geometric inspection united into a closed-

loop manufacturing system.

Prove the integration and interoperability of the architecture with the traceability of a part design.



* Propose a method of analysis of measures and correction of errors that contributes to improving the

manufacturing process

* Evaluate and synthesize the integration architecture results for dimensional and geometric inspection

integrated into a CLM system.

1.5 Thesis Contributions

The thesis presents a methodology for the development of applications based on the ISO 10303 stan-
dard. The development of an application that allows creating a project to integrate design, manufacturing,
and inspection data within a single STEP neutral exchange file, shared within a closed loop of manufac-
turing and inspection, allows verifying the methodology. The swap file supports the transfer of data that

enables process integration in the different phases of the product life cycle.

The computational solution obtained uses the neutral data structure to support the information of the
manufacturing closed loop, allowing the data to be accessible at all levels, such as managerial, opera-
tional, and physical. An architecture for data flow enables the digital manufacturing chain and integrates

inspection results to support part error correction and process continuity.

It was necessary to adopt a syntactically and semantically homogeneous data structure to transfer the
information between the CAx systems involved in the life cycle. This document describes the information
modeling process, the technological tools used, and the procedures required to create systems adhering to
the ISO10303 standard.

The main contribution is information modeling with three components: functional, conceptual, and im-
plementation. Each of these models incorporates integration and interoperability requirements. The func-
tional model describes the high-level activities involved in both the inspection and manufacturing closed
loop. The conceptual model expresses the knowledge of the application universe and allows relating the
knowledge described with implementation activities. The implementation model describes a methodology
to interpret the conceptual model, translate reference concepts to coded lines in a programming environ-

ment, enabling the implementation and development of specific solutions adhering to the STEP standard.

1.6 Structure of Thesis

This section presents the structure and a synthesis of the content found in the document.

Chapter 2 presents a review of the literature to contextualize the integration and interoperability prob-
lem facing manufacturing systems, the challenges posed by Industry 4.0, and the structures that support
closed manufacturing ties. The most relevant data structures in manufacturing and measurement and alter-

natives to feedback the measurement results are also presented.

Chapter 3 formally describes the arguments for selecting the STEP standard data architecture to solve
the integration problem and the challenges to overcome in its use. The data structure of the STEP standard

and the information modeling for data exchange are presented, and the strategies and techniques for its



implementation.

Chapter 4 presents an introduction to information modeling, its importance in the development of the
implementation, and the proposal’s scope through functional and conceptual models. The Application
Interpreted Model (AIM) model is presented as a tool to translate conceptual models into implementation

and programming schemes.

Chapter 5 presents the development obtained through examples and case study, the process of inter-
preting the STEP standard for implementation purposes is explained. The development environment and

its characteristics and the results obtained are shown.

In Chapter 6, the conclusions of the work are presented. New lines of research derived from the
observations and results obtained are given as recommendations for future work. Research contributions

are listed and exposed in this section as well.

The Appendices section contains a series of documents generated during development related to a
section to support its development or provide more details than described. Appendix A.l presents the
deployment of the functional model with more specific details on the relationship of the activities for the
closed-loop manufacturing and inspection integration model. Appendix B.2 presents the neutral STEP
file generated through the textual interface built in this investigation with the structure of a manufactur-
ing project. Also included is an extract of the final file (the Original file contains more than 3000 lines),
nurtured with entities through STEP Machine. Appendix C.3 shows some definitions in EXPRESS-G
of entities that are part of the descriptive model. Appendix D.4 presents the machine code in Dimen-
sional Measuring Interface Standard (DMIS) format, generated for automatic inspection through CMM.
Appendix F.5.1 presents a Matlab script created to obtain the angle of deviation of the axis of a machine
concerning a feature of the part design to identify causes of errors in the manufacturing process. The ap-
pendix shows the dimensional inspection result performed with a CMM machine for twenty-eight different
parts. The annex I.1 presents the EXPRESS schema of the shape_tolerance_schema entity,
used as an example in explaining descriptive methods used by the ISO10303 standard.



Chapter 2

Reference Models: Literature Review

This chapter presents a literature review with the challenges faced by manufacturing processes in the
current scenario brought by industry 4.0. A description of the CLM based architectures and the integration
issues associated with the new requirements is made. The patterns of data structure available to share

information are described, and through the correlated works, the scope of the investigation is introduced.

2.1 Advanced Manufacturing in the Digital Context

Manufacturing and quality processes require an architecture that supports the integration of CAx sys-
tems to meet the information virtualization demands driven by the fourth industrial revolution. This section
presents integration and interoperability, which helps develop an architecture that supports the digital chain.
Within this context, it is necessary to define a strategy for acquiring and sharing data. The measurement
results are homogenized both semantically and syntactically to be managed by the systems involved in the
product life cycle. Dimensional metrology data is integrated to create a compensation strategy and correct
manufacturing errors identified in the inspection process. A frame of reference is presented that highlights

the contributions in this line of research.

There is a large amount of work related to CLM that allows building knowledge about the bases of
process integration and the problems of information flow that currently face the systems. The most relevant
issues to be exposed to the bibliographic review in this section are: to contextualize the problem within
the requirements of industry 4.0 and find an architecture that meets the current demands for the exchange
of manufacturing and inspection information. Table 2.1 presents a summary of the literature with relevant

results in this research area.



Table 2.1: Syntheses of the literature review

Author Research context ‘ Comments

(LI, 2013a) Architecture devel- It shows some research developed based on product information stan-
opment for product dards in context. It presents an implementation methodology to in-
information exchange. tegrate different product information from a standardized data model.

Emphasizes the importance of using EXPRESS and SDAI (ISO 10303
-22 Standard Data Acces Interface) for computational implementations.
The contribution of research and a computational tool based on STEP.

(DANJOU, . i o

2015) Integration and interop- It makes a study of the context of the application of STEP-NC stan-
erability in a CLM. dard to solve the problem of integration and interoperability of current

processes. The research develops a data model proposal to implement
closed-loop manufacturing based on a STEP-NC model and PLM sys-
tems for CAD/CAM.

(NEWMAN et . .

al.. 2008) Int.eroperable manufac- Bas.ed on the literature rev1e.w, the ziluthor presents a strategy to create
turing. an interoperable manufacturing environment. The STEP-NC standard

is considered the integration mechanism, reporting how bidirectional
information happens between CAx systems in the digital chain. The
article raises questions and challenges for the future of digital manufac-
turing within the global vision of interoperability.

(XU* et al., . . .

20052) Context of intelligent It details why the emergence of the STEP standard was allowed to ex-
integration of CAD/- change information. It presents a compilation of research on integrat-
CAPP/CAM/CNC sys- ing and exchanging data in manufacturing systems using the ISO 10303
tems. standard.

(BRECHER et , i ) . ‘ . . .

al.. 2006) Integration of closed- Contextualizes the integration of inspection tasks in a closed loop with
loop inspection with machining operations, presenting data structures based on the ISO
manufacturing pro-  14649-16 part. It presents the exchange of information in the inspec-
cesses. tion processes using DMIS and the exchange of measurement results

with Dimensional Markup Language (DML).

(ALVARES, . .

2005) CAD/CAPP/CAM sys- It presents a methodology for CAD/CAPP/CAM integration to manu-
tems integration and in-  facture rotational parts with collaborative, interoperable, and intelligent
teroperability. functions via the Web. The systems are integrated through the concept

of features.

(ZHAOQO et al., . . . . . . . . . .

20082) Inspection integration  Contextualizes the integration of inspection tasks in a mesh with ma-

based on the ISO 10303
standard.

chining operations, presenting data structures such as the ISO14649
part 16 standard and Dimensional Measuring Interface Standard DMIS
to exchange information associated with inspection and Dimensional

Markup Language DML processes to exchange measurement results.

Continued on next page
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Table 2.1 — continued from previous page

Comments

Author Research context
(ZIVANOVIC;
GLAVONJIC, Methodology for im-
2014) plementing the STEP-

NC standard.

They propose a methodology for implementing the STEP-NC standard
as a data structure in machine tool programming. The methodology is

verified in two environments.

The article presents a review of the models used to represent tolerance
information to determine whether, with an EXPRESS model, it is pos-
sible to implement complete representation and tolerance information
semantically. The review includes an analysis of the different repre-
sentation models integrated into software such as AutoCAD and Solid-
Works.

The author proposes a multilayer model for representing geometric tol-
erances based on XML and XML schemas. Through EXPRESS, the
requirements are modeled, and the levels and layers of the model are
confirmed. With a case study, they detail the definition of data in the
XML file.

They propose a methodology for implementing the STEP-NC standard
as a data structure in machine tool programming. The methodology is
verified in two environments..

It presents the data flow based on the STEP and STEP-NC standard to
perform the measurement integration in machining sequences. It shows
an overview of part 16 and its relationship to other standards such as

AP219 to integrate inspection results within the manufacturing chain.

The article presents a description of WEB-oriented technologies as they
are XML and UML, to assist in the integration and interoperability of
systems that intervene in the life cycle of a product and that have a data
structure based on the STEP standard. Implementing STEP methods,
such as EXPRESS and p21, provide standardization and enable the use
of more widespread languages to achieve integration with web-based

solutions.

The article uses the product representation capability to obtain geom-
etry and topology information for a part using the AP224 application
protocol. The research’s main objective is to develop a system using
STEP definitions for extracting features to convert design information

into manufacturing data.

(QIN et al., .
2017) Methodology for im-
plementing the STEP-
NC standard.
(ZHAO et al., .
Model for representing
2006) .
geometric  tolerances
in integrated measure-
ment processes.
(ZIVANOVIC;
GLAVONJIC,  Methodology for im-
2014) plementing the STEP-
NC standard.
(BRECHER et
Closed-loop CAD/-
al., 2006)
CAPP/CAM  systems
with inspection tasks
based on the STEP and
STEP-NC standard.
(PEAK et al.,
Complementary tech-
2004) L .
nologies in the inte-
gration of the STEP
standard,
(BHANDARKAR; .
Product representation
NAGI, 2000) .
and recognition of fea-
tures.
(XU et al.,
STEP-NC for manufac-
2006)

turing interoperability.

The article introduces the STEP-NC standard and developed technolo-
gies based on the standard. It presents an analysis of the pattern from a
functional perspective that includes bidirectional communication, data
flow, and features.

Continued on next page
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Table 2.1 — continued from previous page

Author Research context ‘ Comments

(ZHAO et al., . . .

2012) Integration of r'netrol— The artlc.le presents a‘n alternative for metrology data exchangf': bas.ed on
ogy processes using the  the Quality Information Framework (QIF) standard. The article intro-
QIF standard. duces the data structure, definitions of features, and interchange model

using Extensible Markup Language (XML) schemas for data encoding.

(MORSE et al., . . .

2016) Integration of data gen- The article describes the data structure of the QIF standard that sup-
erated from the four ports the flow of data generated in the design project in the definition
main activities that sup-  of tolerances and measurement. The author gives a brief description of
port a quality measure- the XML language used in the QIF standard to exchange information
ment system using the on activities: product definition, measurement planning, measurement
QIF standard. execution, analysis, and reporting of quality data.

(VEEN et al., o . .

2017) Optimization integra- The article focuses on the closed-loop control performance of a mo-
tion in closed-loop tion system component while ensuring that mechanical requirements
control. are met. Based on an example, it is shown that this leads to non-trivial

and non-intuitive designs that provide better performance. The struc-
ture allows the rapid development of prototype designs with additive
manufacturing techniques.

(BAGSHAW;

NEWMAN, Feedback from quality —The authors have defined an integrated inspection system with analysis

1999) information. of production data. This involves creating geometry based on features,

an operation plan, creating an inspection procedure, automatically an-
alyzing the tolerances of features, and an expert system to determine
error causes.

(ZHOU et al., L e . L

1995) Method for estimating The work presents an artificial intelligence system based on linguistic
and compensating er- rules. The fuzzy controller is combined with a multilayer neural net-
rors in the manufactur-  work that estimates and compensates for manufacturing process errors
ing process. in Computer Numerical Control (CNC) machining.

(ANJANAPPA

et al., 1996; . . .

ANJANAPPA Method for est?matmg The work presents .an algorithmic and heuristic ap.proach.to create a

et al., 1990) and compensating er- methodology by which the error sources can be qualified using only the

rors in the manufactur-

ing process.

inspection report. The focus of the work is on determining the deter-

ministic dimensional errors produced during the assembly operations.

Continued on next page
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Table 2.1 — continued from previous page

‘ Author Research context Comments
(RENTOUL et
al., 1994;
MEDLAND; Method for estimating The authors analyze how inferences about manufacturing errors can be
MULLINEUX, and compensating er- made from comparing inspection points with a solid model of the de-
1993) rors in the manufactur-  sired product. The approach deals with forming a hierarchy of stages
ing process. within a typical manufacturing process and trying to match the com-

puter model’s inspected points. This approach was validated with the
aid of the RASOR modeler constraint and identified plausible manufac-

turers resulting from manufacturing errors.

In an attempt to deliver the best results, the manufacturing industry includes advanced technologies
to improve product quality, save resources, and meet user demands. Higher levels of complexity need
technologies to acquire information from the design, process planning, manufacturing, and measurement
processes. The concept of intelligent manufacturing is related to the fourth industrial revolution, also
known as industry 4.0, where different technologies, mainly digital, converge to take advantage of data and
generate information to promote the evolution, optimization, and interoperability of processes (LEE et al.,
2015).

Information management as through the different digital technologies currently available makes ad-
vanced manufacturing considered smart manufacturing. It is evident that manufacturing systems are not
ready to manage information and need intelligent tools and data structures that facilitate integration (LI,
2013b; ALVARES, 2005). The most relevant issues being studied and seeking to promote solutions for
advanced manufacturing can be classified into the following categories:

* Ensure human knowledge of processes.

 Share process information and operating conditions.

* Pursue the quality and sustainability of products.

* Administer and manage information.

* Create technological advances in measurement, sensors, and data acquisition.

Resolving part of the previous questions traces the way for the current manufacturing systems to be

inserted in the context of industry 4.0 and allow the improvement of processes with a sustainable model of
integration and interoperability (LEE et al., 2014).

Cyber-Physical System (CPS) is strongly linked with advanced manufacturing systems as it incorpo-
rates two essential functions: advanced connectivity and intelligent data management. Despite technologi-
cal advances, the manufacturing and inspection processes still do not achieve the complete integration and

interoperability of their systems, but there is already a significant evolution in sharing information based

13



on neutral files philosophy. The following section presents archives evolution based on free access and a
neutral structure. Within the CPS architecture, it is necessary to acquire information from reliable sources
of the process, machines, and equipment. It is also necessary to consider the data structure, methods for

acquisition, management, transfer procedures, and transmission protocols.

Measurement systems are based on physical principles to generate data from an environment or pro-
cess. Different technological advances are used to improve the measurement’s quality, with different possi-
bilities in selecting a device. The problem with the integration of measurement results lies in the conversion
of data to useful information. The methods to generate helpful information for a process from measure-
ment results is a problem that has recently aroused much interest and maintains a growing trend in research
linked to Big Data. Significant information is created from reliable data sources, intelligently managed,

and computationally analyzed to build relevant information with a high degree of knowledge (LI, 2013b).

A data architecture adhering to the industry 4.0 paradigm, based on the concept of CPS, demands ad-
vanced connectivity, intelligent tools, and knowledge obtained from the conversion of data to information.
From this perspective, manufacturing processes need changes in the treatment of data in their systems.
With better use of available digital technologies and the physical resources associated with each process, it

is possible to obtain greater control of production in each phase that makes up a product’s life cycle.

In the path of integrating information obtained from a manufacturing and inspection process, it is
necessary to think beyond using the information only to improve the process of manufacturing a part and its
quality; think about how this information can be integrated and used by other systems that share the same
operating conditions. Learning from other processes with similar operating conditions and using good
practices to improve our system will insert future projects from sustainability (ALVARES, 2005). This
research focuses on finding a method to structure the data that is compatible with the new requirements of
industry 4.0 and that can guarantee interoperability regardless of the technology involved in the product

life cycle.

Part
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Figure 2.1: Outline of a conventional inspection and manufacturing process.

Outline of a conventional inspection and manufacturing process: In conventional manufacturing pro-
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cesses, as shown in Figure 2.1, tool paths are generated by Computer-Aided manufacturing (CAM) sys-
tems, where part information is extracted from a virtual model created from a CAD system. The tool paths
are stored in a computerized numerical command file based on the ISO 6983 standard for processing on
the machine tool. Despite the connection between each CAD/CAPP/CAM/CNC system, it is not easy to

follow product evolution.

The product information undergoes a series of transformations in each of the CAD/CAPP/CAM/CNC
systems, caused by incompatibilities between proprietary formats. Changes in the parameters of a product
made by any of the CAD/CAPP/CAM/CNC systems may not be noticed in later processes. At the end of
the manufacturing chain, there may be a difference between the product obtained and the one designed.
This architecture makes corrective actions difficult. The problem is greater if the manufacturing chain,
CAIP, and CAI planning processes are inserted. The exchange of information for each process is not

guaranteed, and production errors can be repeated due to the difficulty of storing successful practices.

Despite technological advances, the manufacturing and inspection processes still do not achieve the
complete integration and interoperability of their systems, but there is already a significant evolution in
sharing information based on neutral files philosophy. The following section presents archives evolution

based on free access and a neutral structure.

2.2 Machine Data Monitoring

In the manufacturing chain, some variables can provide critical information for the improvement of the
process. The impact of decisions in the planning phase directly affects the yield and quality of the process.
Much information is verified long after the machining process has ended, representing a problem. Mtcon-
nect emerged as an alternative in response to the need to capture, monitor, and analyze the manufacturing
environment data. This correctly processed data generates knowledge of the process and allows corrections
in real-time (SHIN et al., 2016; OLIVEIRA, 2017).

The MTConnect standard enables equipment to provide data in (XML) format. The manipulation
of data in a non-proprietary format generates new ways to improve processes, optimizing and increasing
productivity. MTConnect defines a common language and structure for communicating manufacturing
equipment monitoring data (SOBEL, 2014).

The MTConnect architecture consists of the following components:

* Adapter: Optional software component that connects or agent to a device.

* Agent: A software element that receives data from the adapter or a controller with MTconnect

support makes that data available in XML format through HTTP request.

* Device: A device capable of operating. A device can consist of a set of components that provide
data to the application. The device is a separate entity with at least one component or data item

providing information about the device.

* Application: A process or set of processes that access the MTConnect Agent to perform a task.
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To meet higher interoperability levels, MTConnect is based on the most relevant industry standards,
maximizing the number of tools available for its implementation. MTConnect is composed of the following

parts:

* Header: Protocol-related information.

* Components: The building blocks of the device.

* DataItems:The description of the data available on the device

* Streams: : A set of Samples, Events or Condition for components and devices.

* Assets: An Asset is associated with the manufacturing process that is not a component of a device,
can be removed without impairing the device’s function, and can be associated with other devices

during the life cycle.
* Samples: A spot measurement of a data item that is changing continuously.

* Events: Discrete changes in the state that can have no intermediate value. They indicate the state

of a specific attribute of a component.

* Condition: Information that the device provides as an indicator of status and ability to function.
A condition can be Normal, Warning, Failed, or Not available. A single type of condition can have
multiple Faults or Warnings at any given time. This behavior is different from Events and Samples
in that a data item MUST only have a single value at any given time.

The MTConnectDevices structure provides descriptive information about each device reached by
the agent and specifies the available data items. The MTConnect St reams structure contains a series of
sample values, events, and conditions for devices and their components. A MTConnectAsset document
contains relative information about a machine tool asset that does not belong directly to it and can be located
on another device. The structure of the MTConnectError document contains information related to an

error that occurred when processing the request.

2.3 Data Structure for Product Representation

A product goes as through several phases to get from idea to natural physical element. Within this
document, the life cycle is associated with the design and development period from the design specifica-
tions until the piece’s manufacture. Subsequent phases, such as placing on the market and following, are
ignored. The stages contemplated in the development cover the functional activities of design, process
planning, inspection planning, manufacturing, and inspection aided by a computer (ALI et al., 2005). How
data transmission is commonly carried out in these phases represents a major integration problem. The

most relevant problems arising from these phases are:

¢ Loss of data and information.
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Incompatibility of formats and problems associated with proprietary software.

Restricted access to certain technologies.

Unidirectional data transmission.

Difficulty manipulating data and making corrections.

Difficulty in storing data and information resulting from good practices.

There are two options to solve a data transmission problem: use a transducer in each system or use
a neutral format to exchange information, compatible with the technologies associated with each system.
Transducers are considered dedicated programs that allow interconnection between systems. In the ex-
change of information with transducers, each system has a dedicated transducer for each connection. The
interconnection with transducers tends to be variable when the number of systems involved is small; when

the number increases, the possibility of having transducers for each connection may be impossible to sat-

isfy.
Exchange of information employing transducers Exchange of information utilizing a neutral format
System 2 System 3 System 2 System 3
INTERGRAPH T 7 <= SIEMENS
NERCGRAH fe—— BN NX
CATIA

System 1 / \System 4 System 1 System 4

D Mastercam «~——romee . [FTTSR

CATIA s

Mastercam<——\NE BTFAGRAPH

System 6 System 5 System 6 System 5

Figure 2.2: a) Exchange of information employing transducers, b) Exchange of information utilizing a
neutral format.

Figure 2.2 presents the two solutions; for the first scheme, the equation 2.1 gives the total number of

transducers.

n!
NzQXm:nx(nfl) (2.1)

n: Represents the number of systems. N: Represents the total number of translators required.

The exchange of information without a neutral data structure, as shown in the first scheme of Figure
2.2, the number of required transducers is thirty. When using the exchange structure based on a neutral

format, the number of transducers is calculated by equation 2.2.
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N=2xn (2.2)

As shown in Figure 2.2, the necessary transducers are twelve using a neutral format for exchanging
information. Table 2.2 shows a comparison of the number of transducers required for the transmissions

shown in Figure 2.2.

Table 2.2: Comparison of the number of transducers required for data transmissions.

. Number of transducers with straight Number with file-neutral transmission:
Number of systems involved: (1) ..
transmission n X (n — 1) 2Xx n
4 12 8
8 56 16
12 132 24
16 240 32

The development of solutions based on the concept of neutral files allowed the evolution of new data

structures. Some structures are described below.

2.3.1 Initial Graphics Exchange Specification (IGES)

Initial Graphics Exchange Specification (IGES) was created based on the concept of neutral file driven
by CAD software providers to provide the ability to transfer data between different systems. IGES allows
describing the modeling data in a neutral format, which CAD/CAM systems can read. It contains informa-
tion entities for the construction of the IGES model, necessary parameters for the definition of the IGES
model, and the relationship between the model’s entities (IGES, 2001). The architecture of a IGES file

contains six subsections structured in the following order:

* Flag Section: The section indicates the type of file format (binary or compressed).
» Start Section: Required for the start section, provides a readable start for the file.

* Global Section: It contains information that describes the preprocessor and information needed to

manipulate the file in post-processing.

* Directory Entry Section: It contains a set of fixed records (twenty fields of eight characters on two
consecutive lines of eighty characters) for each entity in the file. The purpose is to provide an index

to the file and store attribute information for each entity.

» Parameter Data Section: The section contains the parameter data associated with each entity. Can

contain pointers to any combination of one or more entities

* Terminate Section: The section specifies from a single record the number of records from each of

the previous sections to verify their compliance.

The IGES standard, in its appearance in 1980, had a limited scope only to only CAD systems; since

that date, it has evolved and is now capable of providing security for consistent implementations. Its use
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has been adopted as the American national standard, accepted according to ANSI. Y14 (American National
Standards Institute).

2.3.2 PDES (Product Data Exchange Specification)

It is a standard format for encoding all information about a product required for manufacturing pur-
poses (design and planning steps). The Product Data Exchange Specification (PDES) describes a complete
product, including the geometric aspects of the images and manufacturing features, tolerance specifica-
tions, material properties, and finishing specifications (ZEID, 1991; HORST; MCSPADDEN, 2006).The
architecture is structured in three layers, defined as:

e Application Layer: This layer contains all descriptions and information for various applica-
tion areas. It operates as an interface between PDES and the user. The descriptions and applications
are formally expressed within the PDES through the information modeling techniques known as
the reference model. Both IDEF1 and ICAM (Incident Cause Analysis Method), NIAM (National

Integrated Assessment Model) are used as reference models.

* Logical Layer: This layer is intended to provide a consistent description of the constructor
data, both generic and application, containing the exchange information. The goal is to ensure no
redundancy in generic data structure and the relationships supported by the range of applications.

* Physical layer: The physical layer deals with the formats, structures, and interchange of files
data. The goal is to establish and maintain efficiency in file size and processing time to avoid prob-

lems similar to those experienced using IGES.

2.4 Data Structure for Measurement Representation

2.4.1 Dimensional Measuring Interface Standard (DMIS)

ISO 22093: 2011 defines a neutral language for communication between information systems and
dimensional measurement equipment (DME) called DMIS (Dimensional Measuring Interface Standard).
DMIS is an execution language for part measurement programs that provides a format for exchanging
metrological data such as features, tolerances, and measurement results (ISO. .., 2011).

DMIIS transmits product and equipment definitions together with the process information needed to per-
form dimensional measurement using CMM. DMIS contains the product definition for nominal features,
construction of features, dimensional and geometric tolerances, functional datum, and part coordinate sys-
tem; it also communicates equipment parameters with various sensors. Measurement, capabilities, and
parameters of a machine. DMIS generates the DME measurement and movement instructions to check the
conformity of a product and validate the control of the manufacturing process. Besides, DMIS guides the
analysis of coordinate data to report and mark the results of measurements that determine the product’s
quality or process (ISO..., 2011).
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To assist implementation, DMIS defines functional subsets of DMIS applications that ensure interop-
erability and validate compliance with DMIS. Also, DMIS addresses the associativity of DMIS product
definitions with computer-aided design (CAD) information (ISO..., 2011).

DMIS was originally developed by CAM-I (Computer-Aided Manufacturing-International), and its
version 2.1 in 1991 became an ANSI standard. The standard’s continuity was guaranteed by the DMSC
(Dimensional Metrology Standards Consortium). DMIS provides declarations, functions, and instructions
for implementation (HORSFALL, 2007).

A DMIS language is based on a large quantity of commercial software for CMM. DMIS is considered
a neutral language for communication between information systems and CMMSs. As a basis for interop-
erability to DMIS is limited between CMMs, mas or DMIS can function as an input program format that
encodes necessary instructions for CMMs to execute automated measurement actions. Alternatively, con-
trol the CMM machine interprets the high-level DMIS instructions in low-level movements (ZHAO et al.,
2012).

DMIIS is the only standard that combines measurement features and operating instruction information
within the same measurement process definition. It is a language for controlling dimensional measurement
equipment, which includes an input and an output language. The output language serves as an 1og of
commands, action settings and results report with: data, features and real and nominal point tolerances.
However, it does not define complete features of measurement equipment. Measurement equipment re-
source data is needed to complete the effectiveness of DMIS (HOCKEN; PEREIRA, 2016; ZHAO et al.,
2012; HORSFALL, 2007).

2.4.2 1ISO 14649— Part 16: Data for touch probing based inspection

This part of ISO 14649 specifies the technology-specific elements and data required for shape and
dimensional inspection tasks. This standard is based on other protocols ISO 14649 and ISO 10303, required
as NC process data for machining. The general process data described in ISO 14649-10 describes the
interface between a computer numerical controller and the inspection programming system. It can be used
for inspection operations on all types of machines, whether they are specific measuring machines or for
in-line inspection during the machining process on milling machines, machining centers, or lathes with

tools capable of automatic positioning.

Part 16 is a document that seeks to integrate the inspection process into the ISO 10303-238 data struc-
ture. The standard provides definitions for the phases of medication within the manufacturing program.
The measuring medication in part 16 is limited to the IMO inspection carried out with a tactile sensor
using the same fabrication machine. The functions provided are essential, but the possibilities of feedback,
storage, and control in real-time create other challenges (XU; NEE, 2009; NEWMAN et al., 2008).

The Figure 2.3 shows the data structure defined in ISO14649-16 for the touch_probing entity intercon-
nected with the ISO 10303-238 data structure. The touch_probing entity is defined within the workingstep
entity. The definition of inspection operations and measurement strategies is beyond the scope of the docu-
ment. Besides, other contactless inspection methods, such as manual and optical measurement techniques,

are within the defined range of ISO14649-16. Part 16 needs more studios to measure operations of the ex-
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Figure 2.3: ISO 14649-16 data model within ISO 10303-238 data structure

act coordinates with other turning and milling operations. The focus of Part 16 is limited to the definition

of tolerances, measurement tasks, and inspection features (ZHAO et al., 2008a).

2.4.3 QIF (Quality Information Framework)

Complete cyber-physical systems are needed to compile digital manufacturing data and support oper-
ations to guarantee quality. Methods are needed to organize and associate quality information, including
measurement plans, results, pie geometry, models, resources, statistical analysis. The QIF (Quality In-
formation Framework) is an ANSI standard that supports the range of digital concepts in engineering
applications that encompass: product design, manufacturing, and quality inspection. The XML standard
(Extensible Markup Language) contains libraries of XML schemas, which guarantee the integrity and in-

teroperability of information based on corporate implementation models (DMSC, 2015).

Complete cyber-physical systems are needed to compile digital manufacturing data and support oper-
ations to guarantee quality. Methods are needed to organize and associate quality information, including
measurement plans, results, pie geometry, models, resources, statistical analysis. The QIF (Quality In-
formation Framework) is an ANSI standard that supports the range of digital concepts in engineering
applications that encompass: product design, manufacturing, and quality inspection. The XML standard

(Extensible Markup Language) contains libraries of XML schemas, which guarantee the integrity and in-
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teroperability of information based on corporate implementation models.

The QIF standard defines an integrated set of information models that enable the exchange of metrology
data throughout the entire measurement process for manufacturing quality, from product design to inspec-
tion planning (MAHMOUD, 2016). The QIF information models are contained in files written in the XML
Schema Definition Language (XSDL). Additional restrictions to guarantee the data’s quality are contained
in the files recorded in the XSLT format (EXSensible Stylesheet Transformation) (DMSC, 2015).

At the core of the QIF architecture is the reusable QIF library that contains definitions and components
referenced by the application areas, thus ensuring interoperability and extensibility. Features of the QIF
standard are harmonized with the definitions of the ASME Y14.5 measurement Features, and definitions
of QIF measurement Features are mapped to DMIS Features. The exchange of quality information and
measurement data models is based on the standard structures already developed for manufacturing appli-
cations, such as the STEP standard. QIF is relevant to several of the ISO 10303 standards, especially STEP
AP242 and AP219. The STEP structure generates a quality data model that corresponds to the standard
data flow within the product’s life cycle. This strategy supports the general manufacturing system giving
interoperability and direct applicability in the resulting data models (DMSC, 2015).

The QIF information flow starts with the generation of CAD + PMI data product manufacturing
information exported as QIF MBD application data Model-Based Definition. Quality plan-
ning systems import the MBD and generate both plans what s and resources, rules, and export plans
whats and hows. Programming systems import plans to generate DME-specific execution programs or
generate instructions to guide the inspection. The dimensional measurement equipment runs the programs,
evaluates the manufactured or assembled part’s characteristics, and exports the measurements. The anal-
ysis system, which is typically a statistical process control, imports simple results in parts to generate a
multi-part batch analysis as QIF statistical data (DMSC, 2015).

2.4.3.1 Information and Application Model QIF

The QIF includes information models for six different application areas related to manufacturing qual-
ity. The data flow in the scheme shown in Figure 2.4 shows the five relevant activities in the measurement

process, which are:

Product definition.

* Determine measurement requirements.
* Define the measurement process.

* Perform the measurement process.

* Quality data analysis and reporting.
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Figure 2.4: QIF Model based on information flow
Source: Adaptation (DMSC, 2015)

2.4.3.2 XML implementation

The QIF standard provides a formal set of rules for interacting with the data structure. With the ad-
vantages obtained from the implementation in XML language and the checks made available by the Ex-
tensible Stylesheet Language Transformations (XSLT) language, the QIF standard transfers a large part
of a load of quality data to determine the syntactic and semantic validity elements. This verification of
the structure of an instance file according to the QIF model can be done with automatic tools, free or low
cost. Four checks of information quality in documents of QIF instances are available through the use of
XSLT. The files that contain the XSLT checks are organized into a tree of five files with Check . xs1 as the
root.Check.xslimports CheckFormat .xsl,CheckQuality.xsland CheckSemantic.xsl.
Each of these three files, import CheckLibrary.xsl.

QIF 2.1 contains two-level redundancy checking. For the low level, each type of element that describes

a list, set, or collection includes a mandatory attribute "n", which is the number of items contained in the
list, set, or collection. If any of the low-level "n" counts do not match the actual number of items in a
list, set or the collection or the optional ValidationCounts element is present, there is an internal

inconsistency in the QIF document, and the document is not valid.

A model is built using XML schemas, but the complete model can consist of items with information

from several schema files. The complete model is defined using a top-level (or root) schema file that uses
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subordinate schema files. In XSDL, definitions in other files are indicated by an include directive, and child

files can include other children.

2.5 STEP Compliant Deployment Environment

This section introduces the working environment used in the deployment. JSDAI is a solution that
enables the construction of code within the object-oriented programming perspective, and that operates on
the Java development environment. The tool is presented within a useful tool approach to generate solutions
aimed at integrating manufacturing data with inspection and interoperability between related systems in the

different phases of the life cycle.

2.5.1 JSDAI Implementation Environment

JSDALI is a set of tools and libraries for developing applications based on the ISO 10303 standard.
The tools can be used for any other data structure modeled in the EXPRESS language (ISO 10303-11),
PLIB (ISO 13584), and IEC61360—- Standard_data_element_types. The tools are aimed at
developers with knowledge of software, data structure, and familiarity with the STEP standard models.

JSDAI implements the Standard Data Access Interface standard (SDAI, ISO 10303-22) (See 3.4.2),
mainly interconnected with the Java programming language for Standard Data Access Interface (SDAI),
such as Internet/Intranet extensions. The SDAI standard, like Application Programming Interface Applica-
tion Programming Interface (API), provides a mechanism for working with STEP data (GHANTA, 2012).

The JSDAI work environment allows reading, write and execute data for object-oriented programming,
defined by a model based on the EXPRESS language, providing mechanisms for:

* Establish bidirectional relationships between models and entities.

* Create quick access to specific properties and attributes of the instances.

* The connection between the application level and the logic level of the architecture.

* Support other APIs in parallel.

* Access to SDAI libraries.

* Map from ARM model to AIM models.

» Exchange application data in different formats STEP, XML, and SDAI.

* Store information in different repositories with the possibility of multiuser and remote access.

The EXPRESS data model is compiled to represent java classes so that entities are accessed similarly
to java classes. The core of STEP standard libraries is accessible through JSDAI and customizable to

generate specific application models compiled in java libraries and made available to similar applications
(LKSOFT, 1999). Figure 2.5 shows the structure of the JSDAI kernel.
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Figure 2.5: JSDAI Core Structure
Source: (LKSOFT, 1999)

The toolkit includes four components that can be used to develop custom STEP implementations. The
JSDALI kernel contains a runtime platform combined with technologies and tools for development with

support for early and late bindings of EXPRESS schemas.The main parts of JSDAI are:

¢ JSDAI Runtime Platform: It is an API to work with the STEP architecture; the EXPRESS com-
piler JSDALI results are the base in charge of manipulating the application data through each EX-
PRESS schema. The JSDAI Runtime environment creates the SDATI_dictionary_schema,
SDAI_session_schema, and SDAI operations, as defined in the ISO 10303-22 standard, as
well as using extensions for p21 files, network access (see Figure 2.6), mapping operations, event

support, and others.

The EXPRESS JSDAI compiler converts the application schemas, both as a population of dictio-
naries for access late binding and a Java package sdai . Sxxx with interface and Java classes for

access early binding.

* JSDAI Schema Library: This library provides packages in the form of jsdai.Sxxx, data dictionary
for early binding java interface, and classes for EXPRESS schemas. The EXPRESS JSDAI compiler
automatically generates the JSDALI library in jsdai_library.jar.

» SDALI File: Like formats such as STEP-File (p21) and STEP-XML (p28), the purpose of the SDAI
format is to define a structure for exchanging data, defined in the EXPRESS language. The main
difference from the SDAI format is given by the binary encoding optimized for fast reading and
writing. The SDAI format is suitable for both the exchange and backup of SdaiRepository. Other
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Source: (LKSOFT, 1999)

Table 2.3: Java packages for EXPRESS schemas

Java package EXPRESS schema

jsdai.lang SDAI session_schema
jsdai.dictionary SDAI_dictionary_schema
jisdai.Mapping SDAI_mapping_schema
jsdai.SXxx Application schema "Xxx" (AIM)
jsdai.MXxx Application schema "Xxx" (ARM)

Source: (LKSOFT, 1999)

features of the format are built-in understanding (zip), detailed information on EXPRESS schemes,

integration of external documents, and Open-documented formatting.

JSDAI Express Compiler: The EXPRESS compiler’s purpose is to create a valid schema for JSDAI
from analyzing one or more EXPRESS schemas. This is done by generating the necessary dictionary
information (sdai_dictionary_schema) and Java classes. The input to the compiler is the SHORT
NAMES of the EXPRESS entities and the list of complexities. The most significant feature of the
JSDAI EXPRESS Compiler is operating directly on reduced EXPRESS schematics.

JSDAI ExpressDoc: Since the Express schemas are valid in the JSDAI environment, the Express-
Doc tool can generate an HTML format representation of the EXPRESS schema, providing a re-
source for navigation and visualization of the schemas. In an integrated way, it provides navigation
resources for types and subtypes of complex entities, a list of attributes and properties of related

schemes, creates an index of all named data, lists the Java methods available for access early bind-
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ing, and comments on each data type and attributes.

2.5.2 JSDAI for Eclipse

The eclipse platform provides a Java-based IDE integrated development environment. The plug-in
allows users to create, edit and compile EXPRESS files through a graphical environment. The highlights
of the JSDAI integration with Eclipse are:

* Create, edit and compile EXPRESS schematics.

Develop JSDAI applications.

¢ Generate documentation (HTML) of EXPRESS schematics.

Create EXPRESS-G schematic diagrams

JSDALI for Eclipse offers several features for working with EXPRESS schemas and application devel-
opment. The features of JSDAI for Eclipse are:

EXPRESS editor.

EXPRESS compiler.

Editor EXPRESS-G.

» ExpressDoc.

* Java Express development.
* p21 Editor.

* Data validation.

Figure 2.7 shows the work environment of the EXPRESS editor. This tool allows semantic and syntac-
tic verification of EXPRESS schemes (LKSOFT, 1999).

The project window is the environment that Eclipse enables so that JSDAI applications can be devel-
oped similar to a Java application. The EXPRESS-G editor (see 2.8) allows converting the EXPRESS
schematics into a graphical representation of the entities relationships (LKSOFT, 1999).

Other additional JSDALI extensions that support functionality for STEP implementations are:

* The STEP application data can be stored and exchanged in several ways:

— STEP File, ISO 10303-21
— STEP XML, ISO 10303-28
— SDAI File
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14TYPE pie_external_identification_item = EXTENSIBLE GENERIC_ENTITY SELECT BASED_ON external_identification_item
15 (Generic_product_view_definition_reference);
16 END_TYPE;
17
18ENTITY Generic_product_view_definition_reference |
19 ABSTRACT SUPERTYPE OF (ONEOF (Product_view_definition_reference, X
20 Product_view_definition_reference_with_local_representation));
21 source : External_source_identification;
22 END_ENTITY;
23
24ENTITY Product_view_definition_reference
25 SUBTYPE OF (Generic_product_view_definition_reference);
26 product_id : identifier; . . o
27 product_definition_formation_id : identifier;
28 product_definition_id : identifier;
29 1d_owning_organization_name : OPTIONAL label;
S0END_ENTITY;
31 v
>
R Problemle Console 82 xpress-G Outline #EB.rgv =0
No consoles to display at this time.
Figure 2.7: EXPRESS editor supported by Eclipse JISDAI
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extensions:

— Separation of the physical repository (SdaiRepository) and logical grouping (Schema Instance)
of application instances.

— Workspace concept (Schemalnstance + SdaiModel) to control access rights and logical group-

ing of data.
— Direct support of data distributed across multiple repositories for reuse across multiple workspaces.

— Explicit support for AP-Interoperability (between different schemes) using short EXPRESS

forms.
— Full transaction support; control of confirmation and cancellation operations.

— To support multiple users. SDAI transactions are mapped to database transactions.

2.5.3 STEP-NC, JSDAI and Java

JSDALI is a set of tools and libraries for developing applications based on the ISO10303 standard.
JSDAI is an implementation of the SDAI ISO10303-22 standard, strongly related to the JAVA programming
language. In this project, JSDAI along with Java programming was used to support the implementation
of the solution. The JSDALI core presented in Figure 2.9 is supported by a set of components that support
application development to read or write STEP-Format data from or to STEP files. The components were
described in section 2.5.1 and consist of the JSDAI Runtime platform, JSDAI Schema Library, SDAI File,
JSDAI EXPRESS Compiler JSDAI ExpressDoc. This set of components plus various Part 21 extensions
allow for consistent development of the solution.

Figure 2.9 presents the structure that supports object management in SDAI. SdaiSession is the
starting root of all SDAI activity, SdaiTransaction controls the simultaneous update of changes,
SdaiRepository is the physical storage container for SchemaInstances and SdaiModels. The
SdaiModel groups of entity instance according to an EXPRESS schema. Other classes like Schema
Instance are used for logical grouping models and defining a valid set of an EXPRESS schema. Entity
Entent is a helper class for grouping entity instances of an entity data type. SdaiException is re-
sponsible for informing the execution status in case of error conditions. The entities of SdaiSession,
SdaiRepository, SdaiModel, SchemalInstance, etc., in the jsdai.lang package do not
operate like regular entities. Only specified access and manipulation methods are available. Dictionary and

mapping entities are generally only accessible by early binding.

The terms early binding and late binding define how entity instances, their attributes, and relationships
behave. Early binding works with specific entity types and attributes known at compile-time, late binding
works with relative entity types and attributes specified with parameters at run time. Both types of binding
require the EXPRESS definitions implicitly. For early binding, this is done by converting an EXPRESS
schema into Java classes and interfaces; then, they are bound to the project within the Java programming
environment via the Java Compile Path. However, for late binding, the EXPRESS specification becomes
a set from the jsdai.dictionary package. The most important entities in the dictionary schema

required for late binding access are schema_definition,entity_definition, and attribute.
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Figure 2.9: Core SDAI Structure.
Source: Adaptation (LKSOFT, 1999)

JSDALI supports early and late binding for application entities in parallel. Most of the applications
addressed in our case study are identified in the ARM models and are specific entities. For this application,
early link scheduling is addressed. Late binding programming generally requires working with dictionary

instances and application instances in parallel.

2.5.4 Alternative Tools for Feature Extraction

An alternative for the development of solutions with objectives within a particular context, such as the
particular case of extracting characteristics and dimensional specifications from a CAD model, in addition
to the already exposed JSDAI API, there is STEPTools as an option to support framework development.

2.5.4.1 STEP Tools,Inc

STEP Tools, Inc. Started in 1990 as a worldwide community of experts to develop protocols for sharing
product model data between companies. In the second phase, from 2000 to 2015, they create a series of
software alternatives for manipulating product models. Currently, it is possible to share models in the
digital chain of measurable products in real-time. STEP Tools, Inc provides a connection for machine
tools, simulation servers known as digital twins that allows real-time analysis and correction of machining

results.
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2.54.2 ST-Developer

ST-Developer is an SDK (Software Development Kit) that allows the construction of STEP and EX-
PRESS applications, in addition to adding support for XML files, STEP Part 28, CIS / 2 (CIMsteel Integra-
tion Standard), IFC (Industry Foundation Classes) and different STEP application protocols. ST-Developer
contains a wide selection of C ++ and Java class libraries, with schematics documented in HTML, which
support the application protocols, AP203, edition 3 of AP224, AP219, AP221, AP236, AP238, AP239,
AP240, and IFC 2x3.

2.54.3 ST-Developer for Java Programming

ST-Developer has a Java programming environment that consists of an EXPRESS compiler that can
generate JAVA classes and a set of executable base files (stdev.jar), which provide functions such as reading
and writing instances for the exchange of STEP part 21 files. Java applications can be developed around
EXPRESS information models. Using the express2java compiler, Java classes for each model definition

are generated, with which data sets can be created and manipulated.

2.54.4 Siemens NX for Manufacturing

Siemens provides a range of CAM, robotic machining, hybrid additive manufacturing, connectivity on
the shop floor, and inspection design and programming tools. In inspection solutions, Siemens provides
an interface that allows programming the CMM machine to make measurements with minimum setup
times. The programming of the CMM in NC is oriented to use PH20 probes, visualize the probe head in
the simulation and define the coordinate system, datum, and reference points for the measurement. The
analysis of measurement data in NX CMM is programmed through a graphical interface that shows the

part results.

With the Siemens PLM Software, and integration between manufacturing and inspection is possible.
The NX ™ goftware’s CMM Inspection provides a solution for offline programming. In the NX environ-
ment, project information, data analysis, and measurement results interact, providing a study environment.
The process includes defining features, generation of trajectories, and validation to end with analyzing
measurement data. The model’s Product Manufacturing Information (PMI) information includes GD&T
definitions and 3D annotations, which are the central elements of both manufacturing and inspection pro-
gramming. The process can become automatic if a specific programming method is applied, including

standardized trajectories, tools, and models.

2.6 Integrated Inspection System STEP-Compliant

This section presents an alternative solution, framed in the concept of interoperability, to integrate the
results obtained in the measurement of a part with product data in the design, planning, and manufactur-
ing phases. The measurement results are homogenized both semantically and syntactically to be handled

by each CAx system. Dimensional metrology data is used to create a compensation strategy and correct
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manufacturing errors identified in the inspection process. An analysis is performed based on a case study
that involves the definition and extraction of design specifications used for both manufacturing and mea-
surement. The solution presented allows the use of measurement data within a closed manufacturing loop,

ensuring the integrity of the information.

2.6.1 Interoperability Barriers of Measurement Systems

In the advanced manufacturing environment, complete process integration is created to cooperate and
respond in real-time to particular demands and production specifications (DAVIS et al., 2012). Within this
context, the dimensional and geometric inspection processes open their way as primary verification and
validation tools for the specifications of a product and sources of information for the manufacturing envi-
ronment (ZHENG et al., 2018). The measurement generates data that adequately processed information
on both the manufacturing conditions and the already conventional parameters used in the quality control
derived from comparing the current model with the nominal model(LU; XU, 2019).

The fourth industrial revolution demands that the inspection acquire data and extract useful informa-
tion from it to improve the manufacturing process and meet the design requirements in manufacturing parts
(LASI et al., 2014; RAY; JONES, 2006; BRUNNERMEIER; MARTIN, 1999). Different processes such
as additive and subtractive manufacturing can use the data extracted from dimensional and geometric in-
spection to optimize processes. In addition, state-of-the-art concepts such as the digital twin, real-time
monitoring, automatic compensation, and traceability also require measurement data. Together, these
technologies seek to obtain a balance of productivity and quality that promotes the sustainability of the
processes (BORTOLINI et al., 2018; ZHENG et al., 2018; CAMPOS; HARDWICK, 2006).

Inspection processes face several limitations, some of which are shared with other CAx systems (computer-
aided technologies) that prevent complete integration within Closed-loop manufacturing (CLM) (BRECHER
etal., 2006; ZHAO et al., 2011). Usually, the measurement system comprises four major phases: definition
of dimensional and geometric specifications, unfolding of a measurement plane, measurement execution,
and dice analysis. As a result, interoperability barriers they find between each stage of the inspection
process (QIN et al., 2015). Figure 2.10 shows the main interoperability barriers faced by measurement
systems(HEDBERG et al., 2016; XU; NEWMAN, 2006). As shown in Figure 2.10, the main problem
affecting interoperability is the lack of homogeneous data related to the information generated in each
phase of the inspection process. These barriers that still exist slow down the complete integration of the
inspection processes with the CAx systems that make up a product’s life cycle (MORONI; PETRO, 2018;
GALLAHER et al., 2002).

In the last ten years, significant progress has been made to enable the use of information in the different
phases of manufacturing, these results being adopted by some standards such as STEP, QIF, and MTConect
(ISO 10303-242, 2014; ISO 10303-238, 2007; VIJAYARAGHAVAN et al., 2008). Recent projects, studies,
and tests of the concept demonstrated that the implementation of standards with product definition based on
Model-based definition (MBD) reduces the time to go from the design phase to manufacturing, impacting
not only the consumption of resources but also the time spent also improving the quality of the final part
(RUEMLER et al., 2017; GUNASEKARAN et al., 1994).
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Figure 2.10: Interoperability barriers of measurement systems
Source: (Riafio Jaimes; ALVARES, 2019)

It is still challenging to find a neutral, standardized, and interoperable data structure that covers all
phases of the inspection process and facilitates the feedback of results within closed-loop manufacturing.
This line seeks to create a solution alternative implementing a closed-loop inspection to cover all phases
of the inspection process using a neutral data structure that homogenizes information semantically and
syntactically to integrate the measurement results with manufacturing data (ZHAO et al., 2008b; XU* et
al., 2005b).

2.6.2 Closed-loop Inspection

The measurement was included in the manufacturing processes to verify that the manufacturing results
are within the projected specifications. Dimensional Metrology Data evolved to support different tasks such
as surface reconstruction and deduction of mathematical models. The new approaches such as Digital Twin
and the manufacturing challenges created with the digital era and Internet of Things (IoT) depend to no
small extent on the information deduced from the measurement process and the existing communication
between each system involved in the production life cycle of a part. Currently, these processes present
integration in the application layer, plus the interoperability barriers in the logical and physical layers of
the architecture persist (LU et al., 2015; XU* et al., 2005b).

Figure 2.11 presents the functional model Integration DEFinition language O (IDEFO) that shows the
flow of information through the dimensional and geometric inspection system’s four functional activities.
The objective is through a neutral data structure to guarantee the integrity of the information and allow
real-time access to the data within a closed-loop inspection. The architecture creates a global data model
integrated semantically and syntactically using neutral standards such as the Standard for data exchange of
the product model (STEP) and the Quality Information Framework (QIF).
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Figure 2.11: IDEFO Diagram to detail the inspection system
Source: (RIANO et al., 2017)

In this architecture, the 3D Digital model, considered the fundamental basis of integration, contains
both a solid and metadata with GD&T design specifications. This model is reconstructed and updated
with the information contained in a file encoded in ASCII code. Through its application protocols AP203,
AP214, and AP242, the STEP standard structures the product information and shares it with other systems
adhering to the standard. Similarly, the QIF MBD definition model has a digital data format that includes
information necessary for quality processes and PMI (RIANO et al., 2017).

In Figure 2.11, the functional block (A1) extracts the geometry of a part and the design specifica-
tions that need conformity verification. According to the given specifications, the selection of equipment
and tools to perform the measurement are received by the functional block (A2) responsible for execut-
ing the inspection plan. This block (A2) uses data from the piece’s manufacturing process to include the
data structure information about equipment, tools, configurations, and program to perform the dimensional
measurement. The functional block (A3) contains the flow of information for the execution of the inspec-
tion. Finally, the functional block (A4) analyzes and generates a QIF format result for feedback, storage,

and sharing within an integrated manufacturing environment.
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2.6.3 Method for Interoperability of Measurement Data

It is necessary to relate the manufacturing decisions and the impact obtained in the results and create
a mechanism to identify the causes that produce the variation in the manufactured parts. A subsequent
analysis will allow the generation of corrective actions to compensate for the error. In the current in-
teroperability context, most scenarios seek the exchange of information without solving the underlying
problems that create the barriers, thus promoting a technological dependence to implement integrated and

interoperable solutions.

To solving the interoperability problem, it is necessary to use mechanisms to structure the informa-
tion. The EXPRESS language specified in part ISO 110303-11 is a description method used in the STEP
standard to facilitate the interpretation of information models and application protocols (see 3.3.1). The
EXPRESS is designed to be used independently of technology as an information modeling language, al-
lowing and representing data, defining restrictions, rules, functions, and procedures. Within language, the
focus is the definition of entities that represent objects. Each entity is defined in terms of its properties,

which are characterized by domain specifications and restrictions.

JSDALI is an Application Programming Interface (API) for read-write and run-time manipulation of
object-oriented data defined by an EXPRESS data model (See 2.5.1). The JSDALI tools. It is used with any
data structure modeled in the EXPRESS (ISO 10303-11), PLIB (ISO 13584), and IEC61360 Standard data
element types language (PAN et al., 2005). JSDAI can store and exchange data with STEP applications
in various forms such as STEP XML - ISO 10303-21 (part21), STEP XML - ISO 10303-28 STEP XML,
among other formats. JSDAI can organize and control application data, such as physical separation in

repositories and logical grouping between instances and schemas (LI et al., 2011).

. o J-SDAI Libara
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Figure 2.12: Diagram of the approach for interoperable data access.
Source: (Riafio Jaimes; ALVARES, 2019)

Figure 2.12 presents an integrated approach for transmitting specific information and based on har-
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monizing data generated in the manufacturing life cycle of a part. Interoperability is achieved by using a
neutral language to work with the data provided by the STEP, DMIS, and QIF standards within closed-
loop manufacturing. Access through different technologies is possible as there is a semantic and syntactic
integration of the data exchanged between CAx systems due to the STEP standard’s adoption in each of the
systems. Most of the neutral standards that support the manufacturing processes converge in adopting the
eXtensible Markup Language (XML) format as a mechanism for representing and transporting data with

other environments, making possible the work with repositories and database.

Figure 2.12 shows the approach applied for reading, writing, and storing using a SDAI repository
as a record in the dedicated database, leaving the responsibility of validating and processing this stored
information directly to the application. This approach allows the data to be easily separated and integrable
with existing data models in each system. Within an object-oriented programming environment such as
JAVA, JSDALI libraries construct models when processing input files in STEP format (p21) (SOUZA et
al., 2015). The STEP standard defines several structured methods to support the exchange of product
information specified in the different application protocols, such as ISO 10303-21, ISO 10303-22, ISO
10303-23, ISO 10303-24. The Standard Data Access Interface (SDAI) defines a low-level interface for
data programming defined in the EXPRESS language. This comprehensive set of SDAI operations in ISO
10303-22 are implemented in JAVA to build the application (See 3.4.2). These operations can also be

implemented in specific programming languages such as C and C++.

An EXPRESS language data structure is created within the application based on the schemas of each
application protocol wrapped in the digital chain. This structure allows importing into the JAVA program-
ming environment the packages with interfaces and classes containing both the mapped entities and the
data dictionary based on each STEP application protocol’s schemas. Within the JAVA environment, each
element is linked in the project and using the operations defined in SDAI to focus on developing the appli-
cation. In this way, the functions and activities rules are available for reading and write operations within
an object-oriented programming environment. The same data structure is used both to manipulate and to

create new files fed with inspection results.

ENTITY Advanced_brep_shape_representation
SUBTYPE OF (Geometric_model);
SELF\Representation.items : SET [1:?] of

advanced_brep_shape_representation_item; Entity instance EXPRESS . . .
WHERE The EXPRESS entity Advanced_breb_shape_representation is
WR1: SIZEOF(QUERY ( msb <* QUERY ( it <* SELF.items | s T - -
(" ADVANCED_BOUNDARY_REPRESENTATION_ARM.MANIFOLD_SOLID_BREP' IN TYPEOF(it)) ) | mapped to standard STEP file
( NOT (SIZEOF(QUERY ( csh <* collect_shells(msb) |
(NOT (SIZEOF(QUERY ( fcs <* csh\
connected_face_set.connected_faces | (
* ADVANCED_BOUNDARY_REPRESENTATION_ARM.. ADVANCED FACE' IN TYPEOF(fcs))) )) = @)) )) Sample instantantiation in
=9)))) =05 . :
END_ENTITY; section od STEPFile
trys =
%i:’f i #479 = LINE ( "NONE', #209, 1491
vanced_brep_shape_representation) _model .getInstances (EAdvanced brep_shape_representation. _class); o = EDGE CURve ( Note . vena. b7, 261, T. )
Systen. out .printIn{"Instancias de Ta entidad \"Advanced brep_shape_representation \': #481 = ADVANCED_BREP_SHAPE REPRESENTATION ( 'FileStephodelerFATi2019", ( #213, b1 ), #ser ) ;
geometryIterator = geometrys .createIterator(); #482 = CARTESIAN_POINT ( 'NONE', ( -27 nAs, 17.. ))
while (geometryIterator .next()) { #483 = DIRECTION ( 'NONE', (1 o. 1)
geometry = geometrys .getCurrentMember( geometryIterator ) #484 = AXIS2_PLACEMENT_30 ( NONE', #528, #366, #99 )
if (geometry .testName( null)){ #ass - Ei;igllg“ MO, E ; o ; ; 5
! - ) X 5
i i #487 = CARTESIAN_POINT ( 'NONE', ( -27 31A5, 17.. ;e )) s
1F(geometr§.testhntext,oﬁltems( null) ){ 7456 = VERTEX_POTNT € “NONE", 53780) 5
if (geometry .testItems( null)){
geometryItems =
(ARepresentation_item) . . .
model .getInstances(ERepresentation_item. class); SDAI operations Implemented in Java environment
geometryItemsIterator =geometry .getItems( geometry ).createIterator(); H i
while (geometryItemsIterator .next()) { to build the application.
geometryItem =
geometry .getTtens( geometry ).getCurrentMember( geometryItemsIterator );

Figure 2.13: Code snippet showing the processing of the AP242 STEP File.
Source: (Riafio Jaimes; ALVARES, 2019)

Figure 2.13 shows an example of how the information generated in the inspection system is encoded in
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a STEP file compatible with the different CAx systems. The AP242 file contains the GD&T specifications
of the part necessary to generate an inspection plane. The EXPRESS schemes include the set of entities,
rules, and functions that support each application protocol; in our case, we use the AP219, AP238, and
AP242 schemes. From the EXPRESS diagrams, dynamic libraries are created and used within the JAVA
application to read, write, and update data in STEP files. These dynamic libraries allow the information
generated in each system to be encoded within the same data structure, regardless of their nature. Figure
2.13 contains the code fragments to exemplify how each EXPRESS entity is mapped to a STEP file using
a JAVA programming environment to perform these operations.

2.6.4 Integrated Inspection System architecture

The inspection data to be integrated is obtained using a coordinate measuring machine (CMM). The
approach described in the previous section allows homogenizing the data within a neutral format to be
shared in a digital chain. Some causes of the manufacturing process uncertainty results are defined in the
knowledge base and are used within the quality control system to associate the errors with attributable
causes. Figure 2.14 shows the scheme used to control the process. The objective of control is to stabilize
the process and avoid the causes of errors. The measurement can be required both within a production cycle
when it is desired to control the error of a specific critical feature, and at the beginning of new production,
it is necessary to verify each characteristic of a part. The results are used to adjust the manufacturing

environment.

Manufacturing features are linked to inspection features. Geometric inspection features include line,
circle, arc structures, and dimensional inspection built from basic shapes. Figure 2.14 shows the scheme

followed in composing an inspection function that allows verifying GD&T specifications.

150-10303-21;
a) /| veroer; b)

FILE_DESCRIPTION (('Exchange Step’ ),'2;1'); Strategy for process control

/ FILE_NAME ('PART_STEPModeler.STP' ‘ |
12019 -02-257T21:30:39421:00" ,
/ (‘crist'), Inspection within the production cycle Inspection for start of production
/ ("None' ), | |
"HOOPS Exchange 2017.2°
/ *SOLIDHORKS MED' , Inspection of critical features of the part General inspection of the part

/ "None' ); |

/ FILE_SCHEMA ( ('AP242_MANAGED_MODEL_BASED_3D_ENGINEERING_MIM_LF {1 0 ‘ ‘
10303 442 114 }' ) ); Basic Dimension Form Profile Orientation Location

L| ENDSEC;
Betwen Straightness Profile of a line Angularity Position
DATA;

#3=(NAMED_UNIT (*)PLANE_ANGLE_UNIT()SI_UNIT(S,.RADIAN.));
#4-PLANE_ANGLE_MEASURE_WITH_UNIT(PLANE_ANGLE M 174532925) ,#3) 5 Radius Flatness Profile of a surface Perpendicularity Concentricity

#5=(CONVERSTON_BASED_UNIT('DEGREE ", #4)NAMED_UNIT (#6)PLANE_ANGLE_UNIT())

#6=DIMENSTONAL_EXPONENTS(O. , .0 9 0: Spherical Diameter Roundness Parallelism Symmetry
#7=(NAMED_UNIT(*) ST_UNIT ($) g7 50 xa L5
#8=(LENGTH UNIT ()NAVED_UNTT| [6] o 0.060)] 15 5

750 — Spherical Radius Cylindricity

Diameter Betwen

Figure 2.14: Scheme for the design specifications control.
Source: (Riafio Jaimes; ALVARES, 2019)

The inspection is performed on a coordinate measuring machine (Mitutoyo Crysta-Plus M 574). The
objective is to explicitly control the Circularity and Position features defined in the project shown in Figure
2.14 (a). The GD&T specifications are extracted following the drilling shown in Figure 2.14 (b). To
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measure, it is necessary to create a set of operations composed by inspection strategy, reference indications

on the part, measurement trajectories, and orientation.

The procedure to define an inspection operation starts with the extraction of the design specifications
of the AP242 STEP File. Then the inspection features associated with the tolerances of both circularity
and position are created. For each feature, an inspection operation is designed. The workpiece orientation,
inspection paths, and inspection strategy data are set up. Figure 2.15 presents the scheme to be followed

and all the information required to configure an inspection operation.
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Figure 2.15: Procedure for defining inspection operations.
Source: (Riafio Jaimes; ALVARES, 2019)

Table 2.4 summarizes the data obtained in the measurement process, which needs to be analyzed to
generate the corrective action according to the uncertainty value found. The amount is verified and com-
pared to the design specifications. If the value is close to the nominal value and within the compliance zone,
the function is accepted. When out of spec, it is necessary to determine the uncertainty ranges to apply the
type of correction compensating for the upper or lower tolerance limit. The manufacturing tolerances are

adjusted and stored in the execution schedule to be considered in the following part.

The measurement results obtained define new strategies that can be configured directly in the model
MBD. Modifications in the design, adjustment of tolerances, and changes in the manufacturing process
can correct the error obtained. The neutral structure allows encoding the results in different neutral formats
and compatible with the other sites involved in the piece’s life cycle. The created STEP file is interpreted
in any CAD/CAPP/CAIP/CAM/CNC system adherent with ISO 10303-238, 242.224.

The technique uses neutral data structures, eliminating technological dependencies and enabling an
alternative to overcome the interoperability barriers that hinder measurement results feedback. The solution
presented in this section seeks to share homogeneous data within a compatible data structure for different

CAx systems. The data is assigned using a standard to exchange standardized data that share the same
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Table 2.4: Inspection feature definition

Inspection feature Measuring feature Tol.Type  Tol.Value (IT/mm) Datum Deviation Oversize
IF02 Cylinder Circularity 0.25 - 0.005 0.005
IFO3 Cylinder Position 0.08 IFO1, IFO6  0.388 0.308
IF05 Cylinder Circularity 0.25 - 0.021 -
IFO7 Cylinder Position 0.08 IFO1, IFO6  0.373 0.293
IFO8 Cylinder Position 0.08 IF01, IFO6 3.86 3.780
IF10 Cylinder Circularity 0.25 - 0.008 -
IF12 Cylinder Position 0.08 IFO1, IFO6  0.686 0.606
IF13 Cylinder Circularity 0.25 - 0.020 -

syntax and semantics in each of the systems involved in the manufacturing cycle.

The architecture is projected on the models based on definition, involving STEP File, and looking to
meet information requirements of measurement processes to integrate with technologies adherent to the 4.0
industry perspective. Industry 4.0 concepts promote the integration and interoperability of systems. The
model presented is designed to create an architecture that integrates both the manufacturing and inspection

processes in the new digital era.

2.6.5 Measurement Plan

The measurement plans contain all the information necessary to control the CMM machine to execute
and evaluate the measurement. The inspection plan is essentially designed to assist measurement tasks
through a procedure that establishes both an execution program and post-processing of data. The plan
produces a set of measuring points and a list of features along a path to be inspected. The most relevant
task in the plan is the extraction of information, which is hampered by the absence of a standard that
harmonizes the definitions included in DMIS, I++ DME, AP219, ISO 14649, Part 16, DML, QMD, among

other standards used in the measurement (XIA et al., 2011).

Figure 2.16 shows a model that defines the dimensional and geometric measurement features. Basic
geometric features include line, circle, and arc structures. One or more geometric features make up dimen-
sional inspection features. The Figure 2.16 represents through the diagram the hierarchy of organization of
inspection features within the AP219 application protocol. At a more high level are the Units of Function-
ality, made up of various application objects containing entities. This hierarchical structure characteristic

of the STEP standard allows defining procedures to access information contained in a STEP file (p21).

2.6.6 Feature Inspection

It is necessary to respect the restrictions of the measurement process given by the tools ability to
position themselves on the points. The inspection plan tries to solve the problem using the knowledge base
to generate measurement options, create an appropriate point distribution, select the appropriate probe (tool

probe) and define the best trajectory based on the priority criteria, time estimation, and resource utilization.

The nominal geometry of the part that needs to be measured is contained in its features. The features
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Figure 2.16: GD&T definitions AP219
Source:adaptation (ISO 10303-219, 2007)

have associated with their properties, information such as dimensions, shape, and position. There are

several methods for defining features, some of which are listed below:

* Automatic recognition of features: Recognizes the geometry features through a Test

function executed in the CMM and interprets it appropriately through a predefined feature model.

e Definition of features using templates: Within the measurement plane, a tem-
plate of feature is filled. The method is commonly used when a measurement plan for similar features

already exists or if programming is done outside the machine.

e Definition of features extracting information from a CAD file: Load-
ing an existing CAD model, the features are extracted within the measurement plane. It helps build
the measurement plan for the CMM machine in an offline manner and can define or hypothetically
construct the features when in practice; they are not made available by the machine (e.g., include the

measurement of an intersection of two features).
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The inspection plan can be considered as a TSP (trade traveler problem). Assuming that a custom has
N display positions, the distances between each position can be determined. A data is captured in each
position, passing only once. The distance traveled in each displacement can be minimized by selecting a
suitable tray that connects all the points to be measured in an optimal path.

2.6.7 Part Setup and Tool Probe Configuration.

In the probe configuration, the orientation, dimension, and structure are defined. A set of probes with
different orientations and structures can be defined to meet the inspection requirements. The main issue
to be resolved is identifying the probe’s geometric constraints and finding the most significant number of
faces of the part accessible with each probe. The previous analysis depends directly on the part’s Setup,
so it implies finding each Setup the most significant number of faces possible to inspect with the probe
restrictions. If the inspection plan involves many probes and requires a different Setup, the measurement

process can take more time and increase costs.

The problem of configuring the fixation and palpation system is addressed in parallel. It starts with
the recognition of the piece’s geometric model. It continues with an accessibility analysis that can include
techniques based on artificial intelligence and ends with determining the complex palpation system that

requires a spatial configuration of the piece in the CMM workspace.

2.6.8 Trajectory Planning

In inspection planning, the generation of the trajectory directly impacts the efficiency and performance
of the measurement. The result of applying a sampling strategy generates a series of measurement points
located on the part. This phase’s problem is solved by finding an optimal trajectory for a probe that follows

each of the points to be measured, avoiding collisions.

2.6.9 Inspection Strategies

Most assemblies are made up of multiple parts, which is a great challenge, especially for complex
product development. It is necessary to identify the GD&T specifications of critical parts to ensure a proper
fit. By identifying and classifying the different manufacturing process errors, uncertainty can be minimized
by defining some additional constraints on the part design. Verification of these GD&T requirements occurs
when manufacturing is complete; in this context, the importance of a closed-loop inspection control system

to feedback the measurement results and strategies minimizes the final product error.

In 1982, ANSI introduced standards with specifications for geometric and dimensional tolerances.
ANSI (1982) assumed that engineering drawings would be the only mechanism for communicating project
specifications (SHAH et al., 1998). In 1994 ASME (The American Society of Mechanical Engineers) cate-
gorized tolerances into six classes: Size, Shape (flatness, straightness, circularity, cylindricity), Orientation
(parallelism, perpendicularity, angularity), Position (location, concentricity), Profile (circular, total) and
Finished (line, surface) (ASME Y14.5M, 1994).

41



Different investigations address strategies to correct errors in the manufacture of parts based on the
inspection results analysis. Alvares (1990) proposes two scenarios for the analysis and automatic correction
of geometric errors in machined parts in his feedback strategy. The first scenario consists of defining
corrective actions for the parts at the beginning of production. The correction is made through the NC
program and "altered" data, where the identified error is mainly caused by the mismatch of the machine
with the errors in the programmed geometric definitions. The second scenario is for parts in the production
cycle. Correction is made using tool data and "corrupted" data. The quality feedback system performs a
tolerance analysis to determine the geometric elements in error. Each element was inspected and identified
with the geometric definition of the corresponding element in the NC program. Figure 2.17 shows the
analysis strategy feedback options and the automatic correction of geometric errors in machined parts
(ALVARES, 1990).

The quality feedback system presents, as a strategy, tolerance analysis for the detection and prevention
of errors in a global way. For CMM not to negatively influence the CLI with its error, its measurement
uncertainty must be at least 1/5 to 1/10 of the lowest manufacturing tolerance of the produced part (AL-
VARES, 1990).

Statistical Process Control is a tool used to improve the quality of parts in the production cycle. De-
termining process variability, especially in manufacturing systems, is of great importance, as it makes it
possible to comply with established quality requirements and achieve continuous process improvement.
The causes of natural (quantifiable) and attributable (non-quantifiable) variability lead to controllable and
uncontrollable variability. In this line of action, statistical process control plays a relevant role in monitor-

ing, preventing, and supervising equipment involved in the process(KOLOSOWSKI et al., 2015).

Some of the causes of variability are already defined as a change in the raw material quality, problems
with the equipment’s operation, change in the measuring instruments, and tool wear. The control method
seeks to associate the causes with attributable factors of variability (KOLOSOWSKI et al., 2015). A typical

algorithm for CEP implementation can be described as follows:

Stabilize the process, identifying and eliminating the attributable causes of variability.
* In case of insufficient process capability, improve the process by reducing its natural variability.
* Maintain a capable and stable process, identifying and removing special causes.

* Periodic analysis of the capability of the process for its continuous improvement.

Bagshaw (2002) presents research on machine tool error classification and describes methods to diag-
nose these manufacturing errors through diagnostic approaches, condition monitoring, and manufacturing
data analysis (BAGSHAW; NEWMAN, 2002).

The production errors that affect the part geometric features are classified into two categories: errors
that can affect individual features and those errors that affect a group more features large for the component.
Individual feature errors include: cutting tool errors (misalignment, tool wear, and deflection error), pro-
gramming errors feature size error, position/orientation error features, and interpolation error) among other

errors (conditions, vibrations, and deflections of the part). The Combined feature errors category includes
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and machine), among other errors (dimensional errors of the material).
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2.6.10 Error Compensation

The inspection system is responsible for acquiring values of the manufactured part’s geometry through
measurements made at various points located in different dimensional planes. The values allow for a re-
construction of the surface that the quality control system will use. The acquired data is analyzed and
processed by a specialist system to quantify the errors, identify the causes and generate actions to correct
them. Expert systems can base their operation on sets of rules, fuzzy logic, intelligent techniques, and
knowledge to facilitate the generation of corrective actions in the manufacturing process. In-process com-
pensation is generated directly in the program sent to the machine tool control system, which contains the
execution routines for machining a new part. The inspection is repeated after machining; this reduces the

error in each interaction of the closed-loop system.

The relevant issues to be resolved with the implementation of the closed-loop manufacturing system
are focused on defining a mechanism to calculate the uncertainty values, determine the errors produced in
the manufacture of the part, identify the possible sources of error and compensate the process to achieve
minimize the differences between the designed part and the manufactured part. The quality of the infor-
mation obtained in the measurement that enables the question solution depends directly on the type of

inspection applied.

Two primary inspection techniques are commonly used when measuring a part. The first technique is
called OMI (On-Machine Inspection) or OMM (On-Machine Measurement); it is characterized by being
performed on the same machine tool and during the part manufacturing process. The second inspection
technique is performed with a CMM coordinate measuring machine and outside the manufacturing line in
a controlled environment. Selecting the appropriate type of inspection is essential to define the feedback
strategy and the integration architecture. It is important to note that each inspection technique, due to its
nature, has characteristics that can affect or produce variances in the measurement results. Some of the

characteristics found in the IMO inspection are:

* Inspection times are reduced due to not moving the part to another machine. In addition to saving

time, it also represents a reduction in the equipment involved in the measurement.

* Both the accessories and fasteners and the reference points and coordinate system used in the ma-
chining are used in the measurement, managing to minimize the errors given in the displacement of

the part.

» The inspection can be carried out at different stages of the part machining process, enabling com-

pensation during manufacture.

The OMI inspection technique’s main disadvantage is given by the equipment used and the environment
in which the measurement is made. The capability of the CNC machine and the disturbances acquired by
the manufacturing environment (temperature, vibrations, dirt, calibration errors) define the quality of the
inspection. Errors added to the process by different variables challenging to control in the manufacturing

environment may not be detected.

Inspection using CMM machines is considered the essential technique in determining geometric error.
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The main difference with the OMI inspection is that the measurement is carried out in a controlled envi-
ronment, managing to minimize external disturbances and compensate for temperature. For a long time,
coordinate measuring machines were responsible for providing the necessary quality control systems. Var-
ious technological advances, especially in the area of metrology, benefit from this inspection technique.
Another relevant feature derived from the inspection with CMM machines is identifying the errors added
by the CNC machine and the machining conditions through the post-processing of information. The main
disadvantage faced by inspection using CMM is integrating the measurement results with other processes
involved in the production cycle, making it difficult to overcome the barriers that prevent full integration

within the closed manufacturing loop.

2.6.10.1 Sources of Uncertainty with Possible Correction

It is necessary to define a methodology based on the elements involved in the control architecture to
compensate for the error. The elements maintain a relationship and connection; for this reason, changes
or decisions in an element can affect the overall result. From the moment the part begins its life cycle,

variances and uncertainties coexist, classified into the following types:

1. Correlation uncertainty: Occurs when projecting requirements with necessary specifications for the

part and its functional performance.

2. Specification uncertainty: When a design requirement is mistranslated or with a critical fit above
what is necessary for the functional performance of the part, known as uncertainty in the conformity

analysis of the part.

3. Manufacturing uncertainty: In this set, the uncertainties have a different nature; a classification could

be as follows:

CNC machine tool

* NC programming

* Machining process

* Other factors
In Manufacturing Uncertainty, a part of the error is always present and inherent to the process or
machine, related to random sources of error (ALVARES, 1990). On the other hand, one part is the

systematic and progressive errors compensated to improve and maintain the geometric quality of the

piece. Some factors attributable to this uncertainty are:

* Thermal effects, caused by the ambient temperature or by the heat generated inside the ma-
chine, affecting the machine’s structure, mainly the whole, is responsible for a portion of the

progressive and random errors.
* Tool wear is responsible for progressive errors.

» Static and dynamic stiffness of the machine tool, random errors.
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* Geometric quality of the machine tool, its components, and assembly determine the cutting

tool’s position error (random, systematic, and progressive errors).

4. Uncertainty in the measurement: it depends on the method, instruments, or tools used to capture geo-
metric information. A measurement out of parameters, methods not suitable for capturing geometric
requirements or specifications, and measurement processes with errors above what is acceptable
contribute to measurement uncertainty. The wrong interpretation of the inspection feature, wrong
measurement strategy, the accuracy of the measurement does not match the specifications of the

tolerances, and wrong part setup are some events that produce wrong measurements.

Total uncertainty contributes to each phase of the product life cycle given by the design, manufacturing,
and inspection processes. Knowing these elements, their interrelation in the architecture, makes it possible
to establish a feedback methodology. The sum of all types of uncertainty determines the maximum error

for a specific machine or process under certain operating conditions.

The process variability presents normal distribution when the process is over control, being the devia-
tion errors only random. The lack of control of the process is due to certain factors where, in addition to
random errors, there is the presence of systematic errors or progressive errors. Progressive errors, in their
essence, have the exact nature of systematic errors; they have a dynamic character, evolving gradually over
time due to the variation of some greatness. When the process is under control, the level of variability will
determine the manufacturing uncertainty that will depend on the constructive characteristics of the machine
tool and the means used in its manufacture (manufacturing, production, and assembly), in addition to the
tools and devices used (ALVARES, 1990).

Most of the error factors, referring to CNC machine tools and the machining process, that influence
the uncertainty of a part can only be avoided or minimized. Among the actions conducive to reducing the
sources of error are: preheating of the machine, lubrication of shafts, minimizing the internal heat sources
that affect the process, air conditioning of the environment, protection against radiation, air circulation,
good selection of the material of the tool, alter parameters related to machining conditions, part material
and errors in the part program (ALVARES, 1990).

2.6.11 Closed Loop Control

The control strategy within the closed loop of manufacture and inspection seeks to compensate the
input data to the CNC control system with the results of a comparison between the projected nominal part

and the inspected part to meet the project’s quality requirements.

The main challenge of closed-loop control is to provide the mechanisms for integrating data generated
in the quality inspection system and ensure the interoperability of the architecture. The context of interop-
erability, in practice, is currently focused on the exchange of information, leaving aside the barriers given
by restrictions on access and technological independence. An integrated approach focused on data har-
monization is needed to transmit unambiguously the information generated during a part’s manufacturing

cycle.

The perspective of interoperability proposed in this research seeks to achieve an architecture within a
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line of digital concepts, which interconnects the data generated in the different CAD/CAPP/CAIP/CAM/C-
NC/CAI systems and provides a neutral mechanism for bidirectional data flow with support for the three
layers: application, logic, and physics. Interoperability is achieved through a data connection from the
STEP, QIF standards which, in addition to sharing the focus based on features, encompass the major ar-
eas involved in the chain with product design, planning, manufacturing, and inspection. The integrated
approach focuses on semantic and syntactic integrity that allows the validation and verification of data

exchanged between CAXx systems.

The architecture’s core is given by the libraries provided by the STEP and QIF standards to support
the manufacturing and inspection processes in the digital chain. The libraries contain the definitions and
components referenced in the areas involved that can be integrated into web/Internet applications or directly

within other existing standards, thus providing an interoperability and extensibility environment.

The data flow starts with a CAD model with GD&T and PMI information in a control closed-loop
system. The model data is shared in the manufacturing chain in the AP242 format. Using the libraries
provided by STEP and QIF, they are exported as application data to QIF-MBD and AP238. CAPP /
CAIP planning systems import STEP and QIF-MBD files to generate plans with resources, rules, and
mechanisms to be used. CAM / CAI systems import plans to generate specific execution programs for
the CNC controller and the dimensional measurement equipment (DME). After manufacturing the part,
the DME runs the programs to evaluate the part (or assembly) characteristics and export the measurement
results. Based on statistical process control, the analysis system imports/exports the results in the format
QIF-Statistics/QIF-Results. The compensation system makes the necessary changes to the STEP and QIF-

MBD files to reduce manufacturing errors.

2.6.12 Error Calculation

During manufacturing, different factors interact so that different nature errors (static, dynamic, and
progressive) are added. The geometric errors present in parts manufactured in CNC machining centers
can be classified into four major groups. The proposed inspection strategy seeks to identify, monitor,
and control the errors that a part acquires during the manufacturing process to meet the expected GD&T
requirements (ALVARES, 1990; YANDAYAN; BURDEKIN, 1997).

The geometric errors present in the parts processed when machining with CNC machines, using cutting
tools with defined geometry, can be attributed to four error sources: machine tool, NC programming,
machining process, and other factors(ALVARES, 1990; YANDAYAN; BURDEKIN, 1997).

The errors present in the dimensions of machined parts initially reveal the variability of the manufac-
turing process. This variability/dispersion has a normal distribution when the process is under control,
with errors due only to random factors. The lack of control of the process is due to certain factors where,
in addition to random errors, there are also systematic errors and the third type of error called, in this
work, progressive errors. Progressive errors, in their essence, have the exact nature of systematic errors;
however, they have a dynamic character gradually evolving, due to the variation of some magnitude of
the process (temperature, tool wear), unlike the errors systematic processes that have a permanent charac-
ter(ALVARES, 1990; YANDAYAN; BURDEKIN, 1997).
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Identifying the source of the error is based on the results of the inspection of a problem that is too
complex and difficult to solve due to different factors influencing the measurement. An approximation can
be achieved by implementing a mechanism for monitoring the manufacturing process in function of the
manufacturing conditions, together with machine-iron models built with geometric tests; It would also be
necessary to develop a global model that represents the system, and clearly, the model would be composed
of non-linear parameters. It is possible to achieve compensation for geometric error determining the un-
certainty globally, the product of a comparison of the nominal model with the accurate model, and making
corrections on the data structure interpreted by the machine irons CNC control(ALVARES, 1990).

There are several factors, within these four groups of errors, that determine the manufacturing uncer-

tainty, the most relevant being the following:

Thermal effects, caused by the ambient temperature and the heat generated inside the machine (chips,

friction, motors), affect the machine’s structure.

* The machine’s measurement and control systems are responsible for a significant part of the progres-

sive errors and a portion of random errors.
* tool wear (progressive errors).

* static and dynamic stiffness of the machine tool (errors random);

Thermal deformations and tool wear cause the main factors of errors due to the machine/process, these
errors being much more representative in roughing operations than in finishing operations. However, when
aroughing operation presents a significant error (in the order of a tenth of one mm or more), in the finishing
operation, this error will cause a lower dimensional surface quality than the desired quality, since the over-
measurement of material present the most, will influence the geometric quality of the piece(ALVARES,
1990).

In addition to the error factors related to the machine/process, there may be errors due to NC program-
ming and other factors. These last two groups of error sources may appear superimposed on dependent
errors directly from the machine/process. The identification and separation of these different sources of
errors, based on dimensional inspection, is a problem that is too complex and difficult to solve (ALVARES,
1990).

The problem of calculating the error in this proposal is limited to machine tool geometric errors when
prismatic parts are machined. The correction actions are coded and communicated to the CNC control of
the machine tool. The analysis of inspection results is carried out to satisfy objectives such as identifying
errors, trends based on the GD&T specifications given, and diagnosing the causes of the error to define, as
far as possible, a correction strategy(ALVARES, 1990).

2.7 Summary

Developing a strategy to implement a closed manufacturing and inspection loop requires knowing

and understanding the different aspects related to the application of the processes. This chapter presents
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aspects of the structure and exchange of data used for manufacturing and measurement processes. The
interoperability problems derived from the exchange of information between non-homogeneous and often
proprietary data structures are also approached to identify aspects that allow forging suitable selection
criteria for the data structure. It is also noted that some researchers consulted have shown that the STEP
standard is a viable option to support the transfer of data and product information. The definition-based
model makes it possible to relate different contexts to the exact definition. The STEP standard inherits this
concept and takes it as its fundamental unit called feature to relate information generated in the different
life cycle phases. A feature can have both manufacturing and inspection reporting relationships. This

concept enables the reuse of information to express different contexts.
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Chapter 3

Integration Method Adherent to STEP
Standard

3.1 Introduction

The need to integrate information has led to the emergence of standards and, as a result of this evo-
lution, the STEP standard is accepted internationally as a complete standard for use as a product data
exchange mechanism. The ISO 10303 standard defines a neutral format for the exchange of product data,
which allows the transmission of information between CAx systems. This chapter formally describes the
arguments for selecting the STEP standard data structure as a mechanism that solves data integration be-
tween CAx systems. The data structure of the STEP standard, its architecture, and the information model
for data exchange are presented. The strategies and techniques for its implementation are presented based
on AAM, ARM, and AIM models.

3.2 STEP (Standard for the Exchange of Product Model Data)

ISO 10303 is an ISO standard for the computer-interpretable representation and exchange of product
manufacturing information. Its official title is: "Automation systems and integration — Product data rep-
resentation and exchange" It is known informally as STEP, which stands for "STandard for the Exchange
of Product model data". The STEP standard, inspired by the structure of a database system with ANSI/
SPARC architecture, provides a representation of product information and provides the necessary defini-
tions to exchange, store, transfer, and access product information through different technologies (KERN
et al., 1997a; KERN et al., 1997b). One goal of the STEP is to provide a data format that can be used
by different software and systems involved in the product life cycle. In Figure 3.1, a schematic of the
architecture of the STEP standard is presented (HANDBOOK, 2006).

The STEP standard provides the communication mechanisms to meet the new paradigms that restrict
data conversion and support a product’s information throughout the manufacturing chain. The STEP stan-

dard is constantly evolving, and new documents and processes are being incorporated to cover larger areas
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Figure 3.1: Structure of STEP
Source: Adaptation (NASR et al., 2016)

of application (PRATT, 2001). The pattern is formed by a set of patterns organized in three layers which

are:

* Application layer: It is an information model formed by Application Protocols (AP) and Applica-
tion Interpreted Constructs (AIC) developed to be used in a specific application area. It provides
the standard data specifications and semantics used to exchange product data between two or more
applications. (Series 200 STEP documents).

* Logical layer: They are product information models created to describe all the domains of interest,
unique and unambiguous. This layer is the library of product information models called Integrated

Resources (Irs), which describes all the domains of interest. (Series 40 and 100 STEP documents).

* Physical layer: Implementation method that deals with mapping application schemes for a given

computing technology (STEP Documents from Serie 20).

Table 3.1 summarizes the STEP documents series based on the standard architecture layers (Adapta-

tion).

Based on the three-tier architecture shown in Table 3.1, developing applications that adhere to the
standard is possible. The application layer supports the development of application-specific reference
models. Application models are commonly developed in IDEFO. The logical layer is responsible for
specifying the format of the definitions with the creation of reference models. Reference models are created

based on a neutral structure and independent of any programming language such as EXPRESS and XML.
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Table 3.1: STEP documents organized in the architecture composed of logical, physical, and application
layers.

STEP Document Type Document Identifying Number Layer
Introductory 0-9

Description methods Serie 10

Implementation methods Serie 20 Physical
Compliance testing methodology Serie 30

Integrated Resources (IRs) Serie 40 e 100 Logic
Application protocols (APs) Série 200 Application
Interpreted application constructs Serie 500 Application
Abstract test suites Serie 300

The physical layer defines the construction path of the communication structure of the STEP file through
implementation methods. The most widely used implementation methods are based on the ISO 10303-22:
1998 SDAL.

The main reasons that justify the selection of the STEP standard in the development of the CAD/CAP-
P/CAIP/CAM/CAI/CNC systems integration architecture proposed in this project are the following:

* The generic and neutral nature of the standard, regardless of technologies and owners.
* Interpretable computational architecture that facilitates the automation of processes.
» Consistency in the data that provides robustness in the implementation.

* Different methods for accessing, storing, and transferring product data.

STEP considered an ISO standard, brings together the standardization effort that involves developing a
technology that provides neutral methods and tools for the management of both product information and its
specification. These standardized methods and tools allow the description, validation, and treatment of the
information generated within a closed loop of manufacturing and inspection. The application protocols are
developed strictly within this STEP technological approach. The application protocols intensely involved,
such as AP238, AP242, and AP219, are specified in the EXPRESS modeling language, constituting a
library of reusable concepts to develop a data model covering the scope of this project quite useful for
processes that use techniques CAD or CAM. On the other hand, there are data transfer and exchange

protocols neutrally through a standard data access interface.

3.3 Description Methods

Due to its complexity and extension, the STEP standard demands techniques that facilitate its inter-
pretation and analysis for both humans and computer systems. The mechanisms used in the ISO 130303
standard are called Description methods and provide a generic language structure for formal specification
of data regardless of the technologies used. It is possible to express cutouts of the standard for imple-

mentation legibly through the description methods and apply methods to check for inconsistencies. The
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EXPRESS language is a language developed to partition, extract, integrate, and subdivide the STEP stan-

dard material’s various contents.

3.3.1 EXPRESS Language

The STEP standard provides support through implementation methods classified in its logical layer.
The data structure is developed in a modeling language based on neutral architecture and independent
of any technology. The EXPRESS language is the standard mechanism recommended for defining the
ARM model and supported by the ISO 10303-11 standard. Each entity’s domain is completely specified
in the ARM model, structuring the information to make the computational implementation. In this phase,
the Abstract Test Suite (ATS) methodology, which consists of creating a test to assess and verify that the

application’s needs and requirements are completely satisfied, is also defined.

The EXPRESS language constitutes a fundamental element for describing and implementing the STEP
standard since the protocols, tools, and methods are largely described in the EXPRESS language. This
language inherits data modeling features such as NIM and IDEF1X, the imperative programming lan-
guage constructs of Pascal, ADA, C ++, and some SQL language elements. The EXPRESS language
manages to express the behavior and the logical relationships within a description of the data model that
enables the automatic exploitation of the descriptions through computational tools. Its structure in textual
language, specified by an orderly, consistent and homogeneous grammar, can be processed by computer
means (PLANTEC, 2007).

The EXPRESS language is specified in ISO 110303-11 "Description methods: The EXPRESS lan-
guage reference manual" is a description method used by STEP to facilitate the interpretation of informa-
tion models and application protocols. EXPRESS is designed to use as an information modeling language,
regardless of technology, allowing, in addition to data representation, to define restrictions, rules, functions,
and procedures (KERN et al., 1997a). The language focuses on the definitions of the entities, which rep-
resent objects. An entity’s definition is made in terms of its properties, characterized by specifications and
domain restrictions. In EXPRESS, the concept of entity is the same concept of class in the object-oriented

model, supporting different data types, as shown in Figure 3.2.

A SCHEMA can be considered a diagram within a domain that reflects an application context. Within
this context, constants, data types, entities, or object classes with their respective relationships and re-
strictions are declared. Appendix I.1.1 shows the schematic in EXPRESS language used to define the
dimensions of the part.

The ENTITY contains a detailed description of a class or object composed of a set of attributes or
properties. Aggregations express the multiplicity assigned to properties. Some properties are necessarily
mandatory in the construction of the object and are described in the form of explicit attributes (whose
value must be defined when creating an instance), derivatives (calculated value product of an expression),
or inverses (value defined based on another entity, define the cardinality of the association for the entity’s

context).

It is possible to restrict the domain of the value of attributes and instances of an entity. There may be a

unique restriction that prevents more than one entity, a domain restriction created for a value of a type or
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Figure 3.2: Data types used by the EXPRESS language

attribute of an instance, and a global restriction that expresses a restriction on all instances. Constraints are
specified through a procedural language described as procedures or functions that allow operators such as

assignment, conditional, and interactive instructions used to construct arithmetic operations.

The EXPRESS language binds an object-oriented principle, which allows entities to share attributes
and methods. The entity can inherit attributes from one or more entities. A subtype inherits all local
properties and constraints from its supertypes. Subtype entities can override an inherited attribute if it

contributes to being a more specific entity.

EXPRESS has a set of predefined functions that can be used to request information on the type of
attributes and variables and perform arithmetic and trigonometric calculations on the data. The TYPEOF
function returns the set that includes the name of the type of the variable that is passed as an argument and

those of all its supertypes.

A scheme can use content from other schemes; therefore, it is possible to describe schemes in a general
way intended to be referenced or specialized by other more specific schemes. There are two different con-
cepts; through the USE keyword, the entities specified in the schema used can be exploited independently.
When using the REFERENCE keyword, the referenced schema’s entities can only be used in the context
of another entity, such as an attribute type. In general, USE facilitates the redefinition and enrichment of
schemas, particularly inheriting attributes and properties, and REFERENCE enables association between

schemas.

Modeling using the EXPRESS language is structured in schemes, entities, attributes, relationships,
and constraints. Through entities, functions, and procedures, a schema describes the set of conditions for
establishing a domain the product model. Entities can be evaluated to determine whether they belong to

the domain or context. Entities and their attributes are declared within a schema to represent an object
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or concept. The attributes define an entity’s important properties and the type (real, integer, string, etc.).
The attributes can have relationships with other entities. Relationships are bidirectional, but one of the two
directions is emphasized (FENG; YANG, 1995).

SCHEMA shape_tolerance_schema;
REFERENCE FROM measure_schema -- ISO 10303-41
(derive_dimensional_exponents, dimensional_exponents, length_measure_with_unit, measure_with_unit,
measure_value, plane_angle_measure_with_unit);
*

TYPE area_unit_type = EXTENSIBLE ENUMERATION OF
(circular,
square,
rectangular);
END_TYPE;
*

ENTITY geometric_tolerance_relationship;
name : label;
description : text;
relating_geometric_tolerance : geometric_tolerance;
related_geometric_tolerance : geometric_tolerance;
END_ENTITY;
*

RULE subtype_exclusiveness_geometric_tolerance FOR
(geometric_tolerance);
WHERE
WR1: SIZEOF(QUERY (gt <* geometric_tolerance | NOT (type_check_function(gt,
['SHAPE_TOLERANCE_SCHEMA.ANGULARITY_TOLERANCE' , 2)))) =0;
END_RULE;
*
FUNCTION sts_get_product_definition_shape
(input : geometric_tolerance_target) : product_definition_shape;
CASE TRUE OF ('SHAPE_DIMENSION_SCHEMA.DIMENSIONAL_LOCATION' IN TYPEOF(input)) :
RETURN(input\shape_aspect_relationship.relating_shape_aspect\shape_aspect.of_shape);
('SHAPE_DIMENSION_SCHEMA.DIMENSIONAL_SIZE' IN TYPEOF(input)) :
RETURN(input\dimensional_size.applies_to\shape_aspect.of_shape);
('PRODUCT_PROPERTY_DEFINITION_SCHEMA.PRODUCT_DEFINITION_SHAPE' IN TYPEOF(input)) :
RETURN(input);
('PRODUCT_PROPERTY_DEFINITION_SCHEMA.SHAPE_ASPECT' IN TYPEOF(input)) :
RETURN(input\shape_aspect.of_shape);
OTHERWISE : RETURN(?);
END_CASE;
END_FUNCTION;
END_SCHEMA,; -- shape_tolerance_schema

Figure 3.3: Example code for an EXPRESS language schema.
Source:(ISO 10303-41, 2018)

EXPRESS entities are defined in terms of attributes or properties considered important in implementa-
tion or use. Attributes can be represented through entities. The EXPRESS schema provides the structures
for defining data, types, entities, rules, and functions.The EXPRESS language supports the definition of
rules and the writing of functions, using arithmetic operators, logical operators, expressions, numeric func-
tions, aggregate operators, methods description, and set of objects (ZHAO et al., 2011). Figure 3.3 shows
a code made in EXPRESS language.

ISO 10303 also specifies a graphical representation for buildings in the EXPRESS language called
EXPRESS-G. This description method contained in part 11 of the standard is a graphic form of EXPRESS
that brings together the following functions: represent entities, show the type of data, attributes, relation-

ships, and hierarchy. There are three types of graphic symbols in the EXPRESS-G diagram:

* Definitions: These are symbols that denote simple data types, constructors, and schemas. Definitions

are denoted by boxes that include the definition name.
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* Relationships: Symbols that describe relationships that exist between definitions. The relationships
between the items are indicated by the lines that join the boxes. Different line styles provide infor-

mation about the type of definition or relationship.

* Composition: Symbols that allow a diagram to be displayed on more than one page.

Lines of various styles connect the definition symbol. In EXPRESS-G, the relationship is marked with
an open circle in the indicated direction. For an inheritance relationship, the direction indicated is for the
subtype; that is, the circle is in the line’s final subtype. The Figure 3.4 shows a formal representation in
EXPRESS-G for the given level of the entity Representation_item. The specifications for the entity

contain all the checks identified for the level shown.

EXPRESS is designed as a generic language for transmitting data information, useful for modeling
data objects of any type. It has characteristics of definition languages used in databases and programming
languages, but it is not a programming language. The EXPRESS language is generic with no purpose
other than information modeling tasks, independent of any particular system or programming; its only
declarative nature does not define methods applied to those entities in an application context. Its proximity
to the object-oriented programming perspective allows the description of an object’s data structure that
in EXPRESS is called an entity equivalent to a class within the programming perspective. An entity’s
properties are called attributes and are defined through simple data types (e.g., STRING and INTEGER)
or aggregates (e.g., ARRAY, LIST, and SET).
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The inheritance relations are applied in subtypes and supertypes within the EXPRESS schemas, con-
stituting parent/child relationships between the entities contained in a schema. The EXPRESS information
model is organized in schemas. A schema is a logically complete set of definitions of entities that serve to
subdivide large information models. In addition to data type, types of constraints on instances, and entities,
the schema includes both a broad set of methods for describing constraints and setting rules on an entity’s

attributes and EXPRESS functions that can be used to calculate derived attribute values.

3.4 Implementation Methods

The previous section presented the STEP standard’s description methods, in which the EXPRESS lan-
guage is its primary tool. The STEP standard defines the implementation methods to take advantage of
these schemas defined in the description methods in a computerized or automated way. The implementa-
tion methods are intended to define the procedures for exchanging and sharing EXPRESS schema instances
between systems. The exchange happens through neutral files (SDAI, p21, or XML), syntactically homo-

geneous shared between heterogeneous systems.

SCHEMA integrated_cnc_schema; Import/export Interface < ’ g SystemA
ENTITY product_definition; 4 _—,:; L
id : identifier;
description : OPTIONAL text; ¢
formation : product_definition_formation;
frame_of_reference : product_definition_context; =
DERIVE e
name : label := get_name_value(SELF); 0
WHERE )

WR1: SIZEOF(USEDIN(SELF, 'INTEGRATED_CNC_SCHEMA.' +
'NAME_ATTRIBUTE.NAMED_ITEM')) <= 1;
END_ENTITY; -- 10303-41: product_definition_schema

#1110=PRODUCT_DEFINITION_SHAPE(Placement #19',

'Placement of BASE1 with respect to ASEA_NEW_STEP_ASM' #1109);
#1120=(

REPRESENTATION_RELATIONSHIP(","#1044,#1108)

ENTITY product_definition_formation;

id : identifier;
description : OPTIONAL text;
of_product : product;
UNIQUE
UR1: id, of_product;
END_ENTITY; -- 10303-41: product_definition_schema

REPRESENTATION_RELATIONSHIP_WITH_TRANSFORMATION(#1119)
SHAPE_REPRESENTATION_RELATIONSHIP());

STEP File (p21)!

.- ST ..
~..
~..
-
Instantiation method

STEP Exchange File

ENTITY product;

e |XMLi

id : identifier;

name : label; ‘ "

description : OPTIONAL text;

frame_of_reference : SET [1:?] OF product_context; Import/export Interface [ System B

END_ENTITY; -- 10303-41: product_definition_schema A—.

Figure 3.5: Systems Interaction via STEP file.

Implementation methods are mechanisms for structuring the information specified in the application
protocols. The EXPRESS language describes a scheme through entities, functions, and procedures but
does not define an implementation method. The STEP standard defines several structured methods, which
are defined to describe all the instances that support the exchange of product information specified by the
application protocols. The implementation methods are known as SDAI, classified in international stan-
dards: ISO 10303-21, ISO 10303-22, ISO 10303-23, ISO 10303-24; to facilitate product data integration
when implementing implementations for specific applications. This section presents the methods most

commonly used in developing applications based on the STEP standard.
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In a closed-loop of manufacturing and inspection, it is essential to guarantee the interaction between
these two or more systems, some with different purposes but sharing the same data structure. Data per-
sistence, information transfer, and integration are concepts that guarantee interoperability. There are two
ways to implement interoperability, first through a specific link that adapts to system integration needs and
requires interfaces that support this integration. The second is a standardized interface that uses a stan-
dardized, reusable protocol to establish the integration. This second approach is implemented in the STEP
standard to represent information employing a neutral and standard format that contains the instances cre-
ated from schemas in EXPRESS language. The integrity of the information contained within a neutral
file is assured, and the intelligibility because the generated file maintains technological independence and

system specifications, minimizing problems in integrating systems.

The Figure 3.5 shows a diagram of how two systems interaction happens, adhering to the STEP stan-
dard. Each system must have an interface to import and export neutral files depending on the selected
implementation (p21, XML, or SDAI). The EXPRESS schema is the means of describing the data to be ex-
changed. This schema contains the definitions and is shared to generate implementation files with instances
that maintain a syntactically homogeneous structure. Code generators can be developed from EXPRESS
schemas. The implementation neutral file gathers instances representing the encoded information ready to

be transmitted and interpreted by another system.

3.4.1 XML Representations of EXPRESS Schemas and Data

As a result of an effort to satisfy the integration and interoperability requirements to take advantage of
the internet’s advantages, XML (eXtensible Markup Language) emerged. The language allows defining the
grammar to exchange structured information between different applications, including WEB applications.
With the ISO 10303-28 standard (Implementation methods: XML representation of EXPRESS schemas
and data), the procedure for using XML to represent the information contained in EXPRESS schemata is
defined (ISO 10303-28, 2007).

For implementations from EXPRESS schemas, ISO 10303-28 specifies a set of declarations for the
XML language based on the EXPRESS language syntax within two perspectives: one late binding the
second early binding. The late binding context specifies a simple set of brand declarations independent
of EXPRESS schemas, representing data for any schema. The early binding context is for specifying the
results of generating sets of brand declarations independent in the EXPRESS schema.

Figure 3.6 shows an EXPRESS schema and its respective XML markings based on the architecture
exposed in ISO 103003-28. The set of markup declarations defined in the standard are intended for a
formal specification for XML documents formatting. The late binding is a simple markup declaration that
can be used to represent data from an EXPRESS schema based on the early Bindings markup and a formal

requirements definition architecture.

3.4.2 STEP Data Access Interface

The exchange of information in the different phases of the product life cycle promotes interoperability

in the systems. The STEP standard aims to describe and share data in each phase of the life cycle; it needs
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<schema id>my schema</schema id>
<entity decl>
<entity id>an entity</entity id>
<explicit attr block>
<explicit attr>
<attribute id>attrl</attribute id>

SCHEMA my_schema; <base_ type><string/></base_ type>

ENTITY anientity; </explicit_attr>
attrl : STRING; </explicit attr block>
END ENTITY; </entity decl>
END_ SCHEMA; </schema_decl>
(a) EXPRESS scheme (b) XML markup corresponding to the EXPRESS schema
<schema_id>my_schema</schema_id>
<entity decl>
<entity_ id>an_entity</entity_ id>
<explicit_attr block>
<explicit_attr> <My_schema-schema id="idl" express_schema name="My_schema"

<attribute_id>attrl</attribute_id>
<base_type><string/></base_type>
</explicit_attr>

express_schema_identifier="My schema Edition 2">
<An_entity id="id2">

</explicit_attr block> <An_entity.attrl><string>an attrl value</string></An_entity.attrl>
</entity decl> </An_entity>

</schema_decl> </My_schema-schema>

(¢) XML markup set late binding for (d) XML markup set early binding for the EXPRESS schema.

the EXPRESS schema

Figure 3.6: Example of XML declarations based on EXPRESS language.
Source: (ISO 10303-28, 2007)

a standard interface to implement the exchange of information from an integrated database. The standard
ISO 10303-22 Implementation methods: Standard data Access interface specifies a data access interface’s
functional characteristics. This interface is known as the Standard Data Access Interface (SDAI). The
SDALI specifies the operations available to an application to acquire and manipulate data whose structure
is defined using ISO 10303-11 (EXPRESS). According to the EXPRESS schemas, linking the EXPRESS
data with a programming language refers to mapping constructions and generating a specific data structure.
The programming language definitions, the entities defined in the EXPRESS schemas are converted to C,
C++ classes, or Java. The goal of linking EXPRESS data with a particular programming language enables
developing solutions that promote integration and sharing at all life cycle stages. SDAI standardizes the

procedure, regardless of any programming language and systems, to access the data stored in a database.

A closed-loop of manufacturing and inspection operates on different phases of the life cycle, and some
of them coincide; it is required to share information in each phase of the life cycle. It is necessary to
implement the exchange of information within an integrated database or resource that guarantees both
the persistence of the information and its integrity. SDALI is neutral but has implementations for some
programming languages like C++, C, or IDL. The standard allows two types of implementation SDAI
generic (or late) and SDAI specialized. Generic (or late) SDAI enables access to data regardless of source
EXPRESS schema; this late binding approach does not map EXPRESS entities to classes using EXPRESS
entity dictionaries to access data. Specialized SDAI that depends on EXPRESS source schema.

In an SDALI session, the manipulated instances are created and accessed through a model that interprets
a source EXPRESS schema’s description. This entity that references the model is called SDAT_Model
and is stored in a repository. The SDAT_Model entity establishes a correspondence that links a stored re-

source, either a physical medium, data bank, or available memory. Two or more SDAI_Model entities can

60



exist and share data regardless of their repository; this enables other applications with services available in
multiple databases during one session. A dictionary contains the description of the instances handled by an
SDAT session. The SDAI_dictionary_schema dictionary is created in order to describe the seman-
tics of an EXPRESS schema. This dictionary contains the definitions in the source EXPRESS schema and

is not modifiable by applications that access them.

An application using SDAI creates a session in which it has the stored repositories available. This data
is open and can be read, modified, or operated with this information to develop a purpose. During the
session, the data in the repositories is constantly updated to maintain cohesion in the information. Figure

3.7 presents an architecture for establishing an SDAI session.

| SDAI dictionary schema

:_!;_H

Application

Session data

A

SDAI Session
Repository

Y

Standard data Access interface(SDAI)

Entity Instance

Persistent storage

Figure 3.7: The architecture of an SDAI session.

3.4.3 STEP File as Exchange Structure

The neutral exchange file defined in the ISO 10303-21 standard (Part 21: Implementation methods:
Clear text encoding of the exchange structure) known as STEP file or p21 contains instances created based
on an EXPRESS schema. Each STEP file explicitly references the schema in its content. The standard
presents a complete interchange structure that contains Formal definitions, Tokens, Structured data types,
and sections. The exchange structure encodes the information in two large sections: Header and Data

section.

The Header section is the first section; it is responsible for identifying the file’s origin, the EXPRESS
schema that contains information applicable to the exchange structure. The Figure 3.8 presents a code

snippet from a STEP exchange file that emphasizes the Header section.

The EXPRESS language contains the specifications that allow encoding the information in the STEP
File. Figure 3.9 shows a diagram with the entities that make up the Header section; it also shows the
EXPRESS specification to create an instance of the file_schema entity and the encoding result within

the STEP file exchange structure.

The second section, called the Data section, contains the instances that are transferred by the exchange
structure. Each data section contains instances of entities corresponding to an EXPRESS schema specified

in the Header section. Each instance has an integer number as an identifier that is unique within the
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IS0-10303-21;
HEADER;
/* Generated by software containing
* JSDAI (TM) from LKSoft (www.lksoft.com, www.jsdai.net)
* JSDAI Runtime Version 4.3.0 2011-12-15T17:41:51
*/
FILE_DESCRIPTION(
/* description */ ('Program to generate AP238 p21 file'),
/* implementation_level */ '2;1");
FILE_NAME(
/* name */ ' ',
/* time_stamp */ '2021-01-11T15:21:05',
/* author */ ('Cristhian Ivan Riano Jaimes', 'Alberto J. Alvares'),
/* organization */ ('Universidade de Brasilia (UnB)'),
/* preprocessor_version */ ' ',
/* originating_system */ 'JSDAI MULTIPLE Version 4.0.0 (Build 270, 2011-12-15T17:42:49)",
/* authorization */ 'cristhianivanrj');
FILE_SCHEMA( ('INTEGRATED_CNC_SCHEMA'));
ENDSEC;

Figure 3.8: Code snippet from a STEP file showing the Header section.

exchange structure; for this reason, the instances within the exchange file do not need to have a specific
order within the list of instances, and if they can refer to the name of an instance before it is defined in
the exchange structure. An exchange file can additionally contain instances defined by the bone user if
they can include instances that are not part of the EXPRESS scheme specified in the HEADER section.
An entity instance comprises a unique numeric identifier, the entity’s name, and a list of values for each
entity’s explicit attribute. The derived attributes and restrictions, functions, rules, and algorithms described
in the EXPRESS scheme are not contained in the STEP exchange file. Figure 3.10 shows a code snippet

from a STEP exchange file that contains a small part of the Data section.

The Figure 3.11 shows a diagram that describes the relationship between entities necessary to de-
fine amachining_workplan entity, followed by the EXPRESS specification that describes the mach
ining _workplan entity, and finally, a clipping of the Data section of a STEP file exchange that con-

tains the created instances, emphasizing the machining_workplan entity instance.

3.4.3.1 Mapping from EXPRESS to the exchange structure

The instances in the exchange STEP file correspond to a data structure defined in EXPRESS. The
data types defined in EXPRESS need to be properly mapped for the exchange structure. The EXPRESS
language includes TYPE and ENTITY declarations, CONSTANT declarations, constraint specifications,
and algorithm descriptions. The interchange file only contains TYPE and ENTITY declarations; for this
reason, only these definitions are mapped in the interchange structure. Simple data types like Integer,
String, Boolean, Logical, Real, Binary, Number, List, Array, Set, Bag, Enumeration, Simple defined types,
and Select data types are mapped with values for the interchange structure.

A simple entity instance is an entity instance that is not an instance of a SUBTYPE of any entity data
type and is fully described by a single EXPRESS entity declaration. All other instances whose description

involves more than one entity declaration are called complex entity instances even when only one of them
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IS0-10303-21;
| HEADER;
il /* Generated by software containing
il * JSDAI (TM) from LKSoft (www.lksoft.com, www.jsdai.net)
* JSDAI Runtime Version 4.3.0 2011-12-15T17:41:51
H
| FILE_DESCRIPTION(
i| /* description */ ('Program to generate AP238 p2l file'),
/* implementation_level */ '2;1");
+| FILE_NAME(
Header section entities i /% name ¥/ ',
i | /* time_stamp */ '2021-01-11T15:21:05',
/* author */ ('Cristhian Ivan Riano Jaimes', 'Alberto J. Alvares'),
/* organization */ ('Universidade de Brasilia (UnB)'),
/* preprocessor_version */ ' ',
/* originating_system */ 'JSDAI MULTIPLE Version 4.0.0 (Build 270, 2011-12-15T17:42:49)',
/* authorization */ 'cristhianivanrj');

file_description | |

file sehema 7 ENbsEC;

ﬁ‘lé:pppulatiﬁ.ii"“' S m— ¢ \ _____________
m \T SCHEMA header_section_schema; -----
section_language TYPE exchange structure identifier = STRING;

section_context~[ JEND TYPE; | e EXPRESS Specification

Figure 3.9: The encoding process the Header section in the exchange STEP file.

#1=APPLICATION_CONTEXT('Application protocol for the exchange of CNC data');
#2=PRODUCT_CONTEXT('CNC Machining',#1, 'manufacturing");
#3=MACHINING_PROJECT('Project JSDAI Export','','',(#2));
#4=PRODUCT_DEFINITION_ FORMATION('',"'',#3);

#5=PRODUCT_DEFINITION CONTEXT('CNC Machining',#1, 'manufacturing');
#6=PRODUCT_DEFINITION('","'',#4,#5);

#7=PRODUCT ( 'default workpiece', 'AP-238","",(#2));
#8=PRODUCT_DEFINITION_FORMATION('',"'',#7);
#9=PRODUCT_DEFINITION('',"'"',#8,#5);
#10=MACHINING PROJECT WORKPIECE RELATIONSHIP('',"'',"'',#6,#9);
#11=MACHINING_WORKPLAN( 'Main Workplan','','',"'');
#12=PRODUCT_DEFINITION PROCESS('machining','"',#11,'");
#13=PROCESS_PRODUCT_ASSOCIATION('"',"'',#6,#12);

Figure 3.10: Code snippet from a STEP file showing the Data section.

contains explicit attributes. A simple entity can be an instance of a SUPERTYPE as long as it is not an
instance of any SUBTYPE, but every instance of a SUBTYPEe is always complex. Each entity contains
some explicit attributes that are mapped in the exchange structure. They are built in the order defined by
the corresponding EXPRESS specification. The type of values is expressed implicitly by giving the value
in textual format. The first parameter must be the value of the first explicit attribute. There can be explicit
attributes declared as optional and do not require having a given value in the entity instance. Figure 3.12
shows a simple entity instance, its attributes, and values mapped to the exchange structure.

There are cases where an attribute can be an instance of another entity. The referenced instance is
mapped to the attribute in the exchange structure by the entity’s instance name. The referenced entity must
be defined within the Data section. The entity instance attributes are given by the inheritance relationship
of the attribute value list of the subtype entity instance concatenated with its supertype instances. Figure
3.13 shows this situation where the product instance in its frame_of_reference attribute references

instance #2. The referenced instance product_context must also be defined within the data section.
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#1=APPLICATION_CONTEXT('Application protocol for the exchange of CNC data');

#2=PRODUCT_CONTEXT('CNC Machining',#1, 'manufacturing'); Exchange file STEP
#3=MACHINING_PROJECT('Project JSDAI Export','','',(#2)); /
#4=PRODUCT_DEFINITION_FORMATION('',"'",#3);

#5=PRODUCT_DEFINITION CONTEXT( CNC Machining',#1, 'manufactur‘jng‘);

#6=PRODUCT_DEFINITION('','",#4,#5); = = = "/[ENTITY machining_workplan . == -
#7=PRODUCT (' default W_D_Of‘k dece’,'AP-238', RN Ve SUBTYPE OF (machining process_executable); - = = - "
#8=PRODUCT_DEFINITION FORMATION( -, v LH#7) 5 . WHERE B

#9=PRODUCT DEFINIT'IO‘N( S#8, #5)» K WR1; {1 ===get_count_of_relating_amr (SELF,

#, G-MACHI‘NING PROJECT NORKPIECE RELATIONSHIP( e ',4%6-,#9) ~ [ ' INTEGRATED_CNC_SCHEMA.MACHINING_PROCESS_SEQUENCE_RELATIONSHIP'])) AND
H e (verify_related_type_for_amr  (SELF,
#11,74)4% [ ' INTEGRATED_CNC_SCHEMA.MACHINING_PROCESS_SEQUENCE_RELATIONSHIP'],
#13% P-RQCESS_PRODUCT_ASSOCIATION( #6 #12), N [ ' INTEGRATED_CNC_SCHEMA.MACHINING_PROCESS_EXECUTABLE']));

’ ~ -~
~ / WR2: ¥ ¢verify_optional_action_property (SELF, 'channel'));
~

~
. WR3: (1 >= SIZEOF (QUERY (act <*
. /s USEDIN (SELF,. SINTEGRATED_CNC_SCHEMA.ACTION.CHOSEN_METHOD') |
(act.name = ‘setup’)I )N AND
(0 = SIZEOF (QUERY (act <F ~ o

~ 7
PRODUCTﬁDEFINITION(id.descripliun,formalim,frameiqf,i'reference);
>

7 USEDIN (SELF, ' INTEGRATED_ o _STHEMA.ACTION.CHOSEN_METHOD") |
o~ (act.name = 'setup') AND NOT ~
PRODUCT,DEHN‘TlONf?ﬂMATION(M,gescripmon,offproduct);‘ (' INTEGRATED_CNC_SCHEMA.PRODUCT _| DEFINITION' PRQCESS IN TYPEOF (act))
G . INF ...
l MACH\NING_PROJF:,G'I'( id,name,description, frame_of_fefgrence); WR4: (verify_optional_in_process_geometry (SELF)); S . -~
I,/ T ~ . |END_ENTITY; -- 10303-238: integrated_cnc_schema Se

l PRODUCTﬁCQ'(ITEXT( name,frameiofireference,disc\plineilypej;"%i xa’ ________
< o /'x . . /T
PRODUCT_DEFINITION_CONTEXT( name, frame_of_seférence,ife_cycle_stage); EXPRESS Specification /.-~

7

—){PROCESS_PROF!(JCT_ASSOCIATION(name,d_esdl'p‘lion.delined_product.process);

7
/ L. g

lPRODUCT}‘éEFINITIONiPR‘_O £3 iption,chosen_method,identificati ‘);}"

I MAGHINING_WORKPL/ ipti ; [ L ARPEICATION_CONTEXT(application);

Data section entity instances

l MACHINING_PROJECT_WORKPIECE_RELATIONSHIP( id,name,description,relating_product_definition,related_product_definition);

Figure 3.11: Example of entity instantiation of the machining_workplan.

Simple entity instance ENTITY dimensional_exponents; > A
length_exponent : REAL;———>» B
mass_exponent : REAL; ——>» C
time_exponent : REAL; ————>» D
Definition in EXPRESS: electr‘ic_cur‘r‘ent_exponent : REAL; ———» E
thermodynamic_temperature_exponent : REAL; ——>» F
amount_of_substance_exponent : REAL; ——» G
luminous_intensity_exponent : REAL; ———>» H

END_ENTITY; -- 10303-41: measure_schema

Entity instance in data section: #3@=DIMENSIONAL_ EXPONENTS(90.0,0.0,1.0,0.0,0.0,0.0,0.0);
D E F G H

A B

o>

Figure 3.12: Example of Simple entity instance.

An entity is considered complex when the set of values of its attributes described by an EXPRESS
entity declaration is composed of sublists with other entities attributes. Each instance name of an entity
in its attributes identifies a value of a partial attribute in the complex entity instance. Therefore, the set of
attributes evaluated through other entities partially conforms to the complex entity’s set of values. Each
value of the complex entity identified by an instance name is part of the entity’s attributes to be described.
The attribute value list contains associated sublists. This set represents a list of attribute values for the

complex entity instance.
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Simple entity instance ENTITY dimensional_exponents; > A
length_exponent : REAL;———>» B
mass_exponent : REAL; ——>» C
time_exponent : REAL; —— > D
Definition in EXPRESS: electric_cur.‘r‘ent_exponent : REAL; ———» E
thermodynamic_temperature_exponent : REAL; —» F
amount_of_substance_exponent ¢ REAL; ——>» G
luminous_intensity exponent : REAL; ——>» H

END_ENTITY; -- 10303-41: measure_schema

Entity instance in data section: #30=DIMENSIONAL_ EXPONENTS(©.0,0.0,1.0,0.0,0.0,0.0,0.0);

} N N
B D E F G H

o>

A
Complex entity inStance ENTITY product; - > A
id ¢ identifiery - >2
L name : labelj - >
Definit EXPRESS: R "
chmtton i description ¢ OPTIONAL textj ---orrrmrrremmmmeeeeeeeees » D

frame_of_reference : SET [1:?] OF product_context;» E
END_ENTITY; -- 10303-41: product_definition_schema

Entity instance in data section: #7=PRODUCT( 'default workpiece', 'AP-238"',"'",(#2));

t y y

A B C D E
Figure 3.13: Example of Mapping of EXPRESS entity data types.

The external mapping is used when there are several possibilities to include attribute values; for ex-
ample, when in the entity hierarchy, it includes one or more supertypes using AND or ANDOR operators to
specify its subtypes. The list of attribute values is considered a sublist of attribute values of the main list
that defines the entity. The Figure 3.14 shows an example of the mapping of subtypes related by ANDOR.
The length_unité&si_unit entity instance in the data section identified as #25 is named_unit,

length_unit and si_unit combined.

An instance can be the context for defining dependent instances and is only visible outside the context
if it is explicitly defined. Creating contexts helps represent dependency relationships between entities and

reusing entities between schemas.

3.5 Integrated Resources

Integrated features are standard constructs that define groups of objects made up of EXPRESS schemes
that incorporate libraries or descriptions of reusable concepts in multiple applications. Integrated resources
are composed of two classes, generic integrated resources, and integrated application resources. Generic
integrated features are descriptions without dependencies within an application category. The entities
described in the generic application resources are responsible for promoting the entities described in the
generic integrated resources to highlight applications categories.The integrated resource modules can be
developed according to the need of the Application Reference Model (ARM) model (ISO 10303-238,
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named_unit definition in EXPRESS:

ENTITY named_unit
SUPERTYPE OF (ONEOF(si_unit, conversion_based_unit,
context_dependent_unit) ANDOR ONEOF(length_unit, mass_unit, time_unit
, plane_angle_unit, solid_angle unit, ratio_unit)); oo > A
dimensions : dimensional_exponents;
END_ENTITY; -- 10303-41: measure_schema

length_unit definition in EXPRESS:

ENTITY length_unit = oo > B
SUBTYPE OF (named_unit);
WHERE

WR1: ((((((SELF\named_unit.dimensions.length_exponent = 1.0) AND (SELF\
named_unit.dimensions.mass_exponent = 0.0)) AND (SELF\
named_unit.dimensions.time_exponent = ©0.0)) AND (SELF\
named_unit.dimensions.electric_current_exponent = 0.0)) AND (
SELF\named_unit.dimensions.thermodynamic_temperature_exponent

= 0.0)) AND (SELF\named_unit.dimensions.
amount_of_substance_exponent = 0.0)) AND (SELF\named_unit.
dimensions.luminous_intensity_exponent = 0.0);

END_ENTITY; -- 10303-41: measure_schema

si_unit definition in EXPRESS:

ENTITY SI_UNTT cororrrommm ool » C
SUBTYPE OF (named_unit);
prefix : OPTIONAL Si_prefixy oot > D
name ¢ SI_UNIT_Name; - oooommoe > £
DERIVE

SELF\named_unit.dimensions : dimensional_exponents :=
dimensions_for_si_unit(name);
WHERE

WR1: NOT (('INTEGRATED_CNC_SCHEMA.MASS_UNIT' IN TYPEOF(SELF)) AND (
SIZEOF (USEDIN(SELF,
"INTEGRATED_CNC_SCHEMA.DERIVED UNIT_ELEMENT.UNIT')) > ©)) OR
(prefix = si_prefix.kilo);

END_ENTITY; -- 10303-41: measure_schema

length_unit&si_unit entity instance in data section:

#25=(LENGTH_UNIT()NAMED_UNIT(*)SI_UNIT(.MILLI.,.METRE.));

$

B A C D E
Figure 3.14: Example of the external mapping of subtypes related by ANDOR.

2007).

3.6 Application Interpreted Constructs

Within the group of data modeled in EXPRESS, some structures maintain some similarity. In other
words, it has data structures with common areas for different applications. These common areas are

grouped into interpreted application constructions like independent modules of data valid for various ap-
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plications. AIC are data specifications that satisfy a need for product data to achieve various contexts.
Interpreted application constructs specify a data structure and the semantics used to exchange common
product data between two or more application protocols. The AP with similar information requirements
are compared semantically to determine standardized functional equivalences within Application Inter-
preted Constructs. AIC are used by both application protocols and are available for use by other future AP.
When it is necessary to satisfy standard data requirements, Application Interpreted Constructs provide the
standardized mechanisms in the ISO 10303-50 parts (XU, 2009; ISO 10303-238, 2007).

3.7 Conformance Classes

Conformance Classes are specified in the Application Activity Model (AAM) model to highlight the
needs of the industrial application. With the conformity classes, the requirements are specified to meet the
established objectives. Compliance classes make it easier for users to decide the type of functions they

want to admit to their systems. The AP238 application protocol contains four conformity classes.

* Tool path programming (CC1)
* Closed-loop programming (CC2)
¢ Feature-based programming (CC3)

* Generative programming (CC4)

These conformity classes are defined so that each class includes all the options specified by the previous
class. The support for a particular compliance class requires the support of all the options specified in that
class (ISO 10303-238, 2007).

3.8 Abstract Test Suites

The specifications based on application protocols are complex activities of little automated analysis
and design with several error possibilities. Compliance testing is part of an application protocol and needs
to be defined from the project’s beginning. Abstract, tests as a procedure for evaluating a component of
the application protocol are independent of the test implementation. The development of abstract tests is
a complex task that is not strictly specified. The definition for implementing the tests is specific to each
application protocol. The standard provides guides that indicate the implementation focus, but not the strict

test definition.

To verify that the compliance classes are satisfactorily fulfilled, a test methodology is required. The test
methodology is specified according to the ARM model. The methodology identified the means to validate
and verify the AIM model. Compliance testing covers two parts of the STEP standard: compliance testing
structure and methodology, which describes how to test the implementations and are standardized in the
ISO 10303-30 series. The second part makes up the abstract tests. The abstract tests contain the set of
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possibilities necessary to test implementing a STEP application protocol. Each abstract test case specifies
the input data to be provided to the implementation under test and how to assess that implementation’s
capabilities (BENAVENTE, 2011; PLANTEC, 2007).

According to the expected results, performing the abstract tests consists of specifying the means to
evaluate an AIM model. In other words, it is a simulation-based on a data architecture that comprises pre-
processing and post-processing. The pre-processing is in charge of coding in STEP format or producing
functional calls from SDALI to perform instantiation in the AIM model. The post-processor reads the STEP
format data or performs SDAI operations and encodes the data in a specific output format. The syntactic
analyzes consist of verifying the product according to the rules of representation of the data specified in the
1SO10303-21 standard or according to the use of the SDAI operations specified in ISO10303-22 standard.
Structural analyses consist of verifying that the data is correctly constructed and that all relationships
(global and local) are respected according to the AIM model. The semantic analysis consists of assessing

the consistency of data within the domain and context of the application.

3.9 Application Protocols

Application protocols are considered conceptual models that provide information on necessary prod-
uct data within an industrial context. Many of the components of an application protocol are designed in
specific terminology for an application domain. The information commonly provided is EXPRESS dia-
grams, integrated resource specifications, compliance tests, and implementable data specifications of the
STEP standard. AP are the central component of the STEP architecture developed primarily to support and
facilitate the development of AP.

3.9.1 Application protocol AP242

The transition from 2D product models to a 3D representation occurred in response to the digital age
demands and the need to advance in quality and productivity. Currently, many manufacturing processes
use 3D models to plan their manufacture and obtain better use of manufacturing resources. The MBD is the
product of integrating a data structure with a descriptive information model. Within this data structure, not
only information about dimensions and geometries is linked, but also additional information such as GD&T
has space to be transmitted. The MBD plays an essential role in advanced and intelligent manufacturing,
supports and leads the digital Thread concept that refers to the digital integration of the product life cycle

(Design, manufacturing, and inspection).

The AP242 (Industrial automation systems and integration — Product data representation and ex-
change — Part 242: Application protocol: Managed model-based 3D engineering) application protocol
extends and updates the representation capabilities of AP214 (Industrial automation systems and integra-
tion — Product data representation and exchange — Part 214: Application protocol: Core data for au-
tomotive mechanical design processes), maintaining the fundamental structure inheriting the information
contained in the AP214. The information contained in the AP214 is linked in the AP242 to use the same
definitions, take advantage of the description of concepts, and have syntactic and semantic homogeneity.
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The AP242 protocol inherits product representation, application context, geometric context, and shape.
The data model is based on the predefined structure of the Unit of functionality (UoF) measured data in
AP214. The STEP standard as a neutral data format was developed to exchange and share product infor-
mation. ISO 10303-242 was published in 2014 as an application protocol that includes AP203(Industrial
automation systems and integration — Product data representation and exchange — Part 203: Application
protocol: Configuration controlled 3D design of mechanical parts and assemblies) and AP214. The AP 242
was developed using a modular architecture; it allows the implementation of an intelligent manufacturing
system because the model is associated with PMI (dimensioning geometric and tolerances, annotation,

symbols) as a semantic representation.

3.9.2 Application protocol AP238

This part of the ISO 10303 standard specifies using the integrated features necessary to define manu-
facturing requirements using machining utilizing computer numerical control. The associated data for the
following activities are within the scope of AP238:

» mechanical parts for manufacturing;

* manufacturing process descriptions, including manufacturing operations, sequences of operations,

and associated information as defined in ISO 14649;
¢ the AS-IS and TO-BE shapes of a mechanical part;
» manufacturing features of a part;
* manufacturing tolerance requirements of a part;
* tool requirements for machining operations;
* tool paths for machining operations;
* manufacture of mechanical products using manufacturing processes defined in ISO 14649;

» manufacturing product discipline view

3.9.2.1 Information requirements

Information requirements are specified as a set of functionality units, application objects, and appli-
cation assertions. The information required for manufacturing through numerical control machining and
associated processes is specified. These assertions pertain to individual application objects and relation-

ships between application objects.

The UoF specified in this application protocol are:

* measure: Specifies the representation of physical quantities by their value and unit and the permitted
variation of the quantity. The objects listed in this UoF are defined in ISO 14649-10 but are extended
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to the ISO 10303 standard with additional information requirements. The measurement definitions in
ISO 14639-10 do not explicitly specify a unit; instead, it is defined for each quantity (mm for length,
degrees for angles), and only length parameters can be qualified with a tolerance. ISO 10303-238

extends these definitions to allow for tolerances in other units of measurement.

project: Specifies the start of the interpretation of a machining program and additional management

information about machining.

workpiece: Specifies the mechanical product that a machining program must produce. The descrip-

tion can include the material, finish, properties, and shape of the product.

manufacturing feature: Specifies the information needed to identify forms of interest in mechanical
products. These shapes represent volumes of material that are removed by machining operations.
This UoF also specifies the information needed to describe a machining feature using a 2D profile
scanned along a path and information describing the upper, lower, and other limits of the feature.

executable: Specifies the information needed to describe the control flow of a part program and
actions outside of machining that can be performed by numerical control. They include sequential,
parallel, and conditional flow and logical expressions and variable elements necessary to describe
how a mechanical product can be positioned and oriented relatively on any machine tool to execute

a part-program.

operation: Specifies the information needed to describe machining aspects independent of technol-
ogy, which can be done by numerical control. The technological specification aspects of machining

actions are described for the milling and turning processes.

toolpath: Specifies the information needed to describe the cutting tool offset as a pre-calculated path

or set of parameters that can be converted into an exact movement by the numerical control.

process data for milling: specifies the information needed to describe the milling, tools, strategies,
and specific aspects of machining actions that a numerical control can perform. It includes the

information needed to describe strategies and process parameters.

cutting tools for milling: This UoF specifies the information needed to describe the milling and tool

requirements for machining actions.

manufacturing feature for turning: UoF specifies the information needed to identify forms of
interest for a mechanical product. The shapes represent volumes of material removed by turning

operations or the result of a series of turning operations.

process data for turning: This UoF specifies the information needed to describe specific aspects of
turning, which can be done by numerical control. Includes definitions for describing turning process

strategies and parameters.

cutting tools for turning: Specifies information to describe specific turning requirements for ma-

chining actions.
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» geometric dimensioning and tolerancing: The UoF specifies the information to describe the geo-
metric dimensions and the allowable variations for manufacturing using turning. Besides, this UoF
specifies information to describe geometry tolerances concerning parallelism or perpendicularity
and geometry tolerances with no data on references to linearity or flatness. It includes the informa-
tion needed to describe simple reference data, common reference data, objective data, and tolerance

range.

3.9.3 Application protocol AP219

Dimensional inspection can be done at any stage of a product’s life cycle to verify project specifica-
tions compliance. The STEP standard through the AP219 application protocol defines the context, scope,
and information requirements for analyzing and reporting information from dimensional inspection re-
sults. The protocol’s primary focus is to provide a connection to inspection programs based on ISO 22093
(DMIS 4.0), web-based analysis applications, and MIP-assisted practice reporting Metrology Interoperabil-
ity Project (MIP) (ISO..., 2011). The AP219 protocol provides a mechanism for exchanging inspection
information with standard manufacturing data structures such as the ISO 10303-224 and ISO 10303-238
application protocols. The information provided by DMIS and MIP can be mapped within AP219 entities
and related to the entities used in the STEP ISO 10303 standard (ISO 10303-219, 2007).

The interpretation of the protocol’s integrated features defines the relationship between the information
requirements and the AIM model. AIM’s provided list specifies the mechanism for integrating the neces-
sary resources in analyzing and reporting dimensional inspection of parts or assemblies. The associated
data for the following inspection activities are within the scope of AP219:

* data for administering, planning;

* data for executing dimensional inspection;

* data for archiving the results of a dimensional inspection;

* interface for capturing technical data out of the upstream application protocols;

* machining feature classification structure;

» geometric and dimensional tolerances of the parts being manufactured;

* references to standards and specifications declared in the dimensional inspection.

3.9.3.1 Information requirements

Information requirements are specified through units of functionality, application objects, and appli-
cation statements. The statements refer individually to each of the objects of application or relationship
existing between them. The UoF contained in this application protocol for exchanging dimensional inspec-

tion information related to mechanical product definitions are:
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administrative_data: This UoF contains the information used to administer product data.

Administrative information is associated with programs for performing dimensional measurement.

dimensional_measurement_analysis: Defines a collection of possible preferences for

calculating the parameters of tolerances and properties for the measured data.

dimensional_measurement_documentation: This UoF provides entities to specify doc-
uments that are directly related to product data. Documents can be specific to an operation on the
part being manufactured or a property given at a particular stage in the manufacturing process.

dimensional_ measurement_execution: The UoF contains the information for execution
and the points defined for inspection operations on a part. The data analysis of the points is done to

determine parameters and compare the tolerances.

dimensional_measurement_feature: This UoF has the information needed to identify

shapes representing volumes of material that need to be dimensionally inspected on a part.

dimensional_measurement_part: The UoF Contains information necessary to identify the

part and its input properties in the dimensional inspection functions.

dimensional_measurement_parameters:It contains the parameter information needed to

record and store the inspection results.

feature_definition_item:Provides information for creating a machining feature, addition-

ally identifying the relationship between machining feature and shape aspects.

feature_profile: Contains information for identifying 2D shapes. Features 3D is created by
scrolling through the Feature_profile.

manufacturing_feature: The UoF contains the information needed to identify shapes repre-

senting volumes of material that must be removed from a part by machining.

functional_limitations: This UoF contains the information necessary to identify the critical
quantities in the measurement relationships between aspects of the shape of a piece, relationships
between the shape of a piece and a shape reference, and the acceptable deviation of the quantity

relationship for manufacture.

part_properties: It contains the description of the characteristics of the part being measured.
The characteristics specify requirements for dimensional inspection applied before making the in-

spection or during the parts inspection.

program_run: UoF specifies the program used on the coordinate measuring machine to produce

dimensional measurement data.

shape_representation_for_machining: It contains the physical definition of the initial
and final shape of a piece. This definition is given via parametric methods using features, geometries,

and topologies.
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3.10 Summary

The concepts related to the STEP neutral data exchange structure useful for an integration and im-
plementation perspective were addressed. In the architecture of the STEP standard, two approaches are
highlighted: the functional and the conceptual. The STEP standard satisfies integration requirements due
to its consistent data structure and supports interoperability due to its technological independence. The
STEP standard provides an exchange structure and controls the data to be exchanged through its standard-
ized definitions. The EXPRESS language is emphasized among the description methods that support the
data structure since it is a descriptive language used in the logical layer of the STEP architecture and re-
sponsible not only for describing concepts, relationships, and attributes but also for expressing knowledge
through schematics. Each application protocol contains a schema that conveys the scope. The chapter

presents the application protocols used in developing the proposal, such as AP219, AP238, and AP242.

73



Chapter 4

Conceptual Framework Proposal for
Closed-Loop Inspection

4.1 Introduction

This chapter presents the scope of the information model created for the development of this project.
The information model shows three aspects, data structure, functionality, and implementation models. The
project’s purpose covers the integration scenario that supports the design, manufacturing, and measurement

activities.

4.2 Information Modeling

Information modeling through language consistently describes the requirements and specifications used
to create information storage, reading, writing, and retrieval operations. Information modeling specifies the
data requirements used within an application domain by representing concepts, relationships, constraints,
rules, and operations within a particular semantics that covers the application’s domain of discourse. The
information model provides a neutral, sharable, stable, and organized information structure to understand
the requirements and specifications of an application domain and can be accessed by any application re-

gardless of the technology and technique used.

This chapter introduces information modeling that covers three models (AAM, ARM, and AIM). The
functional development uses IDEFO schemas in the construction of the AAM model. The EXPRESS
schemas show the conceptual development represented by the ARM models, and mapping tables relate the

definitions to implementation activities through the AIM model.

4.3 Functional Modeling

The AAM is a method used to describe the activities associated with a given application or implemen-

tation context. The AAM model provides a structure to list the functional activities involved in the specific
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application process. The method is used in the STEP standard to show the scope. In the AAM model made
in the IDEFO, the functional blocks that make up the system are presented. The IDEFO method provides
the tools to do complete functional modeling to define the information flow and establish a hierarchy of

activities.

An AAM model consists of requirements defined within a block expressed as inputs, outputs, controls,
and mechanisms. The conceptual model is created with levels and sublevels to present the functional activ-
ities associated with the system in detail. The model allows seeing the system’s basic requirements; at this
level, the number of related entities is less. All subsequent steps in the deployment path are based on this
model, and therefore it is essential to define the activities and relationships of the system comprehensively

and precisely.

AAM model development covers inspection process planning, data analysis, and dimensional mea-
surement results of prismatic parts manufactured by machining. The inspection process is carried out in
the final stage of the product’s manufacturing cycle when required to comply with the design specifica-
tions. Manufacturing prismatic parts should preferably be done in an integrated CAD/CAPP/CAM/CNC

environment to ensure error compensation is performed under the same manufacturing conditions.

Two typical manufacturing scenarios considered for developing the AAM model are: when it is neces-
sary to adapt the manufacturing environment for batch production of a new part. This scenario requires a
thorough verification of each feature that makes up the design, analyzes the results, and provides feedback
on decisions to correct the causes of deviation in the final piece until the project complies with the design
specifications. The second scenario contemplated in the AAM model consists of correcting deviations de-
tected in the middle of the production by a batch of parts; the inspected feature is the feature that is outside
the design specifications. The data extracted from the measurement allows detecting the source of the error
and re-feeding the results for correction or compensation in the design. The data returned for the CAD
model are tolerance values adjusted to the new manufacturing conditions that allow satisfying the design
requirements. The data analysis and the inspection report are feedback to the manufacturing process, with
updated tolerance values, which meet the project specifications. Tolerance values are calculated within
a compensation strategy and statistical methods for their determination. The inspection strategy can be

applied in other contexts, such as turning and additive manufacturing processes with appropriate settings.

The implementation of the inspection platform is developed by mapping the schemas made in the EX-
PRESS language to the SDAI data model using JSDAI API to create JAVA classes of related entities. The
STEP Modeler tool has integrated CAD / CAPP/CAM systems and forms the basis for implementing the
closed-loop of manufacturing and inspection. Other computational tools can be included to aid integration.
Figure 4.1 shows the development scenario, including the tools available for its implementation. In the di-
agram, it is possible to observe the data flow and the essential elements of a closed-loop inspection system.
The red lines represent the interoperability barriers that make integration difficult, causing ambiguities,

loss of data consistency, and gaps in the two-way communication of information.

In the design phase, the STEP Modeler system, developed in UFSC, is inherited. The STEP Modeler
system generates a file in neutral format with product information. It is necessary to evaluate the integrity
of the information required for closed-loop inspection, such as shape specifications, tolerances, and their

relationship with geometry. For the planning, execution, analysis, and generation of the inspection process
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Figure 4.1: The development scenario.

results, tools and a proprietary system will be used to adhere to the information in the STEP file (p21).

4.3.1 Architecture for Inspection Integration in Closed-Loop Manufacturing

Figure 4.2 presents a general diagram with the necessary resources to create a closed-loop manufac-
turing and inspection system. The system is fully integrated with digital technologies and adheres to the
concept of Industry 4.0. In the integration model, the selected data structure is provided by the STEP stan-
dard operating within a closed-loop architecture. The STEP standard provides the support, resources, and
product definitions to standardize in different areas of the digital industry. The dimensional and geometric
inspection process is performed with CMM to obtain the measurement data. With the open, neutral, and

extensible data model, exchanging information in the manufacturing processes is possible.

The model includes activities related to the fabrication of a part that spans different architecture lev-
els, such as application, logic, and physics. The main problem was to avoid the transformations that the
information undergoes in each of the CAD/CAPP/CAIP/CAM/CNC/CALI systems, caused by incompati-
bilities of the formats, some of them proprietary. The AAM model represents the functions, resources,
constraints, and requirements used to execute each linked process in the manufacturing and inspection
chain. The model also establishes the application context and the exchange data structure used between
each functional block to integrate the processes in the digital chain.

The main activities related to part manufacturing and inspection within the digital manufacturing chain

are modeled in IDEFO. The model aims to present the set of activities considered in the implementation
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Figure 4.2: Digital chain for the integration of closed-loop manufacturing and inspection
Source:(JAIMES et al., 2018)

and defines the specifications for the planning and execution of the dimensional and geometric inspec-
tion. CAD/CAPP/CAM/CAIP/CAI integration is based on four functional activities: design, planning
(machining and inspection), process control (machining and inspection), and analysis of results to generate
corrections. The information is structured in a physical STEP file, encoded according to ISO 10303-21,
which provides the control structure for the execution sequence of a STEP-NC-based program. The file
contains the strings of Workingsteps and functions related to the operation of the machine. Workingstep is
defined as specific operations carried out on a machine tool CNC, subdividing each machining operation

into the steps necessary to carry out the operation.

4.3.2 Information Model for Integration of Manufacturing and Inspection Data

The main activities related to manufacturing and inspection of parts operating within a digital manufac-
turing chain are modeled using the IDEFO language. The model presents the set of activities considered for
implementation within the manufacturing context, and the specifications for the planning and execution of
the dimensional and geometric inspection processes are defined. CAD/CAPP/CAM/CAIP/CAI integration
is based on four functional activities that are: design, manufacturing planning and inspection, control of
both manufacturing and inspection processes, and analysis of results. The information is structured in a
physical STEP file, built with the ISO 10303-21 standard, which provides the control structure for a STEP-
NC-based program’s execution sequence. The file contains the workingstep sequences and functions

related to the operation of the machine. The workingstep is defined as specific operations performed
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on a CNC machine tool, subdividing each machining operation into the steps necessary to operate.
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Figure 4.3: IDEFO STEP Modeler developed at the Federal University of Santa Catarina (UFSC).
Source: Adaptation (BENAVENTE, 2011)

The IDEFO diagram of the integrated system shown in Figure 4.3 presents the functional blocks inher-
ited from the "STEP Modeler" system developed at the University of Santa Catarina. The CAD function
block uses a features modeling approach and provides support for the design of prismatic parts. The
Computer-Aided manufacturing (CAPP) function block aims to support the part process manufacturing by
planning through tasks that generate and organize workingstep, determine the support points, create
the plan, and create the file Physical STEP-NC file. The CAM function block has the purpose of inter-
preting the physical file and making it possible to manufacture the part. The procedures to read the neutral
file are performed in addition to post-processing according to ISO 6983 and simulating the movement
(BENAVENTE, 2011).

The AAM model for the dimensional and geometric inspection process is integrated with the STEP
Modeler system. CAIP/CAI functional activities are incorporated to perform the dimensional and geomet-

ric inspection in a closed-loop adherent to the STEP-NC standard.

Figure 4.4 presents the functional activities that make up the CAD/ CAPP/CAIP/CAM/CAI integra-
tion model. The model shows the list of the CAD/CAPP/CAIP/CAM/CNC/CALI digital manufacturing
chain’s main functional blocks. This section is of interest to introduce the functional blocks that represent

computer-aided planning and inspection activities. It is important to note that in IDEFO diagrams, it is
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Figure 4.4: Scope of functional activities that make up the CAD/CAPP/CAIP/CAM/CAI integration model.

possible to model activities within a sequence and hierarchy, creating levels and sublevels to meet this
objective. The appendix A.1 shows the complete AAM model developed by inheriting the STEP Modeler

system’s models and how the closed-loop inspection system is implemented.

Diagram AO (shown in Figure 4.5) presents the general context in which the digital manufacturing
chain’s integration occurs. The primary input data are associated with the product design specifications,
material to be used in the manufacture of the part, tolerance requirements, tools, and resources available
to execute the CAD/CAPP/CAIP/CAM/CNC/CALI processes. The controls required for the integration
model are a diverse set of standardized data structures that provide relationships, functions, and rules for
transferring information in each process, ensuring quality standards are maintained and meeting project
requirements. The mechanisms that allow the generation of products are made up of human resources,

teams, applications software, databases, and knowledge. The model results are files with part design,



08

Project data

API

f~Administrative data
1SO1464

Procedural requirements

1SO14649

ISg l()3()3 2% (XIL/IL unple‘mem‘amon metLQd)
Available resources (tools, Fixtures)

-111 (Machining tools)
-10 (General processing data)
Featurse(s)llbrary (QIF Library, STEP Library)

ISO

G-code
10303-21 STI‘:P File p21 ‘
1SO14649-11 Processing of machining da
Java Swing (Graphic Libraries)
Java 3D (Graphic Libraries)
Inspection type |
Programming Languag

Dimensif

>e Standard

ons and

Standard RS274

User; Password

Material
Tolerance feature
DME Tools

Inspection order

Machining Features
[

Featyre of raw materia]

CAD/CAPP/CAIP/CAM/CNC/CAI Integration

A0

Surrounding conditions (
J: Quality Informauon ramework (QIF)

Standard, Specifications, Policies and Procedures (DMIS)
DME (QIF Resourdes, Specifications

olerances (GD&

Product Definition

FMBD A 238)
GC - NC Programs
F-Rules)

Graphic model (2D view)

| Part model(3D view)

Part Model CAD, STEP (QIF-MRBD, AP242)

§Simulati0n

STEP-Ng XML file

ISO 6983 machinigg program
Manufacturing process plan (\QIF—Plans)

STEP-NC ncutr:;l file (p21)

Inspected part

Visualization of the STEP-I\LC program

(glF Results

(~CA

D Systcm

CAPP System
CAM System

C

Human Reso
Remote client
Internet

System

Software Tools

rces

Figure 4.5:

‘L DME program library

Operator
Machme tool
MTConnect ,
Inspection Simulation System
Inspection plan validator

Fixation System |
Inspection Planning System

QIF Statistics
>

Closed-loop Integration Model

Activity model level AO



The functional activities that make up the CAD/CAPP/CAIP/CAM/CNC/CAI integration model are
shown in Figure 4.6. Dimensional and geometric inspection within a closed manufacturing cycle is in-
tended to improve the process and control its evolution. The main activities integrated into the functional
blocks are listed below:

Analyze which of the required parameters are measurable.

* Determine the acceptable uncertainty value for the measurement.

Interpret the results and calculate the error.

¢ Transform the data into useful information and share it within a date of manufacture.
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4.3.3 The information model of the CAIP and CAI Systems

Figure 4.7 shows the activities related to the CAIP / CAI functional blocks, where each activity’s levels
and sublevels are observed. Each function must be developed and implemented using the definitions of
entities provided by the STEP standard in the AP242, AP238, and AP219 application protocols to achieve

the correct integration of data within the closed circuit and obtain the data model that is fully compliant
with STEP-NC.
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Figure 4.7: Scope of activities considered in the AMM model built for CAIP/CAI systems.

The AAM for the CAIP model shown in Figure 4.8 provides a structured view of the activities involved
in generating the inspection plan. The model contains the data flow and some general function definitions

necessary to transform the inputs into outputs of the process. The AAM model for CAIP consists of six
functional blocks, with the following activities:

 Carry out administration and archiving tasks (Block A31).

Identify inspection requirements (Block A32).

* Decomposition of inspection features and tolerance selection (Block A33).

Select tools, fasteners, and Dimensional Measurement Equipment (DME) functions (Block A34).

Develop an inspection plan (Block A35).

Generate support data (Block A36).
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The outputs generated in each functional block are integrated into the digital manufacturing chain
through feedback with useful information to improve the process. The functions and activities that make

up the inspection planning are organized within the IDEF0 diagram at various levels and sublevels.

The AAM model presented in this document was developed to generate a roadmap for the computa-
tional implementation of each functional activity required to integrate the inspection results in closed-loop
manufacturing. The model illustrates the degree of complexity of these activities and the solution to the
problem. A solution is addressed to integrate dimensional and geometric inspection results based on the
ISO 10303 standard and the STEP Modeler system. The ARM reference models contain information
about the AP219 and AP238 application protocol definitions and integration methods. The AAM model
presented allows the ARM model to construct the entities necessary to carry out each functional block’s
computational implementation. The ARM model is obtained with the definitions and terminology provided

by the standard to be used to reference the computational implementation.

This model’s main contribution is to present an interoperability solution and create an integration alter-
native that meets current manufacturing requirements and demands. Regardless of the technology used, the
model details the resources necessary to structure the information that allows implementing a closed-loop
inspection adhering to the STEP/STEP-NC standard. The challenges present in the project’s continua-
tion are associated with the computational implementation and the accurate selection of the technologies

involved in the architecture presented in this chapter.

The AAM model presented in this section covers only one level of information, the most external. The

complete AAM model that contains the sublevels of the activities can be consulted in the appendix A.1.

4.4 Conceptual Modeling

Generic conceptual models that formalize the recommended implementation practices for a given do-
main are called reference models. Reference models are used to guarantee a generic, efficient, extensible,
and reusable structure in developing an application. The domains represented through an ARM model are
extensive and may vary according to their functionality; it is necessary to delimit the domain to cover only
relevant aspects of the specific application to be developed. Reference models are derived from conceptual
models that continually consolidate knowledge to establish them as a reference and standard to streamline
application development within a generic framework. The reference models constitute support in the mod-
eling process by providing a list of structures that need to be related to the application domain, avoiding
creating new structures outside the standard. These reference models are found within the project as a

library in a neutral language intended to provide modeling support.

This section presents an abstraction of the relevant models for defining requirements within the pro-
posed application domain. ARM models enable the standardization of development and computational
implementation within a neutral, syntactically homogeneous, and interoperable architecture. Models are
used to specify from a higher level the abstraction, type of objects, and their relationships within the data
structure used. The ARM model provides a detailed analysis of the requirements of an industrial appli-
cation. In this model, the objects or classes and entities of the system are defined. The ARM model is

obtained with the definitions and terminology provided by the standard to be used to reference computa-
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tional implementation. The ARM model development needs to detail the interrelated entities and know
each object’s definitions and attributes. An object is a mechanism that provides information and can be
related, consulted, modified, and stored. Each object and element are defined together within a complex
structure (MAHMOUD et al., 2016).

4.4.1 Harmonization Strategy

The STEP standard supports different implementations through UoF given in our application protocols.
In section 3.9.2 it is presented a summary of the functional domain two application protocols AP238
and AP219, that specify information related to manufacturing requirements, such as information used to
analyze and report inspection results. For the document, open applications for both manufacturing and
inspection that share entities structured within the UoF used by AP203, AP214, AP219, AP224, AP238,
AP240, and AP242 that support CAD/CAPP/ CAIP/CAM/CNC/CALI systems. The components of each
protocol are protected through specific terminology for a domain of application. The main question to be
solved is identifying and mapping the entities that will be used in the implementation of the wrong date
(ISO 10303-203, 2011; ISO 10303-214, 2010; ISO 10303-240, 2005; ISO 10303-242, 2014).

Harmonize is a concept given to find the correspondence or agreement between similar terms used
to exchange information. Figure 4.9 shows the information flow that crosses the domains of the different
application protocols involved in the manufacture and inspection of a part. Harmonization makes it possible

to ensure the integrity of information within this digital manufacturing chain.

The data and its properties are transmitted within a bidirectional flow through the chain of manufacture.
The STEP pattern environment has specifications that can be harmonized through its functional units. A
strategy to harmonize begins as a study of the UoF provided in the AP219 (ISO 10303-219, 2007). The
protocol focuses on providing a relevant connection to inspection programs and creating a mechanism for
the exchange and feedback of information within the standard data structure for manufacturing and used
by application protocols AP224, AP242, and AP238.

4.4.2 High-Level Scheme with Entity

The UoF contained in the AP219 application protocol for exchanging dimensional inspection informa-
tion related to mechanical product definitions are:

e Addministrative_ data

* Dimensional_measurement_analysis

e Dimensional measurement_ documentation

e Dimensional_measuremen_execution

e Dimensional_measurement_feature

* Dimensional_measurement_part
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* Dimensional_measurement_parameters

e FFeature_definition_item

* Feature_profile

e Manufacturing_feature

e Functional limitations

* Part_properties

* Program_run

* Shape_representation_for_machining

The information structured in the DMIS can be mapped within the STEP standard through the AP219
protocol and the UoF that comprise it (ISO..., 2011; ISO 10303-219, 2007). Entities and their properties
within the STEP architecture can be shared and transferred within other application protocols. With the
definitions given in each UoF and based on the available EXPRESS schemes, ARM models are built that

list the entities within each UoF (ISO 10303-11, 2004). Figure 4.10 shows the general relationship scheme
between each UoF provided by the AP219 protocol.
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Figure 4.10: High-level relationship of the UoF provided by AP219

4.4.3 Identification of Forms for Dimensional Inspection

In the inspection process, it is necessary to define a correlation between measurement features and
manufacturing features. The high-level relationship shown for AP219 in Figure 4.10 shows the ex-
change of information between the UoF, where product definition data, tolerances, geometry, and shape
are harmonized with entities from the AP214, AP224, AP242, and protocols AP238. UoF
Dimensional_measurement_feature associates workpiece, geometric, and topology informa-
tion to build the mechanisms that identify the shapes representing the volume of material in a part that

must be inspected dimensionally. The appendix presents C.3.1 the relation of entities to link data from
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Shape_aspect (geometry and topology) with dm_feature_definition to identify the features of
inspection. The entity dm_feature_relationship establishes a relationship between the projected

parameters and those calculated with inspection results.

Shape_Aspect entity allows grouping representation items that represent aspects or components of
a product’s shape. The representation of a product’s shapes or components represents a distinctive part of a
product that can be explicitly addressed. The appendix C.3.1 presents the EXPRESS schema that describes
the entity, attributes, and relationships with other entities.

An important UoF of the AP219 protocol used in the proposed integration model is called
functional_ limitations. The functional_limitations functionality unit contains the in-
formation necessary to identify the pieces shape relationship with the reference and shape relationship with
other pieces.

The acceptable deviation value for manufacturing purposes is also defined using these entities. The ap-
pendix C.3.1.1 presents some of the entities that make up the UoF functional_limitations.In this
UoF, the elements necessary to describe dimensional tolerances are integrated. The included tolerances are
of two types: tolerances plus-minus and geometric.Geometric tolerances are applied to the elements defined
in the schema shape_aspect shown in Figure 03 using constructors. The entity tolerance_zone
allows to define within shape_aspect the value for a measure and to set the tolerance limits for geom-

etry, orientation, location, and finishing.

Geometric tolerance is the maximum or minimum variation allowed for a position or geometric shape in
the manufacturing process. The Geometric_tolerance entity is used to define and exchange critical
part data for a part. The concept of tolerance feature is represented in the STEP standard as an attribute
of shape_aspect to specify a type of geometric feature. For each characteristic, one of the following
entities is defined:

* Angularity_tolerance

e Circular_runout_tolerance

* Circularity_tolerance

e Concentricity_tolerance

* Cylindricity_tolerance

e 'latness_tolerance

* Linear_profile_tolerance

e Parallelism_tolerance

* Perpendicularity_tolerance

e Position_tolerance

* Straightness_tolerance
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The inspection run starts with the entity dm_execution_input, which contains as attributes the
entities dm_program_run, part, and dm_execution_result. The dm_program_run includes
information related to the environment for the execution of the inspection program. The Part entity repre-
sents the measured and linked part with the execution of the measurement program. This entity represents
a shape attribute with a set of entities brep_shape_representation or shape_aspect. Each
shape_aspect entity is optionally referred to a shape_element, entity, which can be replaced by
any of its entity subtypes, such as direction, location, path and features. A feature can
be defined as a manufacturing feature or measurement feature that is mapped by the DMIS standard. Fi-
nally, the dm_execution_result entity results from data from the execution of the measurement
program. This entity refers to a set of measurement points for each parameter. The appendix C.3.2 shows

the entities and attributes related to the execution of dimensional and geometric inspection.

4.4.4 Compensation Strategy

The compensation strategy proposed in this work incorporates the STEP and QIF standards data struc-
tures to create an interconnected environment between the systems involved in manufacturing and quality
inspection systems. The ISO 10303: 219 (AP219) standard defines the context, scope, and information
requirements necessary to analyze and report results of the dimensional inspection, creating mechanisms
for bidirectional exchange of information, with the data structures used in manufacturing processes such
as those provided application protocols ISO 10303-224 and ISO 10303-238.

The strategy consists of creating an interconnection between the manufacturing features, defined in the
AP328 protocol with the inspection features given in the AP219 protocol and the features QIF to relate pa-
rameters such as coordinates, dimensions, positioning, tolerance, and datums. The parameters of features
can be updated manually or extracted automatically from a CAD or CAM model file. The measurement
is made following an inspection plan to obtain the data necessary for calculating the deviation. With the
comparison of the nominal/current model, the error is calculated, and a new tolerance value is updated for
each feature inspected. The new tolerances values are incorporated into the file sent to the CNC controller
to compensate for the system’s error. Finally, the tolerance values are updated on the STEP p21 file and
sent to the CNC machine controller to execute a new machining process.

The proposed scheme to support the feedback strategy is based on the UoF provided in the application
protocols ISO 10303-238 and ISO 10303-219. The STEP standard data structure supports the data flow
for product definition, inspection process definition, process execution, analysis, and results reporting.
The measurement process is not strictly within the scope of the ISO 10303-219 protocol, but the QIF
standard allows to obtain an interconnection between dimensional inspection programs supported by ISO
22093 (DMIS 4.0), web-based analyzes, reporting of practices and standards for modeling manufacturing
information such as ISO 10303-224,238,242.

The appendix C.3.1.1 shows the entities related to the definition of geometric and dimensional toler-
ances. It includes the mechanisms to implement GD&T features, inspect and analyze a part on dimensions,
shape, and location. Tolerance information can be given to a manufacturing feature using AP238, repre-

senting a machining operation or a dimensional measurement operation given by AP219.
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The appendix C.3.3 shows the EXPRESS-G schematic of the dimensional measurement features is an
extraction of the entities used to integrate CNC machining and inspection, based on a relationship between
the manufacturing features and inspection features. The dimensional measurement features dm_feature
can represent a standard manufacture feature, externally composed or defined, such as cones, cylinders,

ellipses, and circles.

The appendix C.3.4 shows part of the entities involved in the steps of a features machining process. The
entities related to the machining and the execution of the inspection contain the entities both for relating

administrative data, programs, operations, and methods of execution and the definition for using the results.

The appendix C.3.5 shows the dimensional_measurement_representation entities
EXPRESS-G scheme part of the structure in ISO 10303-219 for dimensional measurement analysis. The
entities used to define resources and provide options for analysis and calculation of tolerance parameters

from measured data.

For the analysis and reporting of the results of the dimensional and geometric inspection of parts or as-
semblies, relationships are established between the information requirements and integration mechanisms,
interpreting the integrated resources defined in the application protocols. The ISO 10303-219 protocol
covers both the definition of dimensional and geometric tolerances of parts and the execution of inspection
through the UoF. The UoF named dimensional_measurement_feature is provided in the ISO
10303-219 protocol and contains the information requirements to identify shapes representing volumes of
material in part for dimensional inspection. The appendix C.3.6 shows the EXPRESS-G schema with the

entities used in the UoF Dimensional_measurement_feature.

4.5 Application Interpreted Model (AIM)

The AIM is the final data model that meets the ARM model’s requirements. The different standard
constructs required in the AIM model are taken from various Generic Integrated Resources (IR) and AIC,
combined to form the AIM data model’s structure. AIM is the most significant data model in the STEP
application protocols, as it is intended to cover the scope of the application. The AIM model represents

standardized information that could be transferred and implemented.

This section presents the method for designing and implementing software components based on a
conceptual description of the data. The method is based on the ISO10303 standard; work carried out over
the last years by ISO to standardize the computer-interpretable representation and exchange of product
manufacturing information. This standard has the technology and a method for the specification, verifica-
tion, and implementation of conceptual data models. STEP technology was used, mainly the description
method, the implementation methods, and the standard data model definition method for specification and

coding.

The proposed method is based on a description of the data used and manipulated by code to build a
manufacturing and inspection data integration strategy that can operate in a closed-loop environment. The
codes created are intended to be used within specific projects with this same focus and can be scaled both

functionally and technologically. It is partially configured to reflect the proposed system’s particular need,
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creating an application within the described data domain. Here are some identified benefits of following
this method:

* By following a well-defined structure, more excellent reliability is obtained. Errors are reduced by

the benefits derived from know-how.

* It enables automatic code generation, making the process for generic implementations efficient. A

large amount of code can be produced directly from high-level descriptions.

* The result reflects homogeneity of implementation, maintaining a clean coding without corruption

due to bad programming practices.

* The code can be easily updated, being current to include new technological achievements. Mainte-

nance and update tasks become easier within this structure.

In coding, a programming tool is used that translates the high-level specifications of the abstraction into
a particular solution. The specifications describe the problem and actions to be executed by the program;
they are used in different ways: text, graphic representations, or even events. The embodiment is conven-
tionally a software component produced in a programming language. Code generation requires analysis
of a high-level specification; the analysis produces an intermediate representation used in the elaboration
process, either automatic or interactive; the intermediate representation is then translated into a software
component. Therefore, the specification of a system is clearly distinguished from its implementation. Be-
fore implementing automatic code generation, the following considerations should be considered:

* The implementation of an automatic code generator requires resources and time; it demands a great
effort in the design and development stage. The benefit is obtained when the generation code is
automatically used as a development tool.

» The proposed solution is a specific case or a general case. The components generated through au-
tomatic code generation can be in greater quantity than is necessary. It is possible to systematically
implement functions that are not used within the given particular case study. Performance in terms

of response may suffer.

* Automatic code generation may be justified for implementations that require developments with
similar characteristics, also when the project will suffer frequent alterations in its life cycle, or if

several prototypes are required to obtain a final development.

It is observed that for specific solutions such as those addressed in this project, the automatic code
generation may be oversized. It may be challenging to integrate already developed components and new
base components to integrate manufacturing and inspection data. Using automatic code generators to

reduce build time may be overlooked in this approach and require additional coding.
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4.5.1 Mapping table

The mapping tables correlate the ARM reference model with builders available in the Integrated
Generic Resources, Integrated Application Resources, and Application Interpreted Constructs. The com-
plete requirements specified in the ARM model defined in the EXPRESS language are converted into
manageable constructions, which will be identified in the integrated resources. The table formally estab-
lishes the origin of the components of an AIM model. Each entity and attribute found in the AIM model is
specified in the correspondence table that relates the ARM model to AIM. This table monitors the process
(ISO 10303-238, 2007).

Each UoF contained in the application protocols needs to be mapped to one or more AIM constructs. A
summary of the UoF contained in ISO 10303-238 and IS010303-219 was given in section 3.9. The mapping
tables show how IR and AIC are used to meet each application protocol’s information requirements. Figure
4.11 shows the extraction of a mapping table for the Project functional unit (see 3.9.2) in the AP238
application protocol. The mapping table shows how each AP UoF and application object maps to one or
more AIM constructs. The table is organized into five columns named Application element, AIM element,
Rules, and Reference path, which are explained below (ISO 10303-238, 2007).
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Application element AIM element Source Rules Reference path
PERSON_AND_ADDRESS person 10303-41
its_person IDENTICAL MAPPING 10303-41
its_address personal_address 10303-41 person <-
personal_address.peopleli]
personal_address
PROJECT product_definition_formation 10303-41 product_definition_formation
{ product_definition_formation.of product ->
product =>
machining_project }
its_id product.id 10303-41 product_definition_formation
product_definition_formation.of_product ->
product
product.id
project to workplan PATH product_definition_formation <-

(asmain_workplan)

product_definition.formation
product_definition
characterized_product_definition = product_definition
characterized_product_definition <-
process_product_association.defined_product
process_product_association
process_product_association.process ->
product_definition_process =>
action
{ action.name = ‘machining’ }
action.chosen_method ->
action_method =>
machining_process_executable =>
machining_workplan

Figure 4.11: Mapping table for project UoF.

Source:(ISO 10303-238, 2007)




» Application element: It specifies the name of the application element corresponding to the AP’s

definition.

e AIM element: Name of an AIM element. Mapping an AIM element can result in multiple related

AIM elements. Each of these AIM elements requires its line in the table.
* Source: This is the number that corresponds to the part that specifies the AIM element’s source.

* Rules: One or more numbers can be given that refers to the rules that apply to the current AIM

element or reference path.

* Reference path: Documents the function of an AIM element concerning the AIM element in the
row that follows. Two or more of these related AIM elements define the interpretation of the built-
in resources that satisfy the application object’s requirement. For each AIM element created, a
reference path to its supertype is specified from a built-in resource. This column fully describes
an application object’s mapping; it may be necessary to specify a reference path through various
related AIM elements. The following notational conventions (see 4.1) apply to interpret reference
path expressions and relationships between AIM elements.

Table 4.1: Notational conventions

| Symbol | Definition

[ Enclosed section constrains multiple AIM elements or sections of the reference path are required to satisfy an
information requirement.

0 Enclosed section constrains multiple AIM elements or sections of the reference path are identified as alternatives
within the mapping to satisfy an information requirement.
Enclosed section constrains the reference path to satisfy an information requirement.

<> Enclosed section constrains at one or more required reference path.

I Enclosed section constrains the supertype entity.

- > Attribute references the entity or select type given in the following row.

< — Entity or select type is referenced by the attribute in the following row.

[4] Attribute is an aggregation of which a single member is given in the following row.
[n] Attribute is an aggregation of which member n is given in the following row.

=> Entity is a supertype of the entity given in the following row.

<= Entity is a subtype of the entity given in the following row.

= The string, select, or enumeration type is constrained to a choice or value.

\ The reference path expression continues on the next line.

* Used in conjunction with braces to indicate that any number of relationship entity data types may be assembled
in a relationship tree structure.

Figure 4.12 presents an abstraction with the related entities through application objects linked to the
UoF of the AP238 protocol. The data structure of some of the AP238 application protocol entities used in
the development of the implementation can be seen in Figure 4.12. This structure guides creating a project

within the programming environment and is used to create classes for each related instance in the schema.
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Figure 4.12: Structure of project UoF.



4.6 Summary

After knowing the standard and understanding how the information is structured, we develop an in-
formation modeling that meets the requirements to establish a closed manufacturing and inspection loop.
Two fundamental approaches stand out: the functional and descriptive approach, which made it possible
to define the models useful in the implementation phase. The functional approach within a modeling envi-
ronment shows the broad contexts defined by the ISO10303 standard. Understand contexts to proceed with
defining roles, activities, and data flow. The information linked to each activity in the functional model is
associated with a functional group of transformed or produced data within each functional block to execute
an activity within the application context. The IDEF0 graphical language is the formal mechanism for

presenting the functional blocks that describe an application context in a particular solution.

Representations give the conceptual approach in data schemas, whose meaning needs to be related to
an application context to make sense within the model. It is a process of abstraction to give meaning to
the data and understand its relationship. STEP uses schemas to define each of its application protocols;
schemas contain conceptual models made up of concept relationships. Strict enforcement of this mapping

is essential to ensure the integrity of the STEP interchange files information.
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Chapter 5

The STEP Development and Deployment
Environment

5.1 Introduction

This chapter presents the methodology to use functional and descriptive models within a program-
ming environment that leads to generating a computational solution compatible with the STEP standard.
The methodology incorporates IR, AIC, and application protocols to minimize cohesion problems and
promote intelligibility, maintainability, and homogeneity in the data flow. Three typical case studies are
used together with the computational solution obtained to verify the integration and interoperability of the

processes.

5.2 Implementation of Case Study 1

This section presents a case study with an approach applied to a computational implementation design
and construction. The main objective is to include or modify the entities with specific information from
both manufacturing and inspection within the neutral STEP-data structure. Two approaches are shown,
the first when we already have a conformed file and the second describes a complete description of the
implementation to create new solutions with specific functionalities through the interpretation of the STEP
standard. The exchange data structure has a complex structure within an object-oriented perspective, main-
taining cohesion and integrity in its information. Including new information such as GD&T specifications,
tool paths, tool selection, among many possibilities, requires knowledge and interpretation of the STEP
standard. This solution is presented as a methodology to follow to encode a STEP interchange file that
manages to solve interoperability and systems integration problems that allow adding new functions such

as those presented in each phase of the life cycle.

The developed system involves coding various application objects derived from the UoFs in the appli-
cation protocols, such as AP219, AP238, and AP242. As presented in the section (see 4.5), the AP238
protocol, also known as STEP-NC, in its content, the standard presents the AIM model for implementing
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the ARM model. The ARM model is used to describe entities, and by analyzing this model, it is possible to
understand each entity’s role, attributes, and relationships with other entities. Two levels are clearly differ-
entiated through these models; the ARM model documents the information requirements present entities
and attributes that can be instantiated, defines its hierarchy showing the relationship of entities, subtypes,
and supertypes, and how the entities are interrelated through its attributes, as is the case with complex
entities. The AIM model presents the accurate data, how the instantiation should occur according to the
UoF in the protocols, and solves functionality with application objects built with entities described in the
ARM model. In section 4.1 of the AP238 standard, it describes the UoF (AP238) of ARM models. UoF are
a set of information requirements described as application objects. The application objects that describe
the machining process are referenced in ISO14649; for more specific things like GD&T, they are defined
in section 4.2 of the ISO10303-238 application protocol. The features are defined in the two standards;
session 4.2 of AP238 has extra information for harmonization purposes. The AIM is derived from the
mapping tables, which show the Reference Paths showing the ARM model concepts represented by AIM
groups representing implementations. The EXPRESS schemas for the AIM model provide the structures
used by the mapping tables.

5.2.1 STEP Standard Interpretation

Coding begins by analyzing the structure of a STEP interchange file; according to the standard, a
higher-level entity is required to structure the Project. The AP238 contains the UoF called Project; this
UoF specifies where this UoF specifies where the machining program’s interpretation starts and manage-
ment information about the machining program. The PROJECT and Person_and_adress application
objects are used by the UoF Project and are defined by clause 4.3 of ISO14649-10: 2004. Each part pro-
gram or data model based on ISO 14649 must include this application object that indicates the work plan to
be executed after the interpretation of this model (It can include several work plans) and provide the work-
pieces on which actions must be performed. Section 4.2.269 of document AP238 or in clause 4.3 of ISO
14649-10: 2004 provides information about the application object Project from which the EXPRESS
description shown in Figure 5.1 of the Project entity is extracted.

ENTITY project; (* mo *)
its_id: identifier;
main_workplan: workplan;
its_workpieces: SET [@:?] OF workpiece;
its_owner: OPTIONAL person_and_address;
its _release: OPTIONAL date_and_time;
its_status: OPTIONAL approval;

(* Informal proposition:

its_id shall be unique within the part programme.
*)
END_ENTITY;

Figure 5.1: Entity Description EXPRESS Project Entity.
Source:(ISO 10303-238, 2007)

The list of attributes of this entity is explained below:
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» its_1id: Project identifier, It will be unique within the parts program.

* main_workplan: The top-level workplan in this model.

* its_workpieces: The workpieces upon which actions are to be performed.
* its_owner: Optional information on the owner of the Project.

* its_release: Optional date and time reference of the Project.

* its_status: Optional attribute to indicate the current status of the Project.

The following section to be consulted is section 4.5.1, "Application interpreted model" of the standard
document AP238. This section shows how each UoF and application Object is mapped to one or more
AIM constructs. In the section, it was explained how this table is organized. The information extracted
from table 2- Mapping table for Project UoF of document ISO-10303-238 is illustrated in Figure 5.2.

The Figure 5.2 and the explanation given in section 4.5.1 show that the application objects names are
shown in uppercase (e.g., PROJECT). Attribute names and assertions are listed after the application object
they belong to and are written in lowercase (e.g., its_1id, project to workplan (as main_workplan),
project to workpiece (as its_workpieces), project to person_and_address (as its_owner),
its_release, and project to approval (as its_status)), in the column "AIM element" shows the
AIM construct element (e.g., product_definition_formation). The term 'PATH’ indicates that
the application assertion maps to the entire reference path. In the source column, it shows the number of
the corresponding part of ISO 10303. The reference path column fully describes an application object’s

mapping; it may be necessary to specify a reference path through several related AIM elements.

Before starting Java programming, a schema is created with the assertions resulting from interpreting
the mapping table. Figure 5.3 shows a hierarchical diagram with the entities related to the AIM constructor
elements of the UoF Project. Next to the diagram is a clipping of the STEP interchange file that shows
instantiating these entities and how they are freely distributed in the DATA section of the p21 file. The
schema derived in Figure 5.3 describes the path obtained from the mapping table and shows how to follow
to develop the project application object’s computational implementation. There are several UoFs that need
to be implemented to complete the objective of the case study. The process followed in interpreting the
standard and obtaining a hierarchical structure that indicates the programming path is the same in most
cases. In many situations, the mapping table refers to a generalized entity or a supertype entity in an
attribute. In the implementation, a specialized entity is instantiated, a subtype that inherits those attributes

and defines additional ones for its specialty.

5.2.2 Deployment Architecture

The functional and conceptual models were presented, a clear strategy was also identified to use the
AIM models and map from logical definitions to functional units and application objects. In development
follow the activities of building the physical environment. In addition to the appropriate computational
resources, Java, JSDAI, and APIS programming environments running on the Eclipse integrated develop-

ment environment (IDE), an implementation architecture presented in Figure is proposed. The deployment
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Application element AIM element Source Reference path

PROJECT

10303-41 product_definition_formation
{ product_definition_formation.of_product ->
product =>

machining_project }

10303-41 product_definition_formation
product_definition_formation.of_product ->
product

product.id

product.id

—ﬁ its_id ‘

> project to workplan

product_definition_formation <-
(as main_workplan)

product_definition.formation
product_definition
characterized_product_definition = product_definition
characterized_product_definition <-
process_product_association.defined_product
process_product_association
process_product_association.process ->
product_definition_process <=
action
{ action.name = ‘machining’ }
action.chosen_method ->
action_method =>
machining_process_executable =>
machining_workplan

PATH

_ﬁ project to workpiece ‘ PATH

(as its_workpieces)

product_definition_formation <-
product_definition.formation
product_definition <-
product_definition_relationship.relating_product_definition
product_definition_relationship
{ product_definition_relationship =>
machining_project_workpiece_relationship }
product_definition_relationship.related_product_definition ->
product_definition

> project to person_and_address
(as its_owner)

> its_release

project to approval
> (as its_status)

Note: The information was extracted from Table 2 - Mapping table for Project UoF of document ISO-10303-238.

Figure 5.2: Mapping table for Project UoF.
Source: Adaptation (ISO 10303-238, 2007)

architecture sizes the deployment to define the programming tasks necessary to meet the case study require-
ments. Many of the definitions of entities given in the conceptual model need to be integrated and reused
by different functional units, requiring optimal resource use. The architecture seeks to have a standard de-
velopment approach, with self-describing language and facilitate maintenance, updating, or technological

improvement tasks, capable of expanding and receiving functional increases with new developments.

Each specification detailed in the functional model, the descriptive definition in the conceptual model
translated for application objects in the AIM model, is used in this implementation phase to build the
project. Model-View-Controller (MVC) is an architectural pattern that separates an application into three
main logical components: the model, the view, and the controller. Each of these components is designed
to handle specific development aspects of an application. The model contains the dynamic data structure
of the application, independent of the user interface. The model component directly manages the data,
logic, and rules of the application. The component is the core where the knowledge of the STEP standard
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DATA;
#1=APPLICATION_CONTEXT('Application protocol for the exchange of CNC data');
#2=PRODUCT_CONTEXT ( 'CNC Machining',#1, 'manufacturing');
#3=MACHINING_PROJECT('Project JSDAI Export','','',(#2));
#4=PRODUCT_DEFINITION_FORMATION('',"'",#3);
#5=PRODUCT_DEFINITION_CONTEXT('CNC Machining',#1, 'manufacturing');
#6=PRODUCT_DEFINITION('',"'",#4,#5);

#7=PRODUCT ( 'default workpiece', 'AP-238"',"'", (#2));
#8=PRODUCT_DEFINITION_FORMATION('',"'",#7);
#9=PRODUCT_DEFINITION('',"'",#8,#5);
#10=MACHINING_PROJECT_WORKPIECE_RELATIONSHIP('',"'',"'',#6,#9);
#11=MACHINING_WORKPLAN( 'Main Workplan','',"'',"'");
#12=PRODUCT_DEFINITION_PROCESS('machining',"'',#11,'");
#13=PROCESS_PRODUCT_ASSOCIATION("'"',"'",#6,#12);
#14=PRODUCT_DEFINITION_PROCESS('to-be shape','',#11,'');
#15=PROCESS_PRODUCT_ASSOCIATION('',"'',#9,#14);

g PRODUCT_DEHMTDN_FORMAﬂON‘ #16=MACHINING_WORKPLAN('Main Workplan','','',"'");
#17=MACHINING_PROCESS_SEQUENCE_RELATIONSHIP('','',#11,#16,1.0);

AN

Project hierarchical structure

PRODUCT_DEFINITION

formation

of_product
frame_of_reference
Qg

PRODUCT_CONTEXT

MACHINING_PROJECT

frame_of_reference

Code snippet from STEP file AP238

g PRODUCT_DEFINITION_CONTEXT}—q APPLICATION_CONTEXT ‘
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chosen_method MAIN WORKPLAN

Figure 5.3: hierarchical diagram for UoF Project.

necessary to develop the application rests. Incremental improvements in the model component can be
included and integrated to modify the scope of the project. The controller manages the program’s execution,
creates the project, receives events, and implements the actions to supply data to the model. The controller
takes all changes to the data and manages the creation of the STEP interchange file. In Figure 5.4, a
sequential structure of the controller component’s main file is presented, aiming to create an SDAI session,
manage the repository, and encode the STEP exchange file with the information generated in the execution

of the program.

Figure 5.5 shows a diagram of the class relationships linked to the Model component of the architecture.
The diagram located in the upper right corner in Figure5.5 is a guide to understanding the distribution and
relationship of classes that is created when implementing a functional unit. In some cases, UoF may require
more than one application object, and application objects are made up of sets of entities related to each
other; some application objects use instances created in other application objects as attributes, evidencing
the object-oriented perspective adopted by the STEP ISO10303 standard. Figure 5.5 details only a part of
the Model component of the architecture to show the model’s relationship and data structure. The entities
make up the most atomic or independent element of the model and must be the first to be encoded. The
entities make up a library of entities that can be used in the application objects programming or any future
implementation. For each entity used, a Java class is created that allows its attributes to be instantiated,
read, written, or updated. Figure 5.6 shows the Java class created for the product entity, defined in the
EXPRESS schema of ISO10303-41. This same code structure is used to create the other classes that make
up the project entity library.

An EXPRESS entity is represented by its own Java EnameEnt ity interface, a CnameEntity im-
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import java.io.*;

import jsdai.lang.*;

import jsdai.SIntegrated_cnc_schema.AProduct;
import jsdai.SIntegrated_cnc_schema.EProduct;
import jsdai.dictionary.EAttribute;;

v

| SdaiSession session = SdaiSession.openSession(); |

v

| SdaiTransaction transaction = session.startTransactionReadWriteAccess(); |

v

| SdaiRepository repo = session.createRepository("", null); | <

v

|SdaiModeI model = repo.createSdaiModel("Model1", jsdai.SXXxxx.class); |

v

| model.startReadWriteAccess(); |

v

|App|ication‘s dynamic data structure

v

repo.exportClearTextEncoding(argv[0]); | ------

v

transaction.endTransactionAccessAbort(); |

7 Y

repo.closeRepository(); |

» Model

Controller

¥ -
| repo.closeRepository(); | : . 2 :
v Lo

| session.closeSession(); |

Figure 5.4: Deployment Architecture

plementation Java class, and an AnameEnt ity aggregate Java class in early binding access. To access
an attribute is done through specialized methods test, get, set, create, unset. For each attribute, whether
explicit, derived, or inverse, a get method is available, and for explicit attributes, the unset and set modifi-
cation methods are available. The create method is used only for attributes of aggregate type.

Four classes were needed in the JSDAI package "jsdai.lang" to manipulate entities within the Java
environment and build the STEP swap files: SdaiSession, SdaiRepository, SdaiModel, and
EntityExtent. The SdaiSession class is necessary to create, start, and end any JSDAI session;
instances, relationships, and data transfer between entities happen during a session. The SdaiSession
class is also used to initialize and end any SDAI activities, complete data transfer transactions between the
program and a STEP Part 21 file and dynamically create new repositories. A SdaiSession class object
creates a new repository for a STEP Part 21 file and establishes a transfer medium between the repository
and encoding of a STEP Part 21 swap file.

It is possible to manipulate files based on EXPRESS, build new models enriched with other schemas,

consolidate a particular schema that supports the application’s development. The JSDAI EXPRESS com-
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Figure 5.5: Class relationship structure on the layer Model - MVC architecture.

piler is used for the manipulation of EXPRESS schemas. Manipulati

help support the project with entities from other schemas that increas

in the current schema. The EXPRESS compiler parses, checks for integrity, compiles and builds a library

from each schema. This library created from the EXPRESS schem

environment, where it can be accessed through the java class interface and the methods defined in these

interfaces.
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package library; .

import jsdai.SIntegrated_cnc_schema.AProduct; Class entlty Java
import jsdai.SIntegrated_cnc_schema.EProduct;

import jsdai.dictionary.EAttribute;

import jsdai.lang.*;

public class Product {
AProduct products; ENTITY product; EXPRESS Entity description
EProduct product; id : identifier;
static SdaiModel model; name : label;
public Product (SdaiModel model){ description : OPTIONAL text;
this.model = model; frame_of_reference : SET [1:?] OF product_context;
! END_ENTITY; -- 10303-41: product_definition_schema

public EProduct buildProduct/( String id,
String name,
String description,
EEntity[] frame_of reference) throws
SdaiException{
product = (EProduct) model.createEntityInstance(EProduct.class);
product.setId(null, id);
product.setName(null, name);
product.setDescription(null, description);
EAttribute attribute;
attribute = product.getAttributeDefinition("frame_of reference");
Aggregate contexts = product.createAggregate(attribute, null);
int arg = frame_of_reference.length;
Integer aux=0;
while(aux<arg){
contexts.addUnordered(frame_of_reference[aux], null);
auUX++;

} Class instance encoded in p21 file
return product;

} #7=PRODUCT ( 'default workpiece', 'AP-238',"'",(#2));
I

Figure 5.6: Java class created for the product entity

The data repository created during execution in the JSDAI session; stores the model that contains the
interactions between instances, the generated data that is subsequently taken as the basis for exporting to
an output STEP p21 exchange file. The generated STEP file contains each instance of the project and
maintains its relationship to the STEP standard’s data structure. In the model layer of the architecture, it
contains a large set of classes that interact to build each unit of functionality and, as a result, generate a
STEP interchange file with the encoded data.

The procedure to check the integrity of the generated file and its functionality consists of three phases.
The first is to apply a test-oriented development. In this phase, each programmed application object needs
to be tested in execution. It is necessary to create the classes for each entity involved in the model. For
example, Figure 5.3 shows the project application object’s hierarchical structure; This application object
requires the following instances for its manipulation:

* product_definition

e product_definition_formation

* machining_project
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e product_definition_context

* machining_project_workpiece_relationship
* product_context, application_context

* process_product_association

* product_definition_process

* machining workplan

The Figure 5.3 in the upper right corner shows instantiating each class created and encoding in a
neutral STEP interchange file. These instances make up the DATA section of the file, but if they are linked
through the hierarchical structure that defines each application object, they will not be interpreted by other
platforms.

The unit tests applied in development allow each application object to be individually analyzed, to
verify its hierarchical structure, and to verify its integrity on other platforms. Within the unit tests, each
class is instantiated with data extracted from a model STEP file, the values of its attributes are configured,
requested, and updated to guarantee the created class behavior. Any error in the execution is easier to
solve in this construction phase; the problem is that it decreases the programming time again with code to
implement unit tests that check each class method. The main advantage is that unit tests ensure that each

class in the project works correctly.

After an advance in development, the second method of verification consisted of developing a piece in
commercial CAD software, exporting the file to the neutral STEP exchange format, in that file include new
entities and definitions using the own development and checking through the commercial platform the data
is interpreted appropriately.

The third verification method consisted of creating a template-type project created in our development,
generating the neutral STEP exchange file, and using the STEPMachine tool from STEPTools to verify that
it is imported and coded functionalities are interpreted. On this platform, the GD&T definitions, such as
linking RAW part, tools, and other parameters, were defined manually and loaded on the original template
file.

This case study aims to generate a consistent, semantically, and syntactically AP238 file that is inter-
preted by other platforms. The methodology set out to build a framework adhering to the STEP standard
is a viable alternative, in force for current manufacturing technology demands and scalable future techno-
logical solutions. It is verified that interoperability barriers are overcome with the adoption of the STEP
standard, the integration is correctly supported in all phases of the life cycle. Multiple functions can be de-
veloped; for example, based on making decisions for dimensional and geometric inspection, it is necessary
to extract information from features, select measurement tools, create strategies and inspection plans and
generate. This exposed solution methodology allows the generation of STEP file interpreters with different
purposes, including the design of machine tool control, kinematic control of robots, linking new robotic

structures in the manufacturing and inspection processes, etc. glimpsed among current trends.
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5.3 Implementation of Case Study 2

Case study 2 aims to implement a code to read, interpret and extract information in a STEP interchange
file. The STEP file contains instances with assembly data of an ASEA robot. The robot assembly comprises
several parts; it is necessary to identify the number of parts, their identification, or name within the file to
process that information and generate an XML structure with this information to enable a simulation based
on this XML created.

The process begins with generating a virtual CAD model of the ROBOT assembly; each component
of the robot involved in the kinematic control is stored as an independent part. Each part is individually
positioned within the assembly, creating a functional kinematic arrangement of the robot with well-defined
mates and constraints. The assembly already built is exported to the neutral STEP exchange format with
two possibilities in AP242 or AP214. These two application protocols share the UoF necessary to instan-

tiate the model with entities that relate the robot parts in a STEP exchange file format.

Knowing how the information is structured internally in the STEP interchange file is essential for ex-
tracting the data. The STEP standard’s data structure represents a technological innovation to manipulate,
process, and share data, but the processes to read, modify, or update these files are usually more compli-
cated. It is possible that within this STEP file that contains information about the robot assembly, there are
different configurations or views with the parts or some of the parts of the assembly to express a different
context. There may be different configurations or arrangements using the parts that make up the robot,
referenced in other configurations, for example, a manufacturing context and another view to express the

assembly.

Internally, the data in an assembly part can be related to different structures independently to enable
other application contexts. This possibility of nurturing the file with different data during the life cycle
is one justification for choosing the neutral STEP interchange file to support the interoperability strategy.
The parts base information does not change internally; that information is used in other contexts to express
different conceptual models. Within this perspective, if we want to extract information from a specific

context, such as the assembly of parts that make up the robot, it is necessary to know the conceptual model.

5.3.1 EXPRESS Entities

In the conceptual model representing the assembly application context, the product_definition entity
is identified as each part’s structural element. The ASEA robot assembly is made up of several parts, and
from each of them, a structure is derived that involves the product_definition entity. If there are several
contexts, such as manufacturing and assembly, the part’s information is the same in all contexts; therefore,
this entity is reused. The assembly structure will be constituted with instances of the product_definition

entity representing each part that makes up the assembly.

In related geometric structures to implement assembly structures, such as the ASEA robot, there may

be two alternatives:

* Implicit relationship between assembled components: The components of an assembly are de-

scribed along with the assembly history.
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This approach uses the entity representation_relationship_with_transformation.

» Explicit representation of the assembly’s geometric components: The assembly is described with
the integrated components; in other words, a part element becomes part of another assembly element
used as a template in the assembly’s geometry. The components are mapped through the entity

mapped_item.

The two alternatives are valid to express an assembly; in cases where a kinematic study that incorpo-
rates movement is required, it may be interesting to contemplate incorporating the piece implicitly through
translation and rotation movements. In this case study, the representation of implicit relationships is ex-
posed.

The STEP standard to provide a neutral mechanism capable of describing product data throughout
the life cycle incorporates Integrated generic resource: Sustainable Product structure configuration, not
only for interchange files. The built-in resource defines the mechanisms for expressing the relationships
between product components and assemblies.The EXPRESS definition and the explicit attributes of the

product_definition entity are presented in Figure 5.7.

ENTITY product_definition
SUPERTYPE OF (ONEOF(composite_assembly sequence_definition , laminate_table, ply laminate_sequence_definition ));
id : identifier ;
description : OPTIONAL text;
formation : product_definition_formation ;
frame_of_reference : product_definition_context ;
DERIVE
name : label := get name_value(SELF);
WHERE
wrl:
SIZEOF (USEDIN(SELF, 'STEP_MERGED_AP_SCHEMA.' + 'NAME_ATTRIBUTE.NAMED_ITEM')) <= 1;
END_ENTITY;

Attribute Type Defined By

id identifier (STRING) product_definition
description text (STRING) product_definition
formation product definition formation (ENTITY) product_definition
frame of reference product definition context (ENTITY) product_definition

Figure 5.7: ENTITY product_definition
Source:(ISO 10303-214, 2010)

Figure 5.8 shows a partial view of the product definition scheme in ISO 10303-41 and describes the
subtype structure of the entities defined in this scheme. Many forms of product structure can be represented
using this scheme. Two product structures are the bill of materials and the parts list structures. Parts list
data structures of parts individualizes the relationship between the lower-level parts of the product structure
and the higher-level assemblies in which they are contained (ISO 10303-41, 2018).

To deduce the assembly structure and using as reference the generic integrated resource ISO10303:
44 through mapping table for parts_11ist, specifically the Application element ASSEMBLY_ RELA-
TIONSHIP, the following AIM elements are identified:

* assembly_component_usage

* next_assembly_usage_occurrence
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product _definition

relating product_definition relate_product_definition

name
o——— product_definition relationship

l | description

product_definition usage
|

| }

make from usage option assembly component usage

|

quantified assembly component usage

| | }

specified_higher usage occurrence| |next assembly usage occurrence||promissory_usage occurrence

Figure 5.8: Relationship of product structure entities to ISO 10303-41
Source:(ISO 10303-41, 2018)

* quantified_assembly_component_usage
* specified_higher_usage_occurrence

* promissory_usag_occurrence

To fully describe an application element’s mapping, it may be necessary to specify a reference path
through several related AIM elements. The reference path column documents the function of an AIM
element and its relationship to other elements. Two or more of these related AIM elements define the inter-
pretation of the built-in resources that satisfy the application element’s requirement. For each AIM element
created for use within the ISO10303 standard, a reference path to its supertype is specified from a built-in
resource. The reference path for the ASSEMBLY_RELATIONSHIP application element is presented in
Figure 5.9.

From the reference path extracted from the mapping table and presented in Figure 5.9, the following

assertions can be deduced (see 4.1):
e Theproduct_definition_relationship.relating_product_definition attribute
references the product_definition entity

e The product_definition.frame_of_reference attribute references the

product_definition_context entity

* The product_definition_context entity is a subtype of the

application_context_element entity
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{product_definition_relationship
product_definition_relationship.relating_product_defintion->
[product definition
product_definition.frame of reference->
product_definition_context<=
application_context_element
application_context_element.name="part definition’]
[product definition<-
product_definition_context association.definition
product_definition_context _association
product_definition_context_association.frame_of reference->
product_definition_context<=
application_context_element
application_context_element.name="assembly definition’]}

Figure 5.9: Relationship of product structure entities to ISO 10303-41
Source:(ISO 10303-41, 2018)

e The application_context_element .name attribute can only have the value:” part
definition’

* The product_definition entity is referenced by

product_definition_context_association.definition

* The product_definition_context entity is a subtype of the

application_context_element entity.

* The application_context_element.name attribute can only have one value, ’as-
sembly definition’

ENTITY representation_relationship_with_transformation
SUBTYPE OF (representation_relationship);
transformation_operator : transformation;
WHERE
wrl:

SELF\representation_relationship.rep_1.context_of_items :<>: SELF\representation_relationship.rep_2.context_of_items;
END_ENTITY;

Entity representation_relationship_with_transformation /as the following local and inherited explicit attributes:

Attribute Type Defined By

name label (STRING) representation_relationship

description text (STRING) representation_relationship

rep 1 representation (ENTITY) representation_relationship

rep 2 representation (ENTITY) representation_relationship
transformation_operator transformation (SELECT) representation_relationship_with_transformation

Figure 5.10: Entity representation_relationship_with_transformation

Source:(ISO 10303-41, 2018)

An assembly structure can be deduced using this mapping table and the EXPRESS definitions of each
entity. The EXPRESS entities, the attributes, and relationships between the entities representing the as-
sembly data structure contained in STEP files are illustrated in Figure 5.11. This assembly implementation
approach structures each component’s information and its relationships within the assembly to be shared
through the STEP exchange file. The representation_relationship_with _transformation entity defines the

position within an assembly (see 5.10). The relationship between the assembly and the component is given
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by context_dependent_shape_representation; this entity is responsible for distinguishing
the different uses in other contexts given to a part or component of an assembly. The main entities and

attributes involved in this implementation approach are described below.

A program was developed to identify tags associated with each component involved in the robot’s
kinematic model and create the XML file. The XML file creation starts with the STEP file processing
(AP242 or AP214) to extract the helpful information to configure the parameters of the kinematic model
of the robot within the XML file. The program uses the STEP standard’s Express schemas to identify
the explicit hierarchical structures that assemblies represent and the components and their relationships.
The JSDAI Application Programming Interface (API) is used to read and manipulate object-oriented data
defined in these EXPRESS data models.
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GLOBAL_UNCERTAINTY_ASSIGNED_CONTEXT((#35009))
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REPRESENTATION_CONTEXT(ID19','3"));

Code fragment of the robot model

#23319,#23338,#24324,

\:zpomponent identification tag

<?xml version="1.0"?>
<machine algorithm="robot" descrlptlon—"ASEA IRb6 S2 M" name="ASEA IRb6 s2 M">
<default file="asea_i

1

|

. <—| representation_item l(—' axis2_placement_3d '
shape_representation !
1

|

1

items S [1:7] Component

6_s2_new.stp"/>

<geometry shape_cid="1044"/> |

<chain target="tool">

<axis name="a*" dir_reverse="true" max="360" min="-360">
<geomelry shape_eid="7001" rotation_axis="4252"/>
</axis>
<axis name="b*" max="360" min="-360">
<geometry shape eid="9833" rotation_axis="8798"/>
</axis>
<axis name="¢*" max="360" min="-360">
<geometry shape_cid="19469" rotation_axis="15687"/>
</axis>

</chain>

<axis name="d*" max="360" min="-360">
<geometry shape eid="20437" rotation_axis="20400"/>
</axis>
<axis name="e*" max="360" min="-360">
<geometry shape_cid="20123" rotation_axis="20103"/>
<geometry shape_eid="28884"/>
<geometry shape_cid="32147"/>
<geometry shape_eid="32890"/>
<geometry shape_eid="33803"/>
<geometry shape eid="34863"/>

</axis>
<placement shape_eid="34863" rev
<location shape
<location shape_eid

id="34791">
_cid="34791" component="xy"/>
134863" face_cid—"34489" componeni—"7"/>

</placement>

<chain target="workpiece">

</chain>

</machine>

<placement location="600 0 500"/>

Figure 5.11: Graphical model with the reference paths followed in interpreting the application’s requirements
Source:(ALVARES et al., 2020)



The structures and entities in the STEP file of the virtual robot model are processed, identified and
extracted, and subsequently inserted into the XML file. The Figure 5.11 presents a graphical model with
the reference paths followed in interpreting the application’s requirements to generate the XML file.The
reference paths extracted from the STEP standard’s integrated resources allow knowing the STEP inter-
change file’s data structure and formulate a strategy to access these entities attributes. Each entity in the
neutral STEP exchange file has a specific reference path, making it possible to reuse it in different appli-
cation contexts. In our case, the developed application extracts only the assembly’s information and its
components and presents the necessary attributes for creating the XML file.

In the upper part of Figure 5.11, the reference paths that structure the assembly information are pre-
sented. In the lower-left part, a code fragment of the robot’s virtual model is shown with the information
of an instance. The application creates a list of the elements and attributes of each entity. This information
helps identify each element of the robot’s kinematic model and configure the string in the XML file. In
the lower right part of the figure, the XML file generated for the ASEA robot simulation is presented. It is
observed that the tag that identifies the component entity in the model file is finally part of the XML file.

Iabel name items context_of_iten Load File XML
#1044 (#1043#1026)  #1039=(GEOMETRIC_REPRESENTA

v “, Relationships=1120
8 First shape?1044
8 Second shape#1108
> * Relationships£7078

v ¥ fileStep/asea.xml
¥ <machine algorithm="robot" description="ASEA2" name="ASEA2" >
Shape #1044 : <default file="asea_irb6_s2_new_stpstp™ >
= shape "mé\* <geometry shape,_eid="1044" >
<chain target="tool"

v % Chain Tool

v o Adsa

Shape £7001:
bt Shape 27062

& Adsb

& Axsc

& Adsd

& Avise

Sort assembly ~ Reset Layout

<geometry ¥ pe_sid="20122" >
Sort chain tool ~ Add Axis chain <geometry shape._eid="28884" >

<geometry shape_cid="32147" >

Figure 5.12: Robot assembly component reference labels
Source: (ALVARES et al., 2020)

An example of the process followed to generate the XML file is shown in Figure 5.12. To correctly
configure the different parameters, it is necessary to identify within the STEP file of the robot model the
reference labels of each kinematic chain component. Alternatively, ST-Viewer software is used to assist
this identification phase. ST-Viewer presents, in addition to the virtual robot model view, information on
the reference paths valid to define without mistake the geometry labels in the shape_eid attribute and
surface labels in the face_eid attribute of the XML file.

The positions of each of the rotational joints of the ASEA IRB6-S2 robot are also defined. In the
file, five axes (a, b, c, d, e) are created and configured to represent the degrees of freedom that the robot
has. Each of the elements associated with that degree of freedom is defined in the axes (a, b, ¢, d, e).
A position concerning the robot’s fixed coordinate system is defined to locate its workspace’s workpiece.

The Figure 5.13 shows the XML file’s final configuration, which enables virtual simulation within the
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STEP-MACHINE environment.

<machine algorithm="robot" description="ASEA IRb6 S2 M" name="ASEA IRb6 s2 M">
<default file="asea_irb6_s2_new.stp"/>
<geometry shape_eid="1044"/>
- <chain target="tool">
- <axis name="a*" dir_reverse="true" max="360" min="-360">
———————————— muiti(miaxis:"4252"/>
</axis>
- <axis name="b*" max="360" min="-360">
<geometry shape_eid="9833" rotation_axis="8798"/>
</axis>
- <axis name="c¢*" max="360" min="-360">
<geometry shape eid="19469" rotation_axis="15687"/>
</axis>
- <axis name="d*" max="360" min="-360">
<geometry shape_eid="20437" rotation_axis="20400"/>
</axis>
- <axis name="e*" max="360" min="-360">
<geometry shape_eid="20123" rotation_axis="20103"/>
<geometry shape_ecid="28884"/>
<geometry shape eid="32147"/>
<geometry shape_eid="32890"/>
<geometry shape_eid="33803"/>
<geometry shape_eid="34863"/>

</axis>

| - <placement shape eid="34863" reversed="true" axis_face_ eid="34791">
<location shape_eid="34863" face eid="34791" component="xy"/>
<location shape_eid="34863" face cid="34489" component="z"/>

</placement>
</chain>
- <chain target="workpiece">
<placement location="600 0 500"/>

</chain>
</machine>

Figure 5.13: XML representation for virtual robot
Source:(ALVARES et al., 2020)

With the XML file already created and configured, it is stored together with the robot’s virtual model in
the STEP-NC Machine installation folder and the available machine tools files. The ASEA IRB6-S2 robot
can be used in simulation as a machine tool. Figure 5.14 shows the environment ready to run the simulation
and verify the programs generated through each architecture. Each program generated specifically for
the manufacture of a part model is loaded into the STEP-NC Machine environment. Figure 5.14 shows
the procedure to include the part’s model to be manufactured and simulate the manufacture using the
ASEA IRB6-S2 robot. The simulation allows off-line programming, verification, and validation of each
architecture’s results, executed avoiding using the real robot in this analysis phase, providing an excellent
environment to test manufacturing strategies, analyze results, and make decisions without compromising

resources. The simulation results will enable the real manufacture of each piece studied.

5.4 Implementation of Case Study 3

Dimensional measurement has come a long way to be considered an essential tool for improving ad-
vanced manufacturing processes. Previously, the process was limited to taking measures within a controlled
environment to obtain uncertainty and error values. The demands of increasingly efficient and sustainable
processes promote significant changes, which pose new challenges and establish several unresolved is-
sues. Within the integration and interoperability context, the main issues arise from integrating, planning,
and controlling the manufacturing and measurement systems. Solutions in defining architectures, commu-
nication mechanisms with machine controllers, and measurement with machine tools currently focus on

different researches.
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Figure 5.14: STEP-NC Machine simulation environment
Source:(ALVARES et al., 2020)

This sect aims to describe the methods of measuring parts, the defined control architecture, and the

feedback strategy. Coordinate measurement is a flexible measurement technique compatible with other

technologies that provide the results necessary to achieve the project objectives. To link the measure-

ment results in a closed-loop with the manufacturing processes, the CMM machine (Coordinate Measuring

Machines) is used to acquire dimensional information of the part. The following are aspects related to

dimensional and geometric inspection.

5.4.1 Extracting CAD Information Requirements

There are different tools to create CAD models, but it is vitally important to develop a measurement

plan. In the proposed application context, the part design is developed based on features. In the product

data model based on the STEP standard, it is necessary to use the application protocols functional units to

define the features and properties. Listed below are the UoF available in the STEP standard application

protocols to support information modeling and parts design.

» The part shape representation model

Manufacturing feature model

* Part geometry model

Part topology model

e Tolerances model

Manufacturing part properties model

Part administration data model

Part modeling technology based on features is the main component in integrating the product life cycle

processes. The STEP standard mainly uses this technology to provide a neutral, interoperable format for

exchanging product information.
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In extracting requirements from the CAD model, some technological solutions can support the initial

phase of construction of the 3D model, specification of geometric and dimensional tolerances.

5.4.2 Typical case simulation: Inspection at the Start of production

A manufacturing case is simulated to demonstrate the architecture, the mode of operation, and the
scope of the methodology exposed with the developed system. Figure 5.15 presents the projected scenario
and the phases required to simulate a case for a closed-loop inspection.

7 soubworks  SIEMENS NX

Design System Process Planning

CAD System CAM Compensation System CNC Controller

Data & .
Validation E
i, I

Tolerance Inspection Measurement
Analyses Data Execution

Part

CAIP STEP-NC Machine

D e

Measurement Plan

CAD model nominal

Closed-Loop Inspection

Figure 5.15: Scenario and phases of architecture

The physical configuration used as a reference for the simulation is shown in Figure 5.15. In this
configuration, different technologies of proprietary CAx systems interact. The developed solution manages
to be integrated into the architecture within the creation of the neutral STEP interchange file that contains
the CAM process in AP238 format. The system begins with a CAD model of a prismatic part projected for
fabrication. The part is created within the Solidworks design environment using sketch tools. After the part
design, the DimXpert tool included in Solidworks defines the geometric tolerances: flatness, parallelism,
and perpendicularity. Figure 5.16 shows the definition of geometric tolerance. DimXpert adds reference
dimensions by applying dimensions in drawings to fully define manufacturing features, such as patterns,

grooves, and cavities.

After having the part and its feature completely defined both dimensionally and geometrically, the
definition-based model is exported, encoding the information in an AP242 format. Figure 5.16 shows the
export process carried out from Solidworks. This first phase of CAD design in the architecture is carried out
in proprietary software; the integration and interoperability condition is not affected since the format used
for interchange is based on a neutral STEP interchange file. This model will accompany the subsequent

phases and can be nurtured with new entities generated in other phases of the architecture.
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Figure 5.16: Definition of tolerances with DimXpertManager for the example part

5.4.2.1 CAD/CAPP/CAM integration

The framework is used to encode a series of tool paths are encoded to build the CAD design feature.
The framework generates a neutral STEP exchange file (see annex B.2) in AP238 format containing the

project, main workplan, and a workingstep with the facing operation that contains the toolpath.

The STEP-NC Machine software is used to define and nurture the file with more relevant information
in the CAPP and CAM system. The neutral STEP exchange file (see annex B.2) is loaded into the STEP-
NC Machine environment; the project structure is shown in the left pane of the environment as shown in
Figure 5.17. This file contains the project structure and a Facing operation through toolpaths. With the
environment import tools, the following parts are included in the project from independent STEP exchange
formats: initial Shape, Final Shape, Delta Shape, and Tool Shape. The GD&T tolerance information is
also linked, extracted from the AP242 file that contains the Final Shape.

5.4.2.2 Generation of the STEP-NC program

The STEP-NC Machine environment allows to include information relevant to the manufacturing pro-
cess within the STEP neutral interchange file. The consolidated information can be exported again, and the
new file will contain this helpful information for manufacturing on machines with STEP file interpreters.
Due to its interoperable nature, the information contained in the file can be accessed at any stage of the life
cycle and by any technology. The data structure correctly supports the manufacturing process and each of

the operations necessary for advanced manufacturing.

The statements used and of possible processing or correction by the compensation system are presented

below:

» Statements of geometric definitions to define points, lines, circles, and planes.
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Figure 5.17: Integration of the Step file project with additional information for the manufacturing process

* GD&T setting specification.

» Modification or generation of new trajectories that compensate or reduce the uncertainty in the result.

Processing result, a program in AP238 format is generated. The appendix B.2.2 shows a code snippet
AP238 program generated in the STEP-NC Machine.

5.4.2.3 CAD/CAIP/CAI integration

The integrated inspection process within the manufacturing chain plays an essential role in improving
the process. The inspection is in charge of making a check of the design specifications on the manufac-
tured product to inform the differences and through an analysis to establish the respective corrections. The
inspection plan CAIP generates the plan to perform the measurement takes the structured product informa-
tion from the digital model that contains the geometries and definitions necessary to represent the nominal
restrictions of the product. The model developed in the CAD system specifies the nominal values, varia-
tions, limits, tolerances, and restrictions in the geometry of a part. The plans generated with CAIP systems
are usually developed for CMM and can be executed to control tolerances and check geometry (NASR et
al., 2016).

CAIP systems generate heuristic rules with a determined sequence to measure features. Inspection can
be considered global when geometric features are grouped to create a global inspection plan or location
when each feature is divided for measurement into geometric components such as (plane, circle, lines).
In both cases, the planning includes the number of measurement points and the trajectory to be covered.
The main activities developed in the CAIP system are: determining the number of measurement points,
selecting the appropriate sensor to inspect each feature, analyzing the accessibility of each measurement
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point, generating the trajectories, simulating the inspection process, creating an execution plan, perform

the measurement and analyze the results.

Inspection results integrated with manufacturing processes can be used as a reference for position-
ing (raw material, zero compensation), planning sequences of machining operations, and compensating
for systematic errors. In some cases, the integration of dimensional inspection planning with execution
systems is done through the DMIS protocol (Dimensional Measuring Interface Standard), which, unlike
STEP/STEP-NC, product definitions are not based on features. The protocol establishes the communi-
cation between inspection programs and measurement equipment, mainly with proprietary technologies.
The planning-based execution software creates a program to carry out specific measurement operations,
which contains low-level commands necessary to control the equipment in charge of the inspection. 14+
DME is the protocol used to conduct CMM. The measurement results are transferred to the analysis report
using DML (Dimensional Markup Language), responsible for structuring the transfer between inspection
devices and databases based on XML. The DMIS provides CAIP integration with CAI but does not inte-
grate the results and analyses with the original project, which generates communication problems due to
the exchange of formats and incompatibilities with the STEP environment due to not having features to

manufacture the flow of unidirectional information.

The use of STEP-NC in inspection tasks allows generating automatic alternatives to move the CMM.
The automatic definition of inspection strategies and operations is not included in the standard and must
be defined externally by the user. The standard in this regard supports data exchange but does not provide
solutions due to complexity (orientation, movement, speed). Any autonomous functionality must be devel-
oped based on the information provided by STEP and implemented in the control of the machine. AP219
was created to exchange dimensional inspection data to focus on planning inspection operations and to
specify the GD&T of a product within a neutral format.

The Figure 5.18 shows the inspection planning process performed at NX-Siemens. NX ™ CMM
inspection scheduling software allows generating quality inspection schedules, typically in the industry-

standard Dimensional Measurement Interface Specification (DMIS) format.

Nx-Siemens provides an environment for planning both manufacturing and inspection processes. The
objective is to simulate an automatic measurement environment that involves detecting tolerance speci-
fications, defining touch probes, creating collision-free trajectories, and reconfiguring the order in which
those trajectories are executed. Different part setups can be considered in the inspection process when it
is necessary to access features in complex parts. The simulation is based on a CAD model exported from
Solidwork to demonstrate interoperability through the neutral STEP format. From this CAD model based
on definition and structure in a neutral exchange file with AP242 structure, the dimensional and geometric
specifications are extracted to start the inspection planning. The planning process follows the procedure
described in the section 2.6.4. When the simulations are carried out, and the configurations applied in
the CAIP are approved, a DMIS output file is generated due to the process, helpful in executing the mea-
surement process. The appendix D.4.1 contains the DMIS output file generated in the inspection process

planning.

After detecting an error, the compensation strategy can be linked to the framework, in charge of reading

the values susceptible to changes in the AP238 file and making the necessary modifications to correct
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5.4.3 Typical case simulation: Inspection within production cycle

In industrial manufacturing processes, the dimensional management of the product fulfills several roles.
It is necessary to maintain a balance between productivity and quality. A quality product previously re-
quired demanding dimensional and geometric specifications, which significantly influences productivity.
In the current technological circumstances and within the proposed architecture, a closed-loop inspection
can ideally guarantee the quality of the product and maintain a high level of productivity. The question
is that overvalued dimensional specifications cause manufacturing problems because they require capac-
ity in machines and processes adjusted to meet these demanding specifications. Parts with demanding
specifications are of better quality but more challenging to manufacture, impacting productivity. Another
aspect derived from this issue is that relaxed geometric, and dimensional specifications increase productiv-
ity but sacrifice quality in the final result. The closed-loop inspection architecture seeks to find a zone of
dimensional compliance that establishes a balance between productivity and quality, seeking continuous
improvement of the process.

Dimensional conformance offers a robust design against dimensional variations in manufacturing and
error-controlled production processes. In the previous case study, a control scheme was proposed to verify
and control the errors that may occur in a part that is to be produced in series. The process is adjusted to
meet these design specifications by making. In this case, we will present a scheme that can be applied to
obtain dimensional conformity that maintains the balance between productivity and quality and serves as a
strategy for process control compensating for errors that can be identified. The paths to achieve dimensional
compliance include information generated in different phases of the life cycle. Can improve the geometric

specifications of the product in the design phase, control the production and manufacturing processes and
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improve the way to inspect or take measurements on the part.

Every piece performs a functional role and is often part of an assembly. Not all dimensions must
be demanding to fulfill a function; however, one must perform a functional analysis to identify the critical
dimensions that require a more demanding specification. Computational resources can support this work of
functional analysis and definition of specifications. The central limit theorem is a proper method to estimate
the behavior of random variables such as the result of manufacturing a part. The theorem indicates that
when the size of a bone sample and the number of pieces manufactured is large enough, the distribution
of the mean follows approximately normal or Gaussian distribution. The samples accumulate around the

mean and with extreme values far from that mean; this concept is known as the confidence interval.

5.4.3.1 Define the Problem

For this analysis, the inspection results obtained from the production follow-up of a part are used. The
measurement was performed in a Mitutoyo CMM, and the results exported from MeasurLink to identify
causes of particular variation within the process and identify opportunities for improvement that reduce
process variation. The measurement is carried out on features considered critical and must be monitored.

The inspection results are used to estimate future data and determine if the process is under control.

5.4.3.2 Determine the factors that affect the process of manufacturing

The statistical study is carried out to find a relationship between the errors and the causes that cause
them. It also makes it possible to determine the capacity of the machine to manufacture these types of
parts. Measurements are made on two linear features of the part that can provide relevant information on

the process. These features represent the functional features of the part under control.

The case of process control is defined between the limits of 6. The figure shows a graph of measures
by variable extracted from the inspection results, thrown by Measurerlink from where the limits defined
for this section could be observed. The variability measure is associated with considering the Gaussian
result where the ;1 & 3 o range includes approximately 99.7% of the characteristic values. The range limits
define natural tolerances as intrinsic to the process. The specification limits (LIE and LSE) are considered
to define the range of permissible values of the variables that are forced. The objective defined by the mean
value 1 will be centered concerning the specification limits. Capability index is defined as:

Cp:LSE—LIE/GU 5.1
where
60 = (UCLy — LCLy)v/n (5.2)
and
Tolerancenaturat = (UCLz — LC'Lz)v/n (5.3)
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If 1 and o are known, then the construction of the graph of media is immediate from its definition:

UCL; =%+ As xR (5.4)

LCL; =% — As* R (5.5)

The Figure 5.19 presents a graphical result of means. An analysis of the results is necessary to obtain
more information on the behavior of the process. Indeed, from the dispersion of the sample values, it
is possible to estimate the dispersion of the process and follow the evolution. The standard deviation o
measures the dispersion of the values of a population, and the most frequently used sample estimators are
the path R (Graph R) and the sample standard deviation S (Graph S).
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Figure 5.19: Measurement graph for the variable
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Table 5.1 presents a summary of the measurement result returned by Measurlink that presents standard

deviation (o), natural process variability (60), and process capability (Cp) (see appendix G.6).

Table 5.1: References for quality control

Indicator ‘ 60 ‘ o ‘ Cp ‘ Cpk ‘ X R
Dx_Tolerancia-DSTNCE 3,4702 0,5783 0,8450 0,3000 171,1449  0,4449
Dy_Tolerancia-DSTNCE 2,7533 0,4588 0,8408 0,7911 170,4408 0,4471
Ly_1 Length Toleranc-DSTNCE 3,8667 0,6444 0,6805 0,6646 170,5233 0,5524
Ly_2 Lenght_Toleran-DSTNCE 4,4777 0,7462 0,6013 0,5647 170,5608 0,6252
Lx_1 Lenght_Toleran-DSTNCE 3,5157 0,5859 0,8430 0,3711 171,0598 0,4459
Lx_2 Lenght_Toleran-DSTNCE 3,4685 0,5781 0,8229 0,2388 171,2097 0,4568

With the parameters presented in Table 5.1, it is possible to obtain the errors associated with the part.
The systematic error is constant in the process and occurs in the same way in all measurements made on a
quantity. The causes of systematic errors are mainly attributed to defects in the manufacturing machine or
the measuring instrument. Equation 5.6 is used to calculate a systematic error value. The result obtained

for the systematic error is presented in Table 5.2.

Errorgis = V; — X; (5.6)
where V;: Desired value X;: Mean

The value for the manufacturing error is obtained using the definition of the root mean square error
with the variability values of the natural process (60). The values obtained in the measured characteristics
allow the calculation of the manufacturing error. In detecting manufacturing errors, it is also essential to
determine the angle of displacement of each axis of the machine concerning the piece’s characteristics. The
procedure for calculating the angle of displacement is to perform a linear regression of the data from the
normal distribution of the data to obtain a line that correlates with the measurement values (see appendix
F.5.1). The equation obtained for each feature will describe a slight incline calculated to determine the off-
set angle. The data used in this procedure is the output data generated by the Mitutoyo Measurlink software.
Figure 5.20 shows the graphical result thrown for the Dx_Tolerancia-DSTNCE feature. The information
of each characteristic that was manufactured in the disposition of a machine tool axis is extracted. Figure
5.20 shows the result of the linear regression procedure for Feature Dx_Tolerancia-DSTNCE. The Table
5.2 summarizes the result for each feature analyzed; it presents the deduced equation and the angle of dis-
placement concerning an axis of the machine. The results obtained allow making corrective maintenance

decisions that lead to improving the quality of the part.
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Figure 5.20: Result of the linear regression procedure for Feature Dx_Tolerancia-DSTNCE
Table 5.2: Manufacturing errors found with inspection results
Indicator ‘ Errors;s 0> ‘ oy’ ‘ Ty ‘ y=mz+b ‘ 0]
Dx_Tolerancia-DSTNCE -0,6449 0,3345 - 0,5451 y = 170, 7698 + 0.00428x 1,4818
Dy_Tolerancia-DSTNCE 0,0591 - 0,2105  0,5451 y = 170,2022 + 0,233z 1,3381
Lx_1 Lenght_Toleran-DSTNCE -0,5598 0,3433 — 0,7586 y = 170,7224 + 0,0232z 1,3329
Ly_1 Length_Toleranc-DSTNCE  -0,0233 - 0,4153  0,7586  y = 170,8090 + 0,0276x 1,5827
Lx_2 Lenght_Toleran-DSTNCE -0,7097 0,3341 - 0,8911 y = 170,1995 + 0, 0223z 1,2794
Ly_2 Lenght_Toleran-DSTNCE -0,0608 - 0,5569  0,8911 y = 170,2082 + 0, 0243x 1,3927

5.5 Summary

The chapter presents a computational solution adhering to the STEP standard tested in three different

application contexts. In the three typical cases addressed, the neutral STEP file (p21) managed to integrate

different technologies associated with the different CAx systems to transmit the data collected or generated

in the process. The computational implementation presented brings together the knowledge of the standard,

applied to generate a solution adhering to ISO 10303 and used within a closed-loop manufacturing archi-

tecture. The procedure described, and the case studies, allowed to test the hypothesis and a neutral data

structure to overcome the integration and interoperability barriers. The methodology followed for the com-

putational development of the application can facilitate new developments. The development environment

described provides tools for manipulating the EXPRESS schemas that are the basis of all computational

development.
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Chapter 6

Conclusions

This thesis summarizes the study carried out on the ISO10303 standard to know the neutral, scalable
data structure supporting data integration and information transfer. The current requirements that require
sharing information between CAx systems can be fulfilled through STEP. Understanding the interrelation
of data in the different phases of the life cycle shows that interoperability problems arise when the ex-
change of information is not carried out in an integrated way. The potential to use a data structure within
an object-oriented perspective, the ability to reuse definitions within different application contexts with-
out compromising data integrity shows that the standard can adapt to current and future demands. As for
the developments found, they are pretty scarce but, looking at recent publications; it is possible to high-
light a growing trend of interest in solutions based on the STEP standard. The main barrier encountered
when studying the standard lies in the difficulty of interpreting the standard and making abstractions that
can develop a rapid technological solution. However, its robust structure that bases its descriptive model
on EXPRESS schemes facilitates new insertions and promotes automatic code generation; In this sense,
projects associated with the STEP standard can potentially be advantageous compared to other data struc-

tures.

Updates to the STEP standard generate new EXPRESS schemes; the possibility of generating updates
to the solutions lies in exploiting the potential of the EXPRESS language. Development of mechanisms
to generate components based on the EXPRESS schemes that contain a conceptual description expressed
syntactically and semantically, tools to create schemes that support applications that are still outside the

norm are possibilities that will define the massive implementation within environments more specific.

A method was exposed to integrate data and measurement results within a closed manufacturing cycle
in the present work. The technique uses neutral data structures, eliminating technological dependencies
and allowing an alternative to overcome interoperability barriers that hinder feedback of measurement
results. The presented solution seeks to share data with a descriptive and structural component compatible
with different CAx systems. Data through the ISO10303 standard are assigned for standardized exchange,

sharing the same syntax and semantics in each manufacturing cycle system.

The architecture presented is projected on the models based on definition, involving neutral STEP
exchange files, and seeking to meet the information requirements of the measurement processes to integrate
with technologies adhering to the perspective of Industry 4.0. The concepts of Industry 4.0 promote the
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integration and interoperability of systems. The model presented is designed to create an architecture that

integrates both the manufacturing and inspection processes in the new digital era.

6.1 Thesis Contributions

This thesis document addresses the development of a conceptual framework for closed-loop inspection
based on STEP-NC adherent coordinate measurement technology. The development methodology pre-
sented in this research allows meeting the information demands of the process, integrating the inspection
results within the digital manufacturing chain, and building a closed circuit where the measurement results

are the basis for making decisions that promote process improvement.

Table 6.1: Synthesis of thesis contributions

Contribution Description ‘ Related chapters and sections

1 Functional Model for CAD/CAPP/CAM/CAM/CHALI integra- Chapter 4: Conceptual Framework

tion. The model contains the flow of data, activities, and rela-

tionships between the CAXx systems.

Proposal for Closed-Loop Inspection
(AIM)

2 A conceptual model for closed-loop manufacturing and inspec-  Chapter 4: Conceptual Framework Pro-
tion. The model contains the construction fundamentals to be  posal for Closed-Loop Inspection
used as a reference in the development of other solutions adher-
ing to the STEP standard.

3 AIM model and foundations for the transfer of requirements Chapter 4: Conceptual Framework Pro-
generated in the conceptual model in computational implemen-  posal for Closed-Loop Inspection
tation strategies.

4 A Methodology for the development of computational solu- Chapter 4: Conceptual Framework
tions. The methodology includes specification, verification, and ~ Proposal for Closed-Loop Inspection,
implementation of conceptual models adhering to the STEP  Chapter 5: The STEP Development and
standard. Deployment Environment

5 Programming architecture with an object-oriented perspective  Chapter 5: The STEP Development and
provides libraries created for the classes related to the concep-  Deployment Environment
tual model coded in self-describing language for academic pur-
poses. This architecture seeks to promote new developments on
this line of research.

6 A interoperable inspection and manufacturing closed-loop inte-  Chapter 5: The STEP Development and

gration architecture, with strategies for error compensation.

Deployment Environment

The main contributions are summarized in the Table 6.1 and detailed below:

1. Functional Model for CAD/CAPP/CAIP/CAM / CAI integration. Describes data flow, activi-
ties, and relationships between CAx systems: The conceptual model is the product of a literature
review carried out to identify solutions for the integration and interoperability of CAx systems. In
this review process, the main variables that interact within a closed manufacturing loop were iden-

tified, and a closed inspection loop was designed. The functional model describes and ranks the
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activities through blocks that offer a high-level view of the project’s scope. Emphasis is placed in
this model on using available neutral data structures for information exchange that meet digital tech-
nological requirements and demands. This Functional model covers the entire integration aspect of
closed-loop manufacturing and inspection.

. A conceptual model for the integration of CAx systems and construction foundations for ref-
erence in the development of other solutions adhering to the STEP standard: The conceptual
model is presented as a methodology that allows describing in a more specific way how the integra-
tion of data and information happens in the closed-loop architecture of manufacturing and inspection.
The STEP standard is adopted as a means of exchange, which through the description method in EX-
PRESS language, manages to provide details of the data flow, coding structure, and architecture for
integration in all phases of the product life cycle. This conceptual model is presented as a contribu-
tion because it is not documented as a particular solution to the context addressed but is detailed in a

generalized way to facilitate abstraction to other application contexts projected adherents to STEP.

. AIM model and foundations for the transfer of requirements generated in the conceptual
model in computational implementation strategies: The AIM model enables computational im-
plementations. It is a complex model and requires specialized knowledge in software development
for creation in greater detail than in many situations. The necessary foundations to build this model
are documented; an example of transferring the specifications given in the conceptual model to the
AIM model is presented. Using built-in resources and application builders allows connecting the
conceptual model with programming languages and structures. The perspective adopted by the stan-
dard is object-oriented, where hierarchies due to inheritance and complex entities are interrelated.
This development cycle is presented starting from a high level until reaching instructions, classes,

and instances that support the flow of information.

. Methodology for developing computational solutions with specification, verification, and im-
plementation of conceptual models adhering to the STEP standard: A viable development en-
vironment is presented to build any solution adhering to the STEP standard. Tools and requirements
already proven through the case studies are described to promote particular solutions within this line.
It is presented as a methodology since it was proven, and due to the state of art, very few works are
developed for independent application contexts. The implementation methodology is current, scal-
able, and allows for incremental improvements; Important issues when we know that the ISO10303

standard is constantly evolving.

. Programming architecture within an object-oriented perspective with libraries created for the
classes related to the conceptual model in self-descriptive language for academic purposes that
promote new developments on this line: A solution with a textual interface and development-
oriented to unit tests was created to verify the methodology. It required building libraries and classes
for the entities used by different functional units of the application protocols. The inheritance per-
spective of the STEP standard allows an instance to be used in different application contexts; in other
words, libraries can be helpful for new developments since some of the UoF, and their relationship
structure is implemented. They are exposed as academic contributions since the code created is

self-descriptive and can be used to train and tea ch disciplines that lead to new solutions.
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6. Interoperable closed-loop integration architecture, with strategies for error compensation: The
architecture presented allows inheriting concepts of manufacturing error control and statistical pro-
cess helpful control for the closed-loop of manufacturing and inspection. Two typical example cases
are presented: when want to start manufacturing from a detailed analysis of a part and another when
want to correct errors in the middle of the manufacturing cycle. New error control techniques can be

developed in this control context.

This research with a description of procedures seeks to promote technological solutions based on
exchange-neutral files that guarantee integration and interoperability. The possibilities of implementing
the STEP standard for specific applications, such as integration of manufacturing data with inspection,
were evaluated. A method was developed for the design and implementation of computational solutions
adhering to the STEP standard. The solution obtained is specific and of particular application within a
manufacturing context, but it allows knowing and interpreting the standard to develop new solutions that

increase functionalities.

6.2 Recommendations for Future Work

Carrying out this research has allowed the identification of several lines of research that can generate
meaningful solutions within the digital career faced by the manufacturing and inspection processes. The
data structure provided by the ISO10303 standard allows for meeting various requirements in this race
to achieve integration and interoperability in the processes. Some systems currently in operation will
require interpreters to be linked in this digital age; new developments are required to process, analyze and
make decisions with the data generated. The knowledge extracted from the product life cycle will play an
essential role in optimizing the manufacturing and inspection processes since the balance between quality

and productivity can be increasingly efficient.

The data structures of the STEP standard maintain their connection with the descriptive language EX-
PRESS that is constantly evolving; it is frequently nurtured with new definitions and generates significant
updates. This EXPRESS language describes the definitions and defines the structure to transfer the data
within a context adhering to the standard. Solutions for automatic code generation based on EXPRESS
schemes will facilitate definitions of functional implementations. The importance may lie in promoting
faster solutions, which can be easily updated, promoting the maintainability of solutions that are obsolete

with new standard technological updates.

Inspection processes take relevance within the digital context, especially in the construction of knowl-
edge; technological advances in measurement systems seek to automate the process, reduce human par-
ticipation and errors produced in the measurement phase. The closed-loop inspection strategy requires
solutions focused on maintaining interoperability, interpreting results, associating manufacturing errors
with process causes, establishing automatic error compensation strategies, and optimizing the measure-

ment process.

The inspection process requires even more significant contributions that support the execution of in-

spection processes, representation of measurement results that allow covering and linking the different
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measurement alternatives outside the conventional ones. The planning of the inspection process can also
change due to the nature or principle of measurement. Solutions based on the neutral data structure of
STEP will allow to link results automatically and transmit them to the different phases of the product life

cycle, where they can be helpful in the improvement of the process.

Mechanical structures with particular configurations that provide better performance in manufacturing
and inspection can be developed to interpret neutral exchange files. Automatic recognition of Features,
generation of optimal trajectories, kinematic control, and configuration of process variables can be devel-
oped in the not too distant future to improve the process efficiency. Structures with hybrid manufacturing

or that direct link inspection within manufacturing can take advantage of these developments.

The active participation of the manufacturing sector has generated significant contributions in con-
structing the knowledge contained in the application protocols. This participation leverages the develop-
ment and its massive distribution of the data structure. The ISO 10303 standard is being assumed within
the manufacturing context, solutions focused on maintaining technology-independent interoperability and

data integration with the consistency of information would be well-received by the commercial sector.

Several neutral exchange formats are emerging, some focused on monitoring and capturing process
variables, others specialized in communication. Expert systems that manage to process the amount of data
generated in the manufacturing environment and generate knowledge for better productivity without for-
getting quality can be developed based on intelligent techniques. These systems endowed with learning
capabilities, self-diagnostics, self-correction of errors, and optimization of resources will completely trans-
form the concept of manufacturing as we know it today. The neutral data structure provided by STEP can

be the natural element to extract information.

128



REFERENCES

ALIL L.; NEWMAN, S. T.; PETZING, J. Development of a step-compliant inspection framework
for discrete components. Proceedings of the Institution of Mechanical Engineers, Part B: Journal of
Engineering Manufacture, Sage Publications Sage UK: London, England, v. 219, n. 7, p. 557-563, 2005.

ALVARES, A. Uma metodologia para integracdo CAD/CAPP/CAM voltada para manufatura remota de
pecas rotacionais baseada na internet, 2005, 249f. Tese (Doutorado) — Universidade Federal de Santa
Catarina, Floriandpolis, Santa Catarina, 2005.

ALVARES, A. J. A tecnologia de medicdo por coordenadas como base para a regulacdo da qualidade
geométrica do processo de usinagem CNC. Dissertacdo (Mestrado) — Universidade federal de santa
Catarina, 1990.

ANJANAPPA, M.; DICKSTEIN, J.; ANAND, D.; KIRK, J. Automated inspection data analyzer for
closed loop manufacturing. In: Proceedings of Manufacturing International. [S.1.: s.n.], 1990. v. 90, p.
17-25.

ANJANAPPA, M.; DICKSTEIN, J.; SUBBACHARYA, M. Computer-aided inspection data analyser. The
International Journal of Advanced Manufacturing Technology, Springer, v. 12, n. 2, p. 93-102, 1996.

ASME Y14.5M. Dimensioning and tolerancing. 1994. Disponivel em: <https://www.asme.org/products/
codes-standards/>.

BAGSHAW, R.; NEWMAN, S. Quality information feedback within a contemporary metalworking
smaller manufacturing enterprise. Proceedings of the Institution of Mechanical Engineers, Part B: Journal
of Engineering Manufacture, Sage Publications Sage UK: London, England, v. 213, n. 5, p. 533-538,
1999.

BAGSHAW, R.; NEWMAN, S. Manufacturing data analysis of machine tool errors within
a contemporary small manufacturing enterprise. International Journal of Machine Tools and
Manufacture, v. 42, n. 9, p. 1065 — 1080, 2002. ISSN 0890-6955. Disponivel em: <http:
/Iwww.sciencedirect.com/science/article/pii/S0890695502000275>.

BENAVENTE, J. C. T. Um sistema para o projeto e fabricacdo de pegcas mecdnicas a distdncia via
internet aderente a norma ISO 14649 (STEP-NC). Tese (Doutorado) — Universidade Federal de Santa
Catarina, 2011.

BERNSTEIN, W. Z.; JR, T. D. H.; HELU, M.; FEENEY, A. B. Contextualising manufacturing data
for lifecycle decision-making. International Journal of Product Lifecycle Management, Inderscience
Publishers (IEL), v. 10, n. 4, p. 326347, 2017.

BHANDARKAR, M. P.; NAGI, R. Step-based feature extraction from step geometry for agile
manufacturing. Computers in industry, Elsevier, v. 41, n. 1, p. 3-24, 2000.

129


https://www.asme.org/products/codes-standards/
https://www.asme.org/products/codes-standards/
http://www.sciencedirect.com/science/article/pii/S0890695502000275
http://www.sciencedirect.com/science/article/pii/S0890695502000275

BORTOLINI, M.; GALIZIA, F. G.; MORA, C. Reconfigurable manufacturing systems: Literature review
and research trend. Journal of Manufacturing Systems, v. 49, p. 93 — 106, 2018. ISSN 0278-6125.

BRECHER, C.; VITR, M.; WOLPF, J. Closed-loop capp/cam/cnc process chain based on stepand step-nc
inspection tasks. International Journal of Computer Integrated Manufacturing, Taylor & Francis, v. 19,
n. 6, p. 570-580, 2006.

BRODSKY, A.; SHAO, G.; KRISHNAMOORTHY, M.; NARAYANAN, A.; MENASCE, D.; AK, R.
Analysis and optimization in smart manufacturing based on a reusable knowledge base for process
performance models. In: IEEE. Big Data (Big Data), 2015 IEEFE International Conference on. [S.1.],
2015. p. 1418-1427.

BRUNNERMEIER, S. B.; MARTIN, S. A. Interoperability cost analysis of the US automotive supply
chain. [S.1.]: DIANE Publishing, 1999.

CAMPOS, J. G.; HARDWICK, M. A traceability information model for cnc manufacturing.
Computer-Aided Design, Elsevier, v. 38, n. 5, p. 540-551, 2006.

DANIJOU, C. Ingénierie de la chaine numérique d’industrialisation: proposition d’un modele
d’interopérabilité pour la conception-fabrication intégrées. Tese (Doutorado) — Compiegne, 2015.

DAVIS, J.; EDGAR, T.; PORTER, J.; BERNADEN, J.; SARLI, M. Smart manufacturing, manufacturing
intelligence and demand-dynamic performance. Computers & Chemical Engineering, v. 47, p. 145 — 156,
2012. ISSN 0098-1354. FOCAPO 2012.

DMSC. Quality information framework (qif) — an integrated model for manufacturing quality information.
2015. Disponivel em: <http://qifstandards.org>.

FENG, S. C.; YANG, Y. A dimension and tolerance data model for concurrent design and systems
integration. Journal of Manufacturing systems, Elsevier, v. 14, n. 6, p. 406-426, 1995.

GALLAHER, M. P.; O'CONNOR, A. C.; PHELPS, T. Economic impact assessment of the international
standard for the exchange of product model data (step) in transportation equipment industries. NIST
planning report, p. 02-5, 2002.

GHANTA, S. A STEP Implementation for Product Data Exchange: DTO05A. 2012.

GUNASEKARAN, A.; VIRTANEN, I.; MARTIKAINEN, T.; YLI-OLLI, P. The design of computer-
integrated manufacturing systems. International Journal of Production Economics, Elsevier, v. 34, n. 3, p.
313-327, 1994.

HANDBOOK, S. A. ISO 10303, Version 3. [S.1.]: SCRA, 2006.

HARDWICK, M. Digital twin machining. 2017. Accedido 14-05-2018. Disponivel em: <https:
/Iwww.steptools.com/blog/20171011_twin_machining/>.

HARDWICK, M.; ZHAO, Y. F.; PROCTOR, F. M.; NASSEHI, A.; XU, X.; VENKATESH, S.;
ODENDAHL, D.; XU, L.; HEDLIND, M.; LUNDGREN, M. et al. A roadmap for step-nc-enabled
interoperable manufacturing. The International Journal of Advanced Manufacturing Technology, Springer,
v. 68, n. 5-8, p. 1023-1037, 2013.

HARDWICK, S. T. M. Operate orchestrate and originate. In: Digital Manufacturing Advisory
Group. [s.n.], 2016. Disponivel em: <https://www.nist.gov/sites/default/files/documents/el/msid/12_
MHardwick-DMDII-O3-3.pdf>.

130


http://qifstandards.org
https://www.steptools.com/blog/20171011_twin_machining/
https://www.steptools.com/blog/20171011_twin_machining/
https://www.nist.gov/sites/default/files/documents/el/msid/12_MHardwick-DMDII-O3-3.pdf
https://www.nist.gov/sites/default/files/documents/el/msid/12_MHardwick-DMDII-O3-3.pdf

HEDBERG, T.; LUBELL, J.; FISCHER, L.; MAGGIANO, L.; FEENEY, A. B. Testing the digital thread
in support of model-based manufacturing and inspection. Journal of computing and information science
in engineering, American Society of Mechanical Engineers, v. 16, n. 2, p. 021001, 2016.

HEDBERG, T. D.; HELU, M. M. Design and Configuration of the Smart Manufacturing Systems Test
Bed. [S.1.], 2017.

HOCKEN, R. J.; PEREIRA, P. H. Coordinate measuring machines and systems. [S.1.]: CRC Press, 2016.

HORSFALL, S. Step by Step DMIS Programming. Instant Publisher, 2007. ISBN 9781604580600.
Disponivel em: <https://books.google.com.br/books?id=orOGHwWAACAAJ>.

HORST, J. A.; MCSPADDEN, S. A Roadmap For Metrology Interoperability. [S.1.], 2006.
IGES, A. Initial graphics exchange specification version 6.0. ANSI Standard, 2001.

ISO 10303-11. Description methods: The express language reference manual. 2004. Disponivel em:
<https://www.iso.org/standard/38047.html>.

ISO 10303-203. Industrial automation systems and integration — product data representation and exchange
— part 203: Application protocol: Configuration controlled 3d design of mechanical parts and assemblies.
2011. Disponivel em: <https://www.iso.org/standard/44305.html>.

ISO 10303-214. Industrial automation systems and integration — product data representation and exchange
— part 214: Application protocol: Core data for automotive mechanical design processes. 2010. Disponivel
em: <https://www.iso.org/standard/43669.html>.

ISO 10303-219. Industrial automation systems and integration — product data representation and exchange
— part 219: Application protocol: Dimensional inspection information exchange. 2007. Disponivel em:
<https://www.iso.org/standard/38722.htmlI>.

ISO 10303-238. Industrial automation systems and integration — product data representation and exchange
— part 238: Application protocol: Application interpreted model for computerized numerical controllers.
2007. Disponivel em: <https://www.iso.org/standard/38036.html>.

ISO 10303-240. Industrial automation systems and integration — product data representation and
exchange — part 240: Application protocol: Process plans for machined products. 2005. Disponivel em:
<https://www.iso.org/obp/ui/#iso:std:is0:10303:-240:ed-1:v1:enl>.

ISO 10303-242. Industrial automation systems and integration — product data representation and
exchange — part 242: Application protocol: Managed model-based 3d engineering. 2014. Disponivel em:
<https://www.iso.org/standard/57620.htmlI>.

ISO 10303-28. Product data representation and exchange: Implementation methods: Xml representation
of express schemas and data. 2007. Disponivel em: <https://www.iso.org/standard/40646.html>.

ISO 10303-41. Industrial automation systems and integration — product data representation and exchange
— part 41: Integrated generic resource: Fundamentals of product description and support. 2018.
Disponivel em: <https://www.iso.org/standard/76127.html>.

ISO 17450-2. Geometrical product specifications (gps) — general concepts — part 2: Basic
tenets, specifications, operators, uncertainties and ambiguities. 2012. Disponivel em: <https:
/Iwww.iso.org/standard/53629.html>.

ISO 22093:2011, Industrial automation systems and integration — Physical device control — Dimensional
Measuring Interface Standard (DMIS). 2011. Disponivel em: <https://www.iso.org/standard/56444.html>.

131


https://books.google.com.br/books?id=orOGHwAACAAJ
https://www.iso.org/standard/38047.html
https://www.iso.org/standard/44305.html
https://www.iso.org/standard/43669.html
https://www.iso.org/standard/38722.html
https://www.iso.org/standard/38036.html
https://www.iso.org/obp/ui/#iso:std:iso:10303:-240:ed-1:v1:enl
https://www.iso.org/standard/57620.html
https://www.iso.org/standard/40646.html
https://www.iso.org/standard/76127.html
https://www.iso.org/standard/53629.html
https://www.iso.org/standard/53629.html
https://www.iso.org/standard/56444.html

JAIMES, C.; BONNARD, R.; FERREIRA, J.; ALVARES, A.; JAIMES, C. Closed loop integration model
for dimensional and geometric inspection of prismatic parts based on the step-nc standard. In: 24th ABCM
international congress of mechanical engineering. [S.1.: s.n.], 2018.

KERN, V. M. et al. Manutenibilidade da seméntica de modelos de dados de produtos compartilhados em
rede interoperdvel. Florian6polis, SC, 1997.

KERN, V. M. et al. Manutenibilidade da semantica de modelos de dados de produtos compartilhados em
rede interoperavel. Floriandpolis, SC, 1997.

KOLOSOWSKI, M.; DUDA, J.; TOMASIAK, J. Statistical process control in conditions of piece and
small lot production. Annals of DAAAM & Proceedings, v. 26, n. 1, 2015.

LASI, H.; FETTKE, P.; KEMPER, H.-G.; FELD, T.; HOFFMANN, M. Industry 4.0. Business &
Information Systems Engineering, Springer, v. 6, n. 4, p. 239-242, 2014.

LEE, J.; BAGHERI, B.; KAO, H.-A. A cyber-physical systems architecture for industry 4.0-based
manufacturing systems. Manufacturing Letters, Elsevier, v. 3, p. 18-23, 2015.

LEE, J.; KAO, H.-A.; YANG, S. Service innovation and smart analytics for industry 4.0 and big data
environment. Procedia Cirp, Elsevier, v. 16, p. 3-8, 2014.

LI, Y. Development architecture for industrial data management. Tese (Doutorado) — KTH Royal
Institute of Technology, 2013.

LI, Y. Development architecture for industrial data management. Tese (Doutorado) — KTH Royal
Institute of Technology, 2013.

LL Y.; HEDLIND, M.; KIELLBERG, T. Implementation of kinematic mechanism data exchange based
on step. In: CIRP 7th International Conference on Digital Enterprise Technology. Athens, Greece. [S.1.:
s.n.], 2011. p. 152-159.

LKSOFT. Jsdai overview jsdai reference documentation. 1999. Disponivel em: <http://www.jsdai.net/
overview>.

LU, Y,; LIU, C.; WANG, K. 1.-K.; HUANG, H.; XU, X. Digital twin-driven smart manufacturing:
Connotation, reference model, applications and research issues. Robotics and Computer-Integrated
Manufacturing, v. 61, p. 101837, 2020. ISSN 0736-5845. Disponivel em: <https://www.sciencedirect.
com/science/article/pii/S0736584519302480>.

LU, Y.; MORRIS, K. C.; FRECHETTE, S. Standards landscape and directions for smart manufacturing
systems. In: IEEE. 2015 IEEE International Conference on Automation Science and Engineering (CASE).
[S.L], 2015. p. 998-1005.

LU, Y.; XU, X. Cloud-based manufacturing equipment and big data analytics to enable on-demand
manufacturing services. Robotics and Computer-Integrated Manufacturing, v. 57, p. 92 — 102, 2019. ISSN
0736-5845.

MAHMOUD, H. Resource-Independent Computer Aided Inspection. Tese (Doutorado) — University of
Bath, 2016.

MAHMOUD, H.; DHOKIA, V.; NASSEHI, A. Step-based conceptual framework for measurement
planning integration. Procedia CIRP, v. 43, p. 315 — 320, 2016. ISSN 2212-8271. 14th CIRP CAT 2016
- CIRP Conference on Computer Aided Tolerancing. Disponivel em: <http://www.sciencedirect.com/
science/article/pii/S2212827116003164>.

132


http://www.jsdai.net/overview
http://www.jsdai.net/overview
https://www.sciencedirect.com/science/article/pii/S0736584519302480
https://www.sciencedirect.com/science/article/pii/S0736584519302480
http://www.sciencedirect.com/science/article/pii/S2212827116003164
http://www.sciencedirect.com/science/article/pii/S2212827116003164

MEDLAND, A.; MULLINEUX, G. A constraint approach to feature-based design. International Journal
of Computer Integrated Manufacturing, Taylor & Francis, v. 6, n. 1-2, p. 34-38, 1993.

MORONI, G.; PETRO, S. Geometric inspection planning as a key element in industry 4.0. In:
SPRINGER. International Conference on the Industry 4.0 model for Advanced Manufacturing. [S.1.],
2018. p. 293-310.

MORSE, E.; HEYSIATTALAB, S.; BARNARD-FEENEY, A.; JR, T. H. Interoperability: linking design
and tolerancing with metrology. Procedia CIRP, Elsevier, v. 43, p. 13-16, 2016.

NASR, E. A.; ABDULHAMEED, O.; AL-AHMARI, A. M. Computer-Aided Inspection Planning:
Theory and Practice. [S.1.]: Crc Press, 2016.

NEWMAN, S.; NASSEHI, A.; XU, X.; ROSSO, R.; WANG, L.; YUSOF, Y.; AL, L.; LIU, R.; ZHENG,
L.; KUMAR, S. et al. Strategic advantages of interoperability for global manufacturing using cnc
technology. Robotics and Computer-Integrated Manufacturing, Elsevier, v. 24, n. 6, p. 699-708, 2008.

OLIVEIRA, L. E. S. d. Concep¢do de um framework para monitoramento e teleoperacdo de
maquinas-ferramenta cnc via internet aderente a industria 4.0. 2017.

PAN, C.; SMITH, S. S.-F.; SMITH, G. C. Determining interference between parts in cad step files for
automatic assembly planning. Journal of Computing and Information Science in Engineering, American
Society of Mechanical Engineers, v. 5, n. 1, p. 56-62, 2005.

PEAK, R. S.; LUBELL, J.; SRINIVASAN, V.; WATERBURY, S. C. Step, xml, and uml: complementary
technologies. Journal of Computing and Information Science in Engineering, American Society of
Mechanical Engineers, v. 4, n. 4, p. 379-390, 2004.

PLANTEC, A. Outils et méthodes de la norme STEP (Standard ISO 10303). [S.1.]: Lab, 2007.

PRATT, M. J. Introduction to iso 10303—the step standard for product data exchange. Journal of
Computing and Information Science in Engineering, American Society of Mechanical Engineers, v. 1,
n. 1, p. 102-103, 2001.

QIN, Y.; LU, W,; LIU, X.; HUANG, M.; ZHOU, L.; JIANG, X. Description logic-based automatic
generation of geometric tolerance zones. The International Journal of Advanced Manufacturing
Technology, v. 79, n. 5, p. 1221-1237, Jul 2015. ISSN 1433-3015.

QIN, Y.; QL Q.; LU, W.; LIU, X.; SCOTT PAUL J.AND JIANG, X. A review of representation models
of tolerance information. The International Journal of Advanced Manufacturing Technology, Nov 2017.
ISSN 1433-3015. Disponivel em: <https://doi.org/10.1007/s00170-017-1352-4>.

RAY, S. R.; JONES, A. T. Manufacturing interoperability. Journal of Intelligent Manufacturing, v. 17, n. 6,
p. 681-688, Dec 2006. ISSN 1572-8145. Disponivel em: <https://doi.org/10.1007/s10845-006-0037-x>.

RENTOUL, A.; MULLINEUX, G.; MEDLAND, A. Interpretation of errors from inspection results.
Computer Integrated Manufacturing Systems, v. 7, n. 3, p. 173 — 178, 1994. ISSN 0951-5240. Disponivel
em: <http://www.sciencedirect.com/science/article/pii/0951524094900361>.

RIANO, C. I.; ALVARES, A. J. Feedback strategy for closed-loop inspection based on STEP-NC. Journal
of Physics: Conference Series, I0P Publishing, v. 1065, n. 8, p. 082014, aug 2018. Disponivel em:
<https://doi.org/10.1088/1742-6596/1065/8/082014>.

RIANO, C. I.; ESPINDOLA, J. C.; BENAVENTE, J.;: ALVARES, A. J. Integration model for closed-loop
inspection based on step-nc (original title in portuguese). In: 90 Congresso Brasileiro de Engenharia de
Fabricagdo. [S.1.: s.n.], 2017.

133


https://doi.org/10.1007/s00170-017-1352-4
https://doi.org/10.1007/s10845-006-0037-x
http://www.sciencedirect.com/science/article/pii/0951524094900361
https://doi.org/10.1088/1742-6596/1065/8/082014

Riafio Jaimes, C. I.; ALVARES, A. J. Integrated inspection system step-compliant for the exchange of
dimensional metrology data. Procedia Manufacturing, v. 38, p. 1205-1212, 2019. ISSN 2351-9789.
29th International Conference on Flexible Automation and Intelligent Manufacturing ( FAIM 2019),
June 24-28, 2019, Limerick, Ireland, Beyond Industry 4.0: Industrial Advances, Engineering Education
and Intelligent Manufacturing. Disponivel em: <https://www.sciencedirect.com/science/article/pii/
$52351978920302122>.

RIPPEY, W. Aiag demonstrates metrology interoperability: To save you time and money. In: International
Dimensional Workshop (IDW 2005). [S.1.: s.n.], 2005.

RUEMLER, S. P.; ZIMMERMAN, K. E.; HARTMAN, N. W.; HEDBERG, T.; FEENY, A. B. Promoting
model-based definition to establish a complete product definition. Journal of manufacturing science and
engineering, American Society of Mechanical Engineers, v. 139, n. 5, p. 051008, 2017.

SHAH, J. J.; YAN, Y.; ZHANG, B.-C. Dimension and tolerance modeling and transformations in feature
based design and manufacturing. Journal of Intelligent Manufacturing, v. 9, n. 5, p. 475-488, Oct 1998.
ISSN 1572-8145. Disponivel em: <https://doi.org/10.1023/A:1008856818686>.

SHIN, S.-J.; WOO, J.; KIM, D. B.; KUMARAGURU, S.; RACHURI, S. Developing a virtual machining
model to generate mtconnect machine-monitoring data from step-nc. International Journal of Production
Research, Taylor & Francis, v. 54, n. 15, p. 4487-4505, 2016.

SOBEL, W. MTConnect Standard. Part 1 - Overview and Protocol. Version 1.3.0. [S.1.], 2014.

SOUZA, F. J.; FERREIRA, J. C. E.; MARTIN, C. A.; GASCHO, W. F. Remote machining of prismatic
parts through the internet in a cnc machine compliant with the step-nc standard. In: 23rd ABCM
International Congress of Mechanical Engineering-Rio de Janeiro, Brazil. [S.1.: s.n.], 2015. p. 6-11.

VEEN, G. van der; LANGELAAR, M.; MEULEN, S. V. D.; LARO, D.; AANGENENT, W.; KEULEN, F.
van. Integrating topology optimization in precision motion system design for optimal closed-loop control
performance. Mechatronics, Elsevier, v. 47, p. 1-13, 2017.

VIJAYARAGHAVAN, A.; SOBEL, W.; FOX, A.; DORNFELD, D.; WARNDORE, P. Improving machine
tool interoperability using standardized interface protocols: Mt connect. 2008.

XIA, R.-x.; LU, R.-s.; SHI, Y.-q.; LI, Q.; DONG, J.-t.; LIU, N. Caip system for vision-based
on-machine measurement. In: INTERNATIONAL SOCIETY FOR OPTICS AND PHOTONICS. Seventh

International Symposium on Precision Engineering Measurements and Instrumentation. [S.1.], 2011.
v. 8321, p. 83213 V.

XU, X. Integrating advanced computer-aided design, manufacturing, and numerical control: principles
and implementations. [S.1.]: Information Science Reference-Imprint of: IGI Publishing, 2009.

XU, X.; NEE, A. Y. C. Advanced design and manufacturing based on STEP. [S.1.]: Springer Science &
Business Media, 2009.

XU, X.; NEWMAN, S. T. Making cnc machine tools more open, interoperable and intelligent—a review
of the technologies. Computers in Industry, Elsevier, v. 57, n. 2, p. 141-152, 2006.

XU*, X.; WANG, H.; MAO, J.; NEWMAN, S.; KRAMER, T.; PROCTOR, F.; MICHALOSKI, J.
Step-compliant nc research: the search for intelligent cad/capp/cam/cnc integration. International Journal
of Production Research, Taylor & Francis, v. 43, n. 17, p. 3703-3743, 2005.

XU*, X.; WANG, H.; MAO, J.; NEWMAN, S.; KRAMER, T.; PROCTOR, F.; MICHALOSKI, J.
Step-compliant nc research: the search for intelligent cad/capp/cam/cnc integration. International Journal
of Production Research, Taylor & Francis, v. 43, n. 17, p. 3703-3743, 2005.

134


https://www.sciencedirect.com/science/article/pii/S2351978920302122
https://www.sciencedirect.com/science/article/pii/S2351978920302122
https://doi.org/10.1023/A:1008856818686

XU, X. W.; WANG, L.; RONG, Y. Step-nc and function blocks for interoperable manufacturing. /[EEE
Transactions on Automation Science and Engineering, IEEE, v. 3, n. 3, p. 297-308, 2006.

YANDAYAN, T.; BURDEKIN, M. In-process dimensional measurement and control of workpiece
accuracy. International Journal of Machine Tools and Manufacture, Elsevier, v. 37, n. 10, p. 1423-1439,
1997.

ZEID, 1. CAD/CAM theory and practice. [S.1.]: McGraw-Hill Higher Education, 1991.

ZHAO, F.; XU, X.; XIE, S. Step-nc enabled on-line inspection in support of closed-loop machining.
Robotics and Computer-Integrated Manufacturing, v. 24, n. 2, p. 200 — 216, 2008. ISSN 0736-5845.
Disponivel em: <http://www.sciencedirect.com/science/article/pii/S0736584506001141>.

ZHAO, F.; XU, X.; XIE, S. Step-nc enabled on-line inspection in support of closed-loop machining.
Robotics and Computer-Integrated Manufacturing, Elsevier, v. 24, n. 2, p. 200-216, 2008.

ZHAO, X.; PASUPATHY, T. K.; WILHELM, R. G. Modeling and representation of geometric
tolerances information in integrated measurement processes. Computers in Industry, v. 57, n. 4, p.
319 — 330, 2006. ISSN 0166-3615. Disponivel em: <http://www.sciencedirect.com/science/article/pii/
S0166361505001442>.

ZHAO, Y.; KRAMER, T.; BROWN, R.; XU, X. Information modeling for interoperable dimensional
metrology. [S.1.]: Springer Science & Business Media, 2011.

ZHAOQO, Y. F.; HORST, J. A.; KRAMER, T. R.; RIPPEY, W.; BROWN, R. J. Quality information
framework—integrating metrology processes. IFAC Proceedings Volumes, Elsevier, v. 45, n. 6, p.
1301-1308, 2012.

ZHAO, Y. F.; PROCTOR, F. M.; HORST, J. A. A Machining and Measurement Process Planning Activity
Model for Manufacturing System Interoperability Analysis. [S.1.], 2010.

ZHAQ, Y. F.; PROCTOR, F. M.; HORST, J. A.; XU, X. Merging machining and measurement for
cognitive manufacturing. In: International Design Engineering Technical Conferences and Computers
and Information in Engineering Conference. [S.1.: s.n.], 2010. v. 44113, p. 353-361.

ZHENG, P.; SANG, Z.; ZHONG, R. Y; LIU, Y;; LIU, C.; MUBAROK, K.; YU, S.; XU, X. et al. Smart
manufacturing systems for industry 4.0: Conceptual framework, scenarios, and future perspectives.
Frontiers of Mechanical Engineering, Springer, p. 1-14, 2018.

ZHOU, E.; LINK, D.; HARRISON, D. An artificial intelligence system for estimating and compensating
manufacturing process errors in cnc machining. In: SPRINGER. Proceedings of the Thirty-First
International Matador Conference. [S.1.], 1995. p. 321-326.

ZIVANOVIC, S.; GLAVONJIC, M. Methodology for implementation scenarios for applying protocol
step-nc. Journal of Production Engineering, v. 17, n. 1, p. 71-74, 2014.

ALVARES, A.J.; RODRIGUEZ, E.; JAIMES, C. I. R.; TOQUICA, J. S.; FERREIRA, J. C. E. Step-nc
architectures for industrial robotic machining: Review, implementation and validation. IEEE Access, v. 8,
p. 152592-152610, 2020.

135


http://www.sciencedirect.com/science/article/pii/S0736584506001141
http://www.sciencedirect.com/science/article/pii/S0166361505001442
http://www.sciencedirect.com/science/article/pii/S0166361505001442

APPENDIX

136



A.1 Appendix: AAM IDEF0 Model for CAx Systems Integration

A.1.1 Closed-loop Integration Model
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B.2 Appendix: STEP Neutral File Exchange

B.2.1 STEP File Built Through Implementation

ISO-10303-21;

HEADER ;

/+ Generated by software containing

% JSDAI (TM) from LKSoft (www.lksoft.com, www.jsdai.net)
# JSDAI Runtime Version 4.3.0 2011-12-15T17:41:51

%/

FILE_DESCRIPTION (

/+ description =%/ (’Program to generate AP238 p21 file ),

O 0 9 LKA WND o~

—_
(=]

/+ implementation_level =/ ’2;1°);
FILE_NAME (

/% name =/ ’ 7,
/% time_stamp =/ ’2021-04-12T03:53:13",

/% author =/ (’Cristhian Ivan Riano Jaimes’,’ Alberto J. Alvares’),

S
[ N R S

/+ organization =/ (’Universidade de Brasilia (UnB)’),

—_
=)}

/+ preprocessor_version =/ '

/+ originating_system =/ ’JSDAI MULTIPLE Version 4.0.0 (Build 270, 2011-12-15T17:42:49)",
/+ authorization #/ ’cristhianivanrj ’);

FILE_SCHEMA (( *INTEGRATED_CNC_SCHEMA’)) ;

ENDSEC;

DATA;

#1=APPLICATION_CONTEXT(’ Application protocol for the exchange of CNC data ’);
#2=PRODUCT_CONTEXT(’CNC Machining ’,#1,’  manufacturing ’);
#3=MACHINING_PROJECT(’ Project JSDAI Export’,’’,’  ,(#2));
#4=PRODUCT_DEFINITION_FORMATION (" " ,’ * ,#3);

#5=PRODUCT_DEFINITION_CONTEXT (’CNC Machining ’,#1,’ manufacturing ’);
#6=PRODUCT_DEFINITION ("’ *,’ ’ ,#4 ,#5);

#7=PRODUCT(’ default workpiece’,”AP-238"," ", (#2));
#8=PRODUCT_DEFINITION_FORMATION (", * ,#7);

#9=PRODUCT_DEFINITION (" *,’ ’ ,#8 ,#5);

31 #10=MACHINING_PROJECT_WORKPIECE_RELATIONSHIP(’’,’’,’ "’ ,#6 ,#9);

32 #11=MACHINING_WORKPLAN( ’Main Workplan’,’’,’ " " ");

33 #12=PRODUCT_DEFINITION_PROCESS (’ machining *,” * ,#11,"");

34 #13=PROCESS_PRODUCT_ASSOCIATION( "’ ,’ ’ ,#6 ,#12);

35 #14=PRODUCT_DEFINITION_PROCESS (’to—be shape’,’’ ,#11,°");

36 #15=PROCESS_PRODUCT_ASSOCIATION(’ ", ,#9 ,#14);

37  #16=MACHINING_WORKPLAN(’Main Workplan’,”’,”’,"");

38 #17=MACHINING_PROCESS_SEQUENCE_RELATIONSHIP (" ,’ "’ ,#11,#16,1.0);

39  #18=MACHINING_WORKINGSTEP(’ Operation 1 — Facing WS 1 WS 1’,’machining’,’’,"");
40 #19=MACHINING_PROCESS_SEQUENCE_RELATIONSHIP( "’ ,”’ ,#16 ,#18,1.0);

41  #20=DIMENSIONAL_EXPONENTS (0.0 ,0.0,0.0,0.0,0.0,0.0,0.0);

42 #21=DIMENSIONAL_EXPONENTS(0.0,0.0,0.0,0.0,0.0,0.0,0.0);

43 #22=(NAMED_UNIT () SI_UNIT ($,.STERADIAN . ) SOLID_ANGLE_UNIT ());

44 #23=PLANE_ANGLE_MEASURE_WITH_UNIT (PLANE_ANGLE_MEASURE(0.01745329252) ,#22);
45 #24=(CONVERSION_BASED_UNIT(’ degree * ,#23)NAMED_UNIT (#2 1 )PLANE_ANGLE_UNIT () ) ;
46  #25=(LENGTH_UNIT () NAMED_UNIT () SI_UNIT (. MILLI. ,.METRE.) ) ;

47  #26=(NAMED_UNIT () PLANE_ANGLE_UNIT () SI_UNIT($,.RADIAN.));

48  #27=LENGTH_MEASURE_WITH_UNIT (LENGTH_MEASURE(25.4) ,#25);

49  #28=(CONVERSION_BASED_UNIT(’inch * ,#27)LENGTH_UNIT () NAMED_UNIT (#21));

50 #29=(GEOMETRIC_REPRESENTATION_CONTEXT (3 ) GLOBAL_UNIT_ASSIGNED_CONTEXT ((#28 ,#24 ,#26))
51 REPRESENTATION_CONTEXT (’INCH DEGREE STERADIAN’,’3D’));

LR N NN NN NN DN = = =
S O X AN RWND = O O
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52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
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71
72
73
74
75
76
77
78
79
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81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99

100

101

102

103

104

105

106

107

108

109

110

11

#30=DIMENSIONAL_EXPONENTS (0.0,0.0,1.0,0.0,0.0,0.0,0.0);

#31=(NAMED_UNIT () SI_UNIT ($,.SECOND. ) TIME_UNIT () );

#32=TIME_MEASURE_WITH_UNIT (TIME_MEASURE (60.0) ,#31);
#33=(CONVERSION_BASED_UNIT(’ * ,#32)NAMED_UNIT (#30) TIME_UNIT () ) ;
#34=DERIVED_UNIT_ELEMENT (#33,-1.0);

#35=DIMENSIONAL_EXPONENTS (0.0,0.0,0.0,0.0,0.0,0.0,0.0);
#36=CONTEXT_DEPENDENT_UNIT (#35,  revolution ’);

#37=DERIVED_UNIT_ELEMENT (#36 ,1.0);

#38=DERIVED_UNIT ((#37 ,#34));

#39=MEASURE_REPRESENTATION_ITEM ("’ rotational speed’ ,NUMERIC MEASURE(0.0) ,#38);
#40=MACHINING_SPINDLE_SPEED_REPRESENTATION(’ spindle speed’,(#39),#29);
#41=MEASURE_REPRESENTATION_ITEM(’ rotational speed’ ,NUMERIC MEASURE(-1591.0),#38);
#42=MACHINING_SPINDLE_SPEED_REPRESENTATION(’ spindle speed’,(#41),#29);
#43=MEASURE_REPRESENTATION_ITEM(’ rotational speed’ ,NUMERIC_ MEASURE(-1591.0),#38);
#44=MACHINING_SPINDLE_SPEED_REPRESENTATION(’ spindle speed’,(#43),#29);
#45=CARTESIAN_POINT(’ * ,(0.0,0.0,0.0));

#46=DIRECTION ("’ ,(0.0,0.0,1.0));

#47=DIRECTION ("’ ,(1.0,0.0,0.0));

#48=AXIS2_PLACEMENT _3D(’ toolpath orientation ’ ,#45 ,#46,#47);
#49=REPRESENTATION ( * * ,(#48) ,#29);

#50=ACTION_PROPERTY ("’ toolpath orientation ’,  machining ’ ,#18);

#51=ACTION_PROPERTY_REPRESENTATION(’ ’,’ machining * ,#50 ,#49);
#52=FREEFORM_MILLING_OPERATION(’ start point’,”’,’ ", ");
#53=MACHINING_OPERATION_RELATIONSHIP(’ ’,” machining * ,#18 ,#52);
#54=MACHINING_FEATURE_PROCESS ("’ ’,’ machining *,”’," ’);

#55=MACHINING_FEATURE_RELATIONSHIP(’’,’ machining * ,#18 ,#54);
#56=PROPERTY_PROCESS (’ machining ’,’ machining ’ ,#54,"’);
#57=INSTANCED_FEATURE($,$,$,$,$.%);
#58=PROCESS_PROPERTY_ASSOCIATION ("’ ,” "’ ,#56 ,#57);
#59=MACHINING_FUNCTIONS (’’,’ milling *,”’,’ ’);
#60=ACTION_PROPERTY ("’ chip removal’,’ milling ’ ,#59);
#61=DESCRIPTIVE_REPRESENTATION_ITEM(’ constant *,’ coolant off ’);
#62=REPRESENTATION(’ constant ’ ,(#61) ,#29);
#63=ACTION_PROPERTY_REPRESENTATION(’’,’ milling ’ ,#60 ,#62);
#64=ACTION_PROPERTY (’ through spindle coolant’,’ milling ’,#59);
#65=DESCRIPTIVE_REPRESENTATION_ITEM(’ constant *,’ coolant off ’);
#66=REPRESENTATION(’ constant ’ ,(#65) ,#29);
#67=ACTION_PROPERTY_REPRESENTATION(’’,’ milling ’ ,#64 ,#66);
#68=DESCRIPTIVE_REPRESENTATION_ITEM(’ constant *,’ coolant off ’);
#69=REPRESENTATION(’ constant ’ ,(#68) ,#29);

#70=ACTION_PROPERTY (’ coolant ’,’ milling * ,#59);
#71=ACTION_PROPERTY_REPRESENTATION(’’,’ milling * ,#70 ,#69);

#72=MACHINING_TECHNOLOGY ("’ ’,’ milling *,’ ", ’);
#73=MACHINING_TECHNOLOGY_RELATIONSHIP ("’ ,” * ,#52 ,#72);
#74=MACHINING_TOOLPATH(’ start point WS 1 TP 1’,’ cutter location trajectory ', ’,’’);
#75=MACHINING_TOOLPATH_SEQUENCE_RELATIONSHIP(* "’ ,” * ,#52 ,#74,1.0);
#76=MACHINING_TOOLPATH('WS 1 TP 2’,’ cutter location trajectory ’, ’, ");
#77=MACHINING_TOOLPATH_SEQUENCE_RELATIONSHIP(* ", * ,#52 ,#76,2.0);
#78=MACHINING_TOOLPATH('WS 1 TP 3’,’ cutter location trajectory ', ’, ");
#79=MACHINING_TOOLPATH_SEQUENCE_RELATIONSHIP(* "’ ,” ’ ,#52 ,#78,3.0);
#80=MACHINING_TOOLPATH(’WS 1 TP 4’ ,’ cutter location trajectory ', ’,’");
#81=MACHINING_TOOLPATH_SEQUENCE_RELATIONSHIP(* ", * ,#52 ,#80,4.0);
#82=MACHINING_FUNCTIONS_RELATIONSHIP ("’ *,” * ,#52 ,#59);

#83=ACTION_RESOURCE_TYPE(’ milling cutting tool ’);

#84=MACHINING_TOOL(’0’,’ user defined milling tool ’,(#52),#83);

#85=RESOURCE_PROPERTY(’ tool body’,’user defined milling tool ’ ,#84);

#86=(LENGTH_MEASURE_WITH_UNIT () MEASURE_REPRESENTATION_ITEM () MEASURE_WITH_UNIT (LENGTH_MEASURE (
0.0) ,#28)REPRESENTATION_ITEM( effective cutting diameter ’));

#87=MACHINING_TOOL_BODY_REPRESENTATION( ’ * ,(#86) ,#29);

#88=RESOURCE_PROPERTY_REPRESENTATION(’ effective cutting diameter’,’ user defined milling tool’,
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112 #85 ,#87);

113 #89=RESOURCE_PROPERTY (’ tool body’,’user defined milling tool ’ ,#84);

114  #90=(LENGTH_MEASURE_WITH_UNIT () MEASURE_REPRESENTATION_ITEM () MEASURE_WITH_UNIT (LENGTH_MEASURE (
115 0.0) ,#28)REPRESENTATION_ITEM(’ corner radius center vertical ));

116  #91=MACHINING_TOOL_BODY_REPRESENTATION( ’ * ,(#90) ,#29);

117  #92=RESOURCE_PROPERTY_REPRESENTATION(’ corner radius center vertical *,  user defined milling tool’,
118 #89 ,#87);

119  #93=RESOURCE_PROPERTY(’ tool body’,’user defined milling tool ’ ,#84);

120  #94=(LENGTH_MEASURE_WITH_UNIT () MEASURE_REPRESENTATION_ITEM () MEASURE_WITH_UNIT (LENGTH_MEASURE (
121 0.0) ,#28)REPRESENTATION_ITEM(’ corner radius ’));

122 #95=MACHINING_TOOL_BODY_REPRESENTATION( ’ * ,(#94) ,#29);

123 #96=RESOURCE_PROPERTY_REPRESENTATION(’ corner radius ',  user defined milling tool ’,

124 #93 ,#95);

125 #97=RESOURCE_PROPERTY(’ tool body’,’user defined milling tool’ ,#84);

126  #98=(LENGTH_MEASURE_WITH_UNIT () MEASURE_REPRESENTATION_ITEM () MEASURE_WITH_UNIT (LENGTH_MEASURE (
127 0.0) ,#28)REPRESENTATION_ITEM(’ corner radius ’));

128  #99=MACHINING_TOOL_BODY_REPRESENTATION( ’ * ,(#98) ,#29);

129  #100=RESOURCE_PROPERTY_REPRESENTATION (’maximum depth of cut’,’user defined milling tool’,

130 #97,#99);

131 #101=RESOURCE_PROPERTY (’ tool body’,’ user defined milling tool ’,#84);

132 #102=(LENGTH_MEASURE_WITH_UNIT () MEASURE_REPRESENTATION_ITEM () MEASURE_WITH_UNIT (LENGTH_MEASURE (
133 0.0) ,#28)REPRESENTATION_ITEM(’ corner radius ’));

134 #103=MACHINING_TOOL_BODY_REPRESENTATION( * * ,(#98) ,#29);

135 #104=RESOURCE_PROPERTY_REPRESENTATION(’ corner radius center horizontal ’,  user defined milling tool’,
136 #101,#103);

137 #105=RESOURCE_PROPERTY ("’ tool body’,’ user defined milling tool ’ ,#84);

138 #106=(LENGTH_MEASURE_WITH_UNIT () MEASURE_REPRESENTATION_ITEM () MEASURE_WITH_UNIT (LENGTH_MEASURE (
139 0.0),#28)REPRESENTATION_ITEM(’ overall assembly length "));

140  #107=MACHINING_TOOL_BODY_REPRESENTATION(’’ ,(#106) ,#29);

141  #108=RESOURCE_PROPERTY_REPRESENTATION(’ overall assembly length ',  user defined milling tool’,
142 #105,#107);

143 #109=ACTION_PROPERTY (’ spindle ’,’ milling ’ ,#72);

144 #110=ACTION_PROPERTY_REPRESENTATION(’ rotational speed’,’ milling ’,#109,#40);

145 #111=ACTION_PROPERTY (’ feedrate *,’ milling * ,#72);

146  #112=DERIVED_UNIT_ELEMENT (#33,-1.0);

147  #113=DERIVED_UNIT_ELEMENT (#28 ,1.0);

148 #114=DERIVED_UNIT ((#113 ,#112));

149  #115=MEASURE_REPRESENTATION_ITEM(’ feed speed ' ,NUMERIC_MEASURE(0.0) ,#114);

150  #116=MACHINING_FEED_SPEED_REPRESENTATION(’ feed speed’,(#115),#29);

151  #117=ACTION_PROPERTY_REPRESENTATION(’ feed speed’,  milling ’,#111,#116);

152 #118=MACHINING_TECHNOLOGY (’’,’ milling *,” > ," 7);

153  #119=ACTION_PROPERTY (’ spindle ’,’ milling ’ ,#118);

154  #120=ACTION_PROPERTY_REPRESENTATION(’ rotational speed’,’ milling *,#119 ,#42);

155 #121=ACTION_PROPERTY (’ feedrate *,’ milling * ,#118);

156  #122=MEASURE_REPRESENTATION_ITEM(’ feed speed ’ ,NUMERIC_MEASURE(3.13188976377953),

157 #114);

158  #123=MACHINING_FEED_SPEED_REPRESENTATION( ’ feed speed’ ,(#122).,#29);

159  #124=ACTION_PROPERTY_REPRESENTATION(’ feed speed’,’ milling ’,#121,#123);

160  #125=MACHINING_TECHNOLOGY(’’,’ milling *,’ ", ’);

161 #126=ACTION_PROPERTY (’ spindle ’,  milling ’ ,#125);

162 #127=ACTION_PROPERTY_REPRESENTATION(’ rotational speed’,’ milling ' ,#126,#44);

163  #128=ACTION_PROPERTY ("’ feedrate ’,’ milling ’ ,#125);

164  #129=MEASURE_REPRESENTATION_ITEM(’ feed speed ’ ,NUMERIC_MEASURE(6.26377952755905),

165 #114);

166  #130=MACHINING_FEED_SPEED_REPRESENTATION(’ feed speed’,(#129),#29);

167  #131=ACTION_PROPERTY_REPRESENTATION(’ feed speed’,’ milling *,#128 ,#130);

168 #132=ACTION_PROPERTY(’ basic curve’,’ cutter location trajectory ' ,#74);

169  #133=CARTESIAN_POINT ("’ ,(-0.259842519685039,5.90543307086614,0.433070866141732));

170  #134=CARTESIAN_POINT(’’,(-0.259842519685039,5.90543307086614,0.433070866141732));

171  #135=POLYLINE(’ "’ ,(#134 ,#133));
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#136=REPRESENTATION( ’ * ,(#135) ,#29);

#137=ACTION_PROPERTY_REPRESENTATION(’’,’ cutter location trajectory ’,#132,#136);
#138=ACTION_PROPERTY (' speed profile ’, rapid ' ,#74);
#139=DESCRIPTIVE_REPRESENTATION_ITEM (' ’, ’rapid ’);
#140=MACHINING_TOOLPATH_SPEED_PROFILE_REPRESENTATION(’’ ,(#139) ,#29);
#141=ACTION_PROPERTY_REPRESENTATION(*’,  rapid ’ ,#138 ,#140);
#142=MACHINING_TECHNOLOGY_RELATIONSHIP(’’,’ cutter location trajectory ’,#74 ,#72);
#143=ACTION_PROPERTY (’ basic curve’,’ cutter location trajectory ’,#76);
#144=CARTESIAN_POINT ("’ *,(-0.259842519685039,5.90543307086614,0.0393700787401575));
#145=CARTESIAN_POINT(’*,(-0.259842519685039,5.90543307086614,0.433070866141732));
#146=POLYLINE(’ * ,(#133 ,#145 ,#144));

#147=REPRESENTATION( ’ * ,(#146) ,#29);

#148=ACTION_PROPERTY_REPRESENTATION(’’,’ cutter location trajectory ’,#143 #147);
#149=MACHINING_TECHNOLOGY_RELATIONSHIP(’’,’ cutter location trajectory ’,#76,#118);
#150=ACTION_PROPERTY (’ basic curve’,’ cutter location trajectory ’,#78);
#151=CARTESIAN_POINT ("’ ,(-0.259842519685039,5.90543307086614,0.0393700787401575));
#152=CARTESIAN_POINT(*’,(-0.259842519685039,5.90543307086614,0.0393700787401575));
#153=CARTESIAN_POINT ("’ ,(6.04724409448819,5.90543307086614,0.0393700787401575));
#154=CARTESIAN_POINT ("’ ’,(6.04724409448819,5.73670866141732,0.0393700787401575));
#155=CARTESIAN_POINT(’’,(-0.141732283464567,5.73670866141732,0.0393700787401575));
#156=CARTESIAN_POINT(*’,(-0.141732283464567,5.5679842519685,0.0393700787401575));
#157=CARTESIAN_POINT ("’ ’,(6.04724409448819,5.5679842519685,0.0393700787401575));
#158=CARTESIAN_POINT ("’ ’,(6.04724409448819,5.39925984251968,0.0393700787401575));
#159=CARTESIAN_POINT(*’,(-0.141732283464567,5.39925984251968,0.0393700787401575));
#160=CARTESIAN_POINT ("’ ’,(-0.141732283464567,5.23053543307087,0.0393700787401575));
#161=CARTESIAN_POINT ("’ ’,(6.04724409448819,5.23053543307087,0.0393700787401575));
#162=CARTESIAN_POINT(’’,(6.04724409448819,5.23053543307087,0.0393700787401575));
#163=CARTESIAN_POINT ("’ ’,(-0.141732283464567,5.06181102362205,0.0393700787401575));
#164=CARTESIAN_POINT(’’,(-0.141732283464567,4.89308661417323,0.0393700787401575));
#165=CARTESIAN_POINT(’’,(6.04724409448819,4.89308661417323,0.0393700787401575));
#166=CARTESIAN_POINT(’’,(6.04724409448819,4.89308661417323,0.0393700787401575));
#167=CARTESIAN_POINT ("’ ,(-0.141732283464567,4.72436220472441,0.0393700787401575));
#168=CARTESIAN_POINT(*’,(-0.141732283464567,4.55563779527559,0.0393700787401575));
#169=CARTESIAN_POINT(’’,(6.04724409448819,4.55563779527559,0.0393700787401575));
#170=CARTESIAN_POINT ("’ ’,(6.04724409448819,4.38691338582677,0.0393700787401575));
#171=CARTESIAN_POINT(’’,(-0.141732283464567,4.38691338582677,0.0393700787401575));
#172=CARTESIAN_POINT ("’ *,(-0.141732283464567,4.21818897637795,0.0393700787401575));
#173=CARTESIAN_POINT ("’ ’,(6.04724409448819,4.21818897637795,0.0393700787401575));
#174=CARTESIAN_POINT ("’ ’,(6.04724409448819,4.04946456692913,0.0393700787401575));
#175=CARTESIAN_POINT ("’ *,(-0.141732283464567,4.04946456692913,0.0393700787401575));
#176=CARTESIAN_POINT(’’,(-0.141732283464567,3.88074015748032,0.0393700787401575));
#177=CARTESIAN_POINT ("’ ’,(6.04724409448819,3.88074015748032,0.0393700787401575));
#178=CARTESIAN_POINT ("’ ,(6.04724409448819,3.7120157480315,0.0393700787401575));
#179=CARTESIAN_POINT(’*,(-0.141732283464567,3.7120157480315,0.0393700787401575));
#180=CARTESIAN_POINT ("’ ’,(6.04724409448819,4.38691338582677,0.0393700787401575));
#181=CARTESIAN_POINT ("’ ,(6.04724409448819,3.54329133858268,0.0393700787401575));
#182=CARTESIAN_POINT ("’ ’,(6.04724409448819,3.37456692913386,0.0393700787401575));
#183=CARTESIAN_POINT(’’,(6.04724409448819,4.21818897637795,0.0393700787401575));
#184=CARTESIAN_POINT(*’,(-0.141732283464567,3.20584251968504,0.0393700787401575));
#185=CARTESIAN_POINT ("’ ’,(6.04724409448819,3.20584251968504,0.0393700787401575));
#186=CARTESIAN_POINT(’’,(6.04724409448819,3.03711811023622,0.0393700787401575));
#187=CARTESIAN_POINT(*’,(-0.141732283464567,3.03711811023622,0.0393700787401575));
#188=CARTESIAN_POINT ("’ *,(-0.141732283464567,2.8683937007874,0.0393700787401575));
#189=CARTESIAN_POINT ("’ ’,(6.04724409448819,2.8683937007874,0.0393700787401575));
#190=CARTESIAN_POINT (’’,(6.04724409448819,2.69966929133858,0.0393700787401575));
#191=CARTESIAN_POINT ("’ ,(-0.141732283464567,2.69966929133858,0.0393700787401575));
#192=CARTESIAN_POINT ("’ ,(-0.141732283464567,2.53094488188976,0.0393700787401575));
#193=CARTESIAN_POINT (’’,(6.04724409448819,2.53094488188976,0.0393700787401575));
#194=CARTESIAN_POINT ("’ ’,(6.04724409448819,2.36222047244094,0.0393700787401575));
#195=CARTESIAN_POINT ("’ ,(-0.141732283464567,2.36222047244094,0.0393700787401575));
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#196=CARTESIAN_POINT ("’ ,(-0.141732283464567,2.19349606299213,0.0393700787401575));
#197=CARTESIAN_POINT(*’,(-0.141732283464567,3.03711811023622,0.0393700787401575));
#198=CARTESIAN_POINT ("’ ,(6.04724409448819,2.02477165354331,0.0393700787401575));
#199=CARTESIAN_POINT ("’ ,(-0.141732283464567,2.02477165354331,0.0393700787401575));
#200=CARTESIAN_POINT(*’,(-0.141732283464567,1.85604724409449,0.0393700787401575));
#201=CARTESIAN_POINT ("’ ,(6.04724409448819,1.85604724409449,0.0393700787401575));
#202=CARTESIAN_POINT ("’ ’,(6.04724409448819,1.68732283464567,0.0393700787401575));
#203=CARTESIAN_POINT(’’,(-0.141732283464567,1.68732283464567,0.0393700787401575));
#204=CARTESIAN_POINT(*’,(-0.141732283464567,1.51859842519685,0.0393700787401575));
#205=CARTESIAN_POINT ("’ ,(6.04724409448819,1.51859842519685,0.0393700787401575));
#206=CARTESIAN_POINT ("’ ’,(6.04724409448819,1.34987401574803,0.0393700787401575));
#207=CARTESIAN_POINT(**,(-0.141732283464567,1.34987401574803,0.0393700787401575));
#208=CARTESIAN_POINT(**,(-0.141732283464567,1.18114960629921,0.0393700787401575));
#209=CARTESIAN_POINT ("’ ’,(6.04724409448819,1.18114960629921,0.0393700787401575));
#210=CARTESIAN_POINT ("’ ,(6.04724409448819,1.01242519685039,0.0393700787401575));
#211=CARTESIAN_POINT(’*,(-0.141732283464567,1.01242519685039,0.0393700787401575));
#212=CARTESIAN_POINT(’*,(-0.141732283464567,0.843700787401575,0.0393700787401575));
#213=CARTESIAN_POINT (’’,(6.04724409448819,0.843700787401575,0.0393700787401575));
#214=CARTESIAN_POINT (" ,(6.04724409448819,0.674976377952756,0.0393700787401575));
#215=CARTESIAN_POINT ("’ ,(-0.141732283464567,0.67497637795275,0.0393700787401575));
#216=CARTESIAN_POINT(*’,(-0.141732283464567,0.506251968503937,0.0393700787401575));
#217=CARTESIAN_POINT ("’ ,(6.04724409448819,0.506251968503937,0.0393700787401575));
#218=CARTESIAN_POINT(’’,(6.04724409448819,0.337527559055118,0.0393700787401575));
#219=CARTESIAN_POINT(*’,(-0.141732283464567,0.337527559055119,0.0393700787401575));
#220=CARTESIAN_POINT(*’,(-0.141732283464567,0.1688031496063,0.0393700787401575));
#221=CARTESIAN_POINT(’ ’,(6.04724409448819,0.168803149606299,0.0393700787401575));
#222=CARTESIAN_POINT(’’,(6.04724409448819,7.87401574802299E-5,0.0393700787401575));
#223=CARTESIAN_POINT(’’*,(-0.259842519685039,7.87401574810024E-5,0.0393700787401575));
#224=POLYLINE ("’ ,(#151 ,#152 ,#153 ,#154 ,#155 ,#156 ,#157 ,#158 ,#159 ,#160,#161 ,#162 ,#163,
#164 ,#165 ,#166,#167 ,#168 ,#169 ,#170 ,#171 ,#172 ,#173 ,#174 #175 ,#176,#177 ,#178,
#179 ,#180 ,#181 ,#182,#183 ,#184 ,#185,#186,#187 ,#188 ,#189,#190,#191 ,#192,#193,
#194 #195 ,#196,#197 ,#198 ,#199 ,#200,#201 ,#202 ,#203 ,#204 ,#205 ,#206,#207 ,#208,
#2090 #210,#211 ,#212 ,#213 #214 ,#215 #216,#217 ,#218 ,#219 ,#220,#221 ,#222,#223));
#225=REPRESENTATION (* * ,(#224) ,#29);
#226=ACTION_PROPERTY_REPRESENTATION(’’,’ cutter location trajectory ’,#150,#225);
#227=MACHINING_TECHNOLOGY_RELATIONSHIP(’’,’ cutter location trajectory ’,#78 ,#125);
#228=ACTION_PROPERTY (’ basic curve’,’ cutter location trajectory *,#80);
#229=CARTESIAN_POINT(’’,(-0.259842519685039,7.87401574810024E-5,0.0393700787401575));
#230=CARTESIAN_POINT(’’,(-0.259842519685039,5.90543307086614,0.0393700787401575));
#231=POLYLINE (* *,(#223 ,#229,#230));
#232=REPRESENTATION (* * ,(#231) ,#29);
#233=ACTION_PROPERTY_REPRESENTATION(’’,’ cutter location trajectory ’,#228 ,#232);
#234=ACTION_PROPERTY ("’ speed profile ’, rapid ’,#80);
#235=DESCRIPTIVE_REPRESENTATION_ITEM(’’,’rapid ’);
#236=MACHINING_TOOLPATH_SPEED_PROFILE_REPRESENTATION( ’’ ,(#235) ,#29);
#237=ACTION_PROPERTY_REPRESENTATION(*’,’ rapid * ,#234 ,#236);
#238=MACHINING_TECHNOLOGY_RELATIONSHIP(’’,’ cutter location trajectory ’,#80,#125);
ENDSEC;
END-1SO-10303-21;

B.2.2 A Snippet of STEP File fed With Instances Through STEP Machine

ISO-10303-21;
HEADER ;
/+ Generated by software containing ST-Developer
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% from STEP Tools, Inc. (www.steptools.com)
#/

FILE_DESCRIPTION (

/+ description =/ (’Program to generate AP238 p2l1 file ’,
"ARM_SCHEMA: ap238_arm_schema’),

10 /+ implementation_level =/ ’4;17);

11

12 FILE_NAME (

13/« name =/ *AP238Export’,

14 /% time_stamp =/ ’2021-04-15T22:56:24-05:00",

15 /% author */ (’Cristhian Ivan Riano Jaimes’,’ Alberto J. Alvares’),

N=TN- IS (o NV NN N

16 /+ organization =%/ (’Universidade de Brasilia (UnB)’),

17 /+ preprocessor_version =/ ’ST-DEVELOPER v16.11°,

18 /+ originating_system x/

19 ’JSDAI MULTIPLE Version 4.0.0 (Build 270, 2011-12-15T17:42:49) ",

20 /% authorisation =/ ’cristhianivanrj ’);

21

22  FILE_SCHEMA ((’INTEGRATED_CNC_SCHEMA’));

23 ENDSEC;

24

25 ANCHOR;

26 <__CONSTANT UNIT steradian >=#2637; /+ si_unit_and_solid_angle_unit =/

27 <__CONSTANT UNIT radian >=#2636; /+ plane_angle_unit_and_si_unit =/

28 <__CONSTANT UNIT degree >=#2633; /+ conversion_based_unit_and_plane_angle_unit =/
29 <__CONSTANT UNIT millimetre >=#2632; /% length_unit_and_si_unit =/

30 <__CONSTANT UNIT inch >=#2629; /* conversion_based_unit_and_length_unit =/
31 <STMOD__GEOMETRIC_CONTEXT__>=#2628; /* geometric_representation_context_and_global_unit_assigned_context s/
32 <STMOD__PRODUCT_DEFINITION_CONTEXT__>=#16; /% product_definition_context =/
33  <STMOD__PRODUCT_CONTEXT__ >=$;

34 ENDSEC;

35

36 DATA;

37

39 % Application object: PROJECT (#10)

40 « ITS_ID: #10, #11, #12, [’ Project JSDAI Export’]

41 + ITS_WORKPIECES [#]: #10, #13, #19

42 + MAIN_WORKPLAN: #10, #14, #15, #221

43 %/

44  #10=PRODUCT_DEFINITION ("’ ,” ’ ,#11 ,#16);

45 #11=PRODUCT_DEFINITION_FORMATION (", "’ ,#12);

46  #12=MACHINING_PROJECT(’ Project JSDAI Export’,’’, " ,(#18));

47  #13=MACHINING_PROJECT_WORKPIECE_RELATIONSHIP("’,” " ,” "’ ,#10,#19);
48  #14=PROCESS_PRODUCT_ASSOCIATION(’*,’ * ,#10,#15);

49  #15=PRODUCT_DEFINITION_PROCESS (’ machining *,’ * ,#221,"’);

50 #16=PRODUCT_DEFINITION_CONTEXT (’CNC Machining ’,#17,’ manufacturing ’);
51 #17=APPLICATION_CONTEXT (

52 ’Application protocol for the exchange of CNC data ’);

53  #18=PRODUCT_CONTEXT(’CNC Machining ’,#17,  manufacturing ’);

54

56 # Application object: WORKPIECE (#19)

57 %+ REVISION_ID: #19, #20, [’’]

58 # ITS_ID: #19, #20, #21, [’ default workpiece ']

59 w/

60 #19=PRODUCT_DEFINITION(’ ", ,#20,#16);

61 #20=PRODUCT_DEFINITION_FORMATION( *,’ ’ ,#21);

62 #21=PRODUCT(’ default workpiece’ , AP-238"," " ,(#18));
63
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% Application object: CONST_SPINDLE_SPEED (#22)
#+ ROT_SPEED: #22, #23
5/
#22=MACHINING_SPINDLE_SPEED_REPRESENTATION(’ spindle speed’,(#23),#24);
#23=MEASURE_REPRESENTATION_ITEM(’ rotational speed’ ,NUMERIC_MEASURE(O.) ,
#33);
#24=(
GEOMETRIC_REPRESENTATION_CONTEXT (3)
GLOBAL_UNIT_ASSIGNED_CONTEXT ((#25 ,#29 ,#32))
REPRESENTATION_CONTEXT ( ’INCH DEGREE STERADIAN’,’3D’)
)
#25=(
CONVERSION_BASED_UNIT(’inch * ,#27)
LENGTH_UNIT ()
NAMED_UNIT (#26)
)s
#26=DIMENSIONAL_EXPONENTS (0. ,0.,0.,0.,0.,0.,0.);
#27=LENGTH_MEASURE_WITH_UNIT (LENGTH_MEASURE (25 .4) ,#28);
#28=(
LENGTH_UNIT ()
NAMED_UNIT ( =)
SI_UNIT (.MILLI. ,.MEIRE.)
)
#29=(
CONVERSION_BASED_UNIT(* degree ’ ,#30)
NAMED_UNIT (#26)
PLANE_ANGLE_UNIT ()
)3
#30=PLANE_ANGLE_MEASURE_WITH_UNIT (PLANE_ANGLE_MEASURE(0.01745329252) ,#31);
#31=(
NAMED_UNIT ( )
SI_UNIT ($ ,.STERADIAN . )
SOLID_ANGLE_UNIT ()
)3
#32=(
NAMED_UNIT ( =)
PLANE_ANGLE_UNIT ()
SI_UNIT($ ,.RADIAN.)
)5
#33=DERIVED_UNIT ((#34 ,#37));
#34=DERIVED_UNIT_ELEMENT (#35,1.);
#35=CONTEXT_DEPENDENT_UNIT (#36,  revolution ’);
#36=DIMENSIONAL_EXPONENTS (0. ,0.,0.,0.,0.,0.,0.);
#37=DERIVED_UNIT_ELEMENT (#38,-1.);
#38=(
CONVERSION_BASED_UNIT (’ * ,#40)
NAMED_UNIT (#39)
TIME_UNIT ()
)s
#39=DIMENSIONAL_EXPONENTS (0. ,0.,1.,0.,0.,0.,0.);
#40=TIME_MEASURE_WITH_UNIT (TIME_MEASURE (60.) ,#41);
#41=(
NAMED_UNIT ( )
SI_UNIT($,.SECOND.)
TIME_UNIT ()
)s

[ st ok s s s sk sk st ok o sk sk sk st ok ok o sk sk st ok ok ok skl st R oK sk skl kR R ok skl ko R Rk

% Application object: CONST_SPINDLE_SPEED (#42)
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124 # ROT_SPEED: #42, #43

125 w/

126  #42=MACHINING_SPINDLE_SPEED_REPRESENTATION(’ spindle speed’,(#43),#24);

127  #43=MEASURE_REPRESENTATION_ITEM(’ rotational speed’ ,NUMERIC MEASURE(-1591.),
128  #33);

129

130

132 # Application object: CONST_SPINDLE_SPEED (#44)

133 # ROT_SPEED: #44, #45

134 w/

135 #44=MACHINING_SPINDLE_SPEED_REPRESENTATION ("’ spindle speed’,(#45),#24);

136  #45=MEASURE_REPRESENTATION_ITEM( rotational speed’ ,NUMERIC_MEASURE(-1591.),
137  #33);

138

140 # Application object: CUTTER_LOCATION_TRAJECTORY (#46)

141 « BASICCURVE: #46, #47, #48, #49, #50

142 « RAPID_SPEED: #46, #51, #52, #53, #54, [’true ]

143 % ITS_ID: #46, [’start point WS 1 TP 1°]

144 « ITS_TECHNOLOGY: #46, #55, #182

145 %/

146 #46=MACHINING_TOOLPATH(’ start point WS I TP 1°,

147 ’cutter location trajectory ', ’, " );

148  #47=ACTION_PROPERTY (’ basic curve’,’ cutter location trajectory ’,#46);
149  #48=ACTION_PROPERTY_REPRESENTATION(’’,’ cutter location trajectory ’,#47,
150 #49);

151 #49=REPRESENTATION ("’ ,(#50) ,#24);

152  #50=POLYLINE(’,(#56 ,#57));

153  #51=ACTION_PROPERTY (’ speed profile >, rapid > ,#46);

154  #52=ACTION_PROPERTY_REPRESENTATION(’’,’ rapid ’ ,#51,#53);

155 #53=MACHINING_TOOLPATH_SPEED_PROFILE_REPRESENTATION (’ * , (#54) ,#24);

156 #54=DESCRIPTIVE_REPRESENTATION_ITEM (", rapid );

157 #55=MACHINING_TECHNOLOGY_RELATIONSHIP(’’,’ cutter location trajectory ’,#46,

158 #182);

159 #56=CARTESIAN_POINT(’’,(-0.259842519685039,5.90543307086614,0.433070866141732));
160 #57=CARTESIAN_POINT ("’ ,(-0.259842519685039,5.90543307086614,0.433070866141732));
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C.3 Appendix: EXPRESS G Definitions

C.3.1 STEP definition in EXPRESS-G for entity Shape_aspect
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8LI

*dm_ feature_relationship F

(™, 10 label fEmE |
related_shape_aspect |

*shape_aspect_relationship

1,1¢(

(IMV) established_by_relationships S[1:7] |
M, 55 datum
M, 44 identifier
relating shape_aspect
(IMNV) target_basis_relationship
[ ™, 5 datum_target — —
relating shape aspect

(DER) id

(IMW) feature_basis_relationship
{ ™, 23 datum_feature }

related_shape_aspect

relating shape_aspect

M, 44 identifie

)

(L3N, N, NN NN NNN)

product_definitional

(DER) id

description

e

(N, 62 dimensional_lacation }

relating shape_aspect
(IMV} basis_relationships 5[1:7]
1

*shape_aspect

MM N, 10 label

o\

M, 48 symmetric_shape_aspect }

relating shape_aspect

(INV} component_relationships §[2:7]

(N. 20 composil.e_shape_aspecl./;

(M. 30 shape_defining_relationship ¥

(M. 63 feature_component_relationship_}

'

M, 7 shape_aspect_deriving_relationship

Lz TR -
:
.

name
| *characterized__object I

{ N, 10 label )

.

*dm_instanced_feature

L=

\N' 53 feature__defin i.l’.'lDIJ)

™, 4 document_ file

{_ M, 29 feature_component_definition )

—

o
N, 12 dmf_arc

*dm_ feature__definition |

M, 30 dmf_cylinder
™, 51 dmf_edge_point

(M. 65 dmf_geometric_curve }

(M, 11 dmf_surface_of _revolution_dml

(N, 42 dmf_plane_symmetric_f

(M, 22 dmf_pattern }

(N, 57 dmf_line_bounded }

M, 37 dmf_circle

(N. 9 drnf_line_closed_parallelj

[ M, 19 dmf_plane }

i

M, 535 datum

M, 27 taper

N, 40 slot_end

M, 64 tee_profile

M, 60 vee_profile

N, 47 boss_top

N, 23 datum_feature
M, 17 applied_area

™, 14 hole_bottom

M, 15 profile_ floox

M, 46 linear_profile

miiiuii

N, 61 modified _pattern

\N' 32 twra nsir.ion_fear.ure)

{ N, 41 circular_closed_profile

S

{ N, 48 symmetric_shape_aspect )

{_M, 49 derived_shape_aspect )

(™, 58 rounded_u_profile )

{_M, 39 closed_path_profile )

\N' 18 ngon_closed_p |'0Eile)

\N. 54 partial__circular_pro flle)

{_ M, 6 path_feature_component )

of_shape

\N' a8 |'ecLangulal'_closed_pl'oﬁle)

{ ™. 13 product_definition_shape )

{ M, 5 datum_target )

(M, 28 dmf_line_unbounded }

{ N, 20 composite_shape_aspect )

(™, 36 dmf_poaint

M, 24 square_u_prafile

(M. 59 dmf_plane_closed_parallel }

™. 38 rib_top_floor

H

(N. 16 dmf_genel'ic_fear.ure/;

(N, 43 instanced_feature )

(M, 34 dmi_sphere }

/

{_M, 31 open_path_profile

M, 33 dmf_torus

M, 25 pocket_bottom )

(M. 35 dmf_geometric_surface )

{ M, 45 tolerance_zone )

(M, 21 dmf_ellipse }

M, 52 dmf_cone

{ M, 56 chamfer_offset )



C.3.1.1 STEP definition in EXPRESS-G for entity Geometric_Tolerances
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081

. 128 tolerance _method definition

*toleranced dimenszion

125 dimensional characteristic

seometric_tolerance relationship

d

TEATTE

escription

related_geometric_tolerance

relating geometric_tolerance

M, Tlabel

o]

toleranice zone

form

defining tolerance 5[1:7]

|

[:N: 51 toleranc e_znne_fnnnj

Foeometric tolerance

deszcriptio

.39 su:fa:e_prnﬁle_toleran:e}

.37 ]jne_prnfile_tolerance}

.45 stfaighmess_tolerancej

teleranced shape aspect
"C—L 43 shap e_aspect)

magnitude

{ M. 48 me E.S'IJIE_“‘iﬂ'.I._UI'.L‘i.t-)

name

.34 C}-']jnd.ricit}-'_tclerance}

N, 7label

.43 roundness_toleranc e:}

’C}I: 39 ﬂamess_tolerance)

. 36 position_toleranc ej

’C?C: 42 modified ge mnett:i:_tuleran:e)

o]

’CN: 50 geometric_tolerance with_define d_u:rﬁt)

geometric_tolerance with _datum_reference

(N: 35 synu:ulet}-‘_tnlerm:e)—

(.‘J: 40 total runout_tolerance )—

datum_system S[1:7]

’r.,:]\?: 30 darum_referen:e)

T R - e -
\‘3\.: 44 ._un._enm._it}_tuleran._e)

’C?C: 40 perpendi:ularit}-‘_tuleran:e)
I

C]\': 47 coaxiality_tolerance }

.\‘?{: 62 parallelism_tolerance )

(3\.: 41 cireular runout toleranc e}

’C'_\:: 38 angulanity_toleranc e‘)




C.3.2 STEP definition in EXPRESS-G for entity dm_execution_result
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(43!

(ABS) date_assignment |

(ABS) organization assignment |

assignad date

M. 10 date role assigned_organization

-
[

-

derived_property_select

.\N, 15 orga.nizalion_role)

M. 4 label

i
1

action_property_representation |
fame

description

[ M. 3 text }

applied_date assiznment ‘

T
items 5[1:7]

applied organization _assignment |

I
items §[1:7]

R
' idate_item |

- - _————-

|_1orzanization_item !

—‘ _____ [ M. 3 text —

{ M, 13 organization

resource_property

reprasentation
( 3. 6 representation property

l::}:: 10 propert}-‘_deﬁ.ﬂiﬁon)
[

(ABS) person_and_organization_assignment |

role

M. 11 action_tesource

.\N: 16 person_and_organiz

aﬁon_role)

assigned_person_and_organization

action_resource_requirement |

.\}:: 8 person_and_orga.nization)

4

applied_person_and_ organization assignment

.
|

et ;

4 4

name

kind

description —
{ M. 3 text

.\}:: 7 resource_requitement_type )

| *dm_program_identification |

OPEFATIONS 5[1:7]

action_property

definition

pl T

- .
: |supported_item

l::'_\': 3 action_relationship)

*measurement location |

| X (DER) id
I —(N. 4 label

|

!

description

consequence —
o .\}.: 3 text)
dm_program_rn

[(_\': 17 dm_pz.rz.meter_anal}-‘sis_d.nﬂ)—

— deszcription
[ M. 3 text

*action ‘
T I
! flame
: N, 4 label
| description
- S

executed_action

{ M, 12 identifier

N. 4 label name

*dm_execution_input |

*dm_execution_result ‘

*dm_execution_result measurement

purpose

{ M., 3 text



C.3.3 STEP definition in EXPRESS-G for entity Feature
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12!

description

-------------------

5,28 ()

*characterized_object ‘

[ M, 3label

(M, 46 document_file

(N, 48 f'eatu.re_component_defi.niﬁon/.

A

!

*dm_feature_definition

*feature definition

N, 3% dmf cylinder

N, 50 dmf_cone

N, 34 dmf pattern

w

N, 31 dmf_ellipse

(M. 43 dmf_line_bounded }

7. 40 dmf_su.tface_of_revoluﬁon_dmlj—

YA
1

N, 41 dmf_geometric_surface f

N, 32 dm_instanced_feature }

M, 42 d.mf_plane_synunettic/.

M. 33 d.mf_plane_closed_para]lelj

M, 20 dmf_genen'c_fearu.re)

FTN TN TN TN ST

N, 38 dmf_].ine_closed_pa.ra.llel_)

{

N, 35 dinf_sphere

(24,43 dmf_edge_point }

(2. 30 dmf_line_unbounded }

C_\': 45 d.mf_gemnetric_cun'ej

N, 37 dmf_plane

(M, 44 dmf point

(M, 47 dmf arc

M, 52 dmf circle

{

M. 123 boss
{ M. 119 rib_top
{ I, 120 thread

{ D 117 remm'al_'rolume)

{ M. 36 instanced_fe :n:u.re)

N, 133 matking

{ . 118 rounded_end

N, 122 protrusion

i N 151 rep]icate_feam:e:]

i N, 124 outside_proﬁle)

.\}.': 116 compound_featu.re)

N, 134 spherical_cap

i N 122 revol\'ed_proﬁ.le:]

{ I, 128 round_hole

{ M, 127 turned_ kel

{ N, 126 pocket

{ IV, 125 gear

i I, 121 =lot

N, 51 dmnf_tormas

{ . 114 step

i . 130 externally_defined fe awe_deﬁniﬁon)




C.3.4 STEP definition in EXPRESS-G for entity Project
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981

its_status

L41{N. N} [ e e e M. 46 Approval

——————————————————————————————————————————————————— (2. 48 date_and_time )

|
|
| r
N, @ identifier : : its_owner
tts_td I =TT —— T T T {3‘5: 44 pers Uﬂ_ﬂild_add:ess)
its_i |
project main_workplan 1,42 ()

itz _workpieces S[:7]

M. 43 workpiece

—J *Fwotkplan [©

| 1
1
itz elements L[0:7] : .- —
L
i

ite id
(140 (N, NN, N, N, N, N, N) }—0 (ABS) executable et (. ¢ identifier )

[:

4

C_‘C: 52 tu.ttn:ing_workjngstep)— [ABS) worlingstep (:}C: 35 pro gI’HJ‘]‘l_Stt‘L‘lC‘L'IJIE:) C}:: 31 ﬂ.:_f._m.:ﬁ.;.ﬂ)
— its_s=cplans
l{:}a: 28 elementary_surface )—‘ . l:'_"{: 18 a}:isE_placemEﬂt_id)
______ _teclpath orientation a
4 : -
m— - . ) itz effect ——
C};: 23 tou-:h_probing) C}“-: 39 rapid_mm.'ement) machining_workingstep - ———-=—-————— {'_\: 7in_process_ge DmEtt}-‘)
T ]
final features S[0:7] ! itz _operation
r-——=—-7-7"7""=-=7 ==~ - T; ™ . -
A . 3 2 machiting_ op Eratmn::l
= eature
1. 43 @) (ABS) manufacturing_feature [>—m—
explicit_representation S[1:7]

—

its_operations 5[0:7]

(3 . 2 machining_operation

gy 0y N, 48 face
its_id
{ I, @ identifier

its workpiece
{ M, 43 workpiece

[ N, 36 region (}C: 34 transition_featu;re)

C—I-: 13 twoiD_ma.ﬂufa-:tu:r:ing_featu:rej




C.3.5 STEP definition in EXPRESS-G for entity dimensional_measurement
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881

(7.13(N.N,3,3.3.3) )
action_property_representation
description
name
™, 4 label
representation
*representation o+
name
[ M. 41label
— (DER) description
M, 3 text
(DER) id
N, 12 identifier property
~, items 5[1:7]

CS: 81 representation_item } ontert of items
[:}:: o representation_context} (V) representations in context S[1:7]
[ M, 97 dm_point

B D -

! 1% s ct!
ICX: 34 deﬁ.ﬂitional_representationj [ l:ier_n_eg__pmfl E_IE':'_EI_E _t]
C}C: 80 dm_parameter_value_limits | ‘
C}\” 92 shape_representation } C?\': 21 propert}-'_deﬁnition) Ci 115 resou.tce_propert}-‘j
ICS: 114 dm_result_pa.rameter_). )

dimensional_measurement representation ‘ ‘ action_property

*dm_tolerance analysis_mode_dml F

| *dm_feature_analysis_mode_dml F

| *dm_analysis_dofs_dml F

description

| *dm_parameter analysis_dml F

(5: 6 dm_execution_result_measurement }

(5: 3 measurement_location_’,.

definition

Cﬁ: T characterize d_action_deﬁnition)




C.3.6 STEP definition in EXPRESS-G for entity dm feature
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061

*dm_ feature_relationship F

(™, 10 label fEmE |
related_shape_aspect |

*shape_aspect_relationship

1,1¢(

(IMV) established_by_relationships S[1:7] |
M, 55 datum
M, 44 identifier
relating shape_aspect
(IMNV) target_basis_relationship
[ ™, 5 datum_target — —
relating shape aspect

(DER) id

(IMW) feature_basis_relationship
{ ™, 23 datum_feature }

related_shape_aspect

relating shape_aspect

M, 44 identifie

)

(L3N, N, NN NN NNN)

product_definitional

(DER) id

description

e

(N, 62 dimensional_lacation }

relating shape_aspect
(IMV} basis_relationships 5[1:7]
1

*shape_aspect

MM N, 10 label

o\

M, 48 symmetric_shape_aspect }

relating shape_aspect

(INV} component_relationships §[2:7]

(N. 20 composil.e_shape_aspecl./;

(M. 30 shape_defining_relationship ¥

(M. 63 feature_component_relationship_}

'

M, 7 shape_aspect_deriving_relationship

Lz TR -
:
.

name
| *characterized__object I

{ N, 10 label )

.

*dm_instanced_feature

L=

\N' 53 feature__defin i.l’.'lDIJ)

™, 4 document_ file

{_ M, 29 feature_component_definition )

—

o
N, 12 dmf_arc

*dm_ feature__definition |

M, 30 dmf_cylinder
™, 51 dmf_edge_point

(M. 65 dmf_geometric_curve }

(M, 11 dmf_surface_of _revolution_dml

(N, 42 dmf_plane_symmetric_f

(M, 22 dmf_pattern }

(N, 57 dmf_line_bounded }

M, 37 dmf_circle

(N. 9 drnf_line_closed_parallelj

[ M, 19 dmf_plane }

i

M, 535 datum

M, 27 taper

N, 40 slot_end

M, 64 tee_profile

M, 60 vee_profile

N, 47 boss_top

N, 23 datum_feature
M, 17 applied_area

™, 14 hole_bottom

M, 15 profile_ floox

M, 46 linear_profile

miiiuii

N, 61 modified _pattern

\N' 32 twra nsir.ion_fear.ure)

{ N, 41 circular_closed_profile

S

{ N, 48 symmetric_shape_aspect )

{_M, 49 derived_shape_aspect )

(™, 58 rounded_u_profile )

{_M, 39 closed_path_profile )

\N' 18 ngon_closed_p |'0Eile)

\N. 54 partial__circular_pro flle)

{_ M, 6 path_feature_component )

of_shape

\N' a8 |'ecLangulal'_closed_pl'oﬁle)

{ ™. 13 product_definition_shape )

{ M, 5 datum_target )

(M, 28 dmf_line_unbounded }

{ N, 20 composite_shape_aspect )

(™, 36 dmf_poaint

M, 24 square_u_prafile

(M. 59 dmf_plane_closed_parallel }

™. 38 rib_top_floor

H

(N. 16 dmf_genel'ic_fear.ure/;

(N, 43 instanced_feature )

(M, 34 dmi_sphere }

/

{_M, 31 open_path_profile

M, 33 dmf_torus

M, 25 pocket_bottom )

(M. 35 dmf_geometric_surface )

{ M, 45 tolerance_zone )

(M, 21 dmf_ellipse }

M, 52 dmf_cone

{ M, 56 chamfer_offset )
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D.4 Appendix: Neutral Exchange File for Dimensional Inspection

D.4.1 DMIS File

DMISMN/’ model2_inspection_setup_1",05.2

$$

$$ Generated by dmis52_pm2.tcl Version: 12.0.20170316 at Apr. 16, 2021 21:47:14
$$

UNITS /MM, ANGDEC, TEMPF

PN (PROGRAM_HEADER_STATEMENT _ID)=PARTID/’ model2_inspection_setup_1"~
PR (PROGRAM_HEADER_STATEMENT_RV)=PARTRV/’ 120"
S(TP20_STD_A-5003-0040-01-A_A90_B0)=SNSDEF/PROBE, INDEX,POL,90.,0.0,0.0,1.,0.0,137.27273,3.,SPHERE
S(TP20_STD_A-5003-0040-01-A_A0_B0)=SNSDEF/PROBE, INDEX,POL,0.0,0.0,0.0,0.0,1.,137.27273,3.,SPHERE
S(TP20_STD_A-5003-0040-01-A_A90_B90)=SNSDEF/PROBE, INDEX,POL,90.,90.,-1.,0.0,0.0,137.27273,3.,SPHERE
D(MCS)=DATSET/MCS
F(PLANE1)=FEAT/PLANE,CART,75.,-10.,5.,0.0,1.,0.0
F(PLANEI_BNDI)=FEAT/PLANE,CART,150.,-10.,0.0,0.0,0.0,1.
F(PLANEI_BND2)=FEAT/PLANE,CART,0.0,-10.,0.0,1.,0.0,0.0
F(PLANEI_BND3)=FEAT/PLANE,CART,0.0,-10.,10.,0.0,0.0,—1.
F(PLANEI_BND4)=FEAT/PLANE,CART,150.,-10.,10.,-1.,0.0,0.0
BOUND/F (PLANEI) $

,F(PLANE1_BNDI1) $

,F(PLANEI_BND2) $

,F(PLANEI_BND3) $

,F(PLANEI_BND4)
F(PLANE2)=FEAT/PLANE,CART,90.,51.72201,10.,0.0,0.0,1.
F(PLANE2_BNDI1)=FEAT/PLANE,CART,180.,155.,10.,1.,0.0,0.0
F(PLANE2_BND2)=FEAT/PLANE,CART,180.,-51.55598,10.,0.0,-1.,0.0
F(PLANE2_BND3)=FEAT/PLANE,CART,0.0,-51.55598,10.,-1.,0.0,0.0
F(PLANE2_BND4)=FEAT/PLANE,CART,0.0,155.,10.,0.0,1.,0.0
BOUND/F (PLANE2) $

,F(PLANE2_BND1) $

,F(PLANE2_BND2) $

,F(PLANE2_BND3) $

,F(PLANE2_BND4)
F(PLANE3)=FEAT/PLANE,CART,150.,72.5,5.,-1.,0.0,0.0
F(PLANE3_BNDI)=FEAT/PLANE,CART,150.,155.,10.,0.0,-1.,0.0
F(PLANE3_BND2)=FEAT/PLANE,CART,150.,155.,0.0,0.0,0.0,1.
F(PLANE3_BND3)=FEAT/PLANE,CART,150.,-10.,0.0,0.0,1.,0.0
F(PLANE3_BND4)=FEAT/PLANE,CART,150.,-10.,10.,0.0,0.0,-1.
BOUND/F (PLANE3) $

,F(PLANE3_BNDI1)$

,F(PLANE3_BND2) $

,F(PLANE3_BND3) $

,F(PLANE3_BND4)

F (PLANE4)=FEAT/PLANE,CART,75.,72.5,0.0,0.0,0.0,1.
F(PLANE4_BNDI1)=FEAT/PLANE,CART,0.0,155.,0.0,1.,0.0,0.0
F(PLANE4_BND2)=FEAT/PLANE,CART,0.0,-10.,0.0,0.0,1.,0.0
F(PLANE4_BND3)=FEAT/PLANE,CART,150.,-10.,0.0,-1.,0.0,0.0

F (PLANE4_BND4)=FEAT/PLANE,CART,150.,155.,0.0,0.0,-1.,0.0
BOUND/F (PLANE4) $

,F(PLANE4_BNDI1)$

,F(PLANE4_BND2) $

,F(PLANE4_BND3) $

,F(PLANE4_BND4)
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52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99

100

101

102

103

104

105

106

107

108

109

110

11

SNSLCT/SA(TP20_STD_A-5003-0040-01-A_A0_BO)

$$ Number of PTMEAS =

15

MEAS/PLANE, F (PLANE2) ,3
GOTO/162.,-30.90038,40.
SNSET/APPRCH, 6.5
SNSET/RETRCT, 7.5
PTMEAS/CART,162.,-30.90038,10.,0.0,0.0,1.

PTMEAS/CART,141.42857,-30.90038,10.,0.0,0.0,1.
PTMEAS/CART,120.85714,-30.90038,10.,0.0,0.0,1.
PTMEAS/CART,100.28571,-30.90038,10.,0.0,0.0,1.
PTMEAS/CART,79.71429,-30.90038,10.,0.0,0.0,1.
PTMEAS/CART,59.14286,-30.90038,10.,0.0,0.0,1.
PTMEAS/CART,38.57143,-30.90038,10.,0.0,0.0,1.

PTMEAS/CART,18.,-30.90038,10.
PTMEAS/CART,162.,-7.29399,10.
.,16.31241,10.
.,39.91881,10.
.,63.52521,10.

PTMEAS/CART, 162
PTMEAS/CART, 162
PTMEAS/CART, 162
PTMEAS/CART, 162

ENDMES

,0.0,0.0,1.
,0.0,0.0,1.
,0.0,0.0,1.
,0.0,0.0,1.
,0.0,0.0,1.

.,87.13161,10.,0.0,0.0,1.
PTMEAS/CART,162.,110.738,10.,0.0,0.0,1.
PTMEAS/CART,162.,134.3444,10.,0.0,0.0,1.
GOTO/162.,134.3444 ,40.

$$ Number of PTMEAS = 64
MEAS/PLANE, F(PLANE3) ,3

GOTO/120.,138.5

1.

PTMEAS/CART,150.,138.5,1.75,-1.,0.0,0.0
PTMEAS/CART,150.,138.5,2.14286,-1.,0.0,0.0
PTMEAS/CART,150.,138.5,3.28571,-1.,0.0,0.0
PTMEAS/CART,150.,138.5,4.42857,-1.,0.0,0.0
PTMEAS/CART,150.,138.5,5.57143,-1.,0.0,0.0
PTMEAS/CART,150.,138.5,6.71429,-1.,0.0,0.0
PTMEAS/CART,150.,138.5,7.85714,-1.,0.0,0.0
PTMEAS/CART,150.,138.5,9.,-1.,0.0,0.0
PTMEAS/CART,150.,119.64286.,9.,-1.,0.0,0.0
PTMEAS/CART,150.,119.64286,7.85714,-1.,0.0,0.
PTMEAS/CART,150.,119.64286,6.71429,-1.,0.0,0.
PTMEAS/CART,150.,119.64286,5.57143,-1.,0.0,0.
PTMEAS/CART,150.,119.64286 ,4.42857,-1.,0.0,0.
PTMEAS/CART,150.,119.64286,3.28571,-1.,0.0,0.
PTMEAS/CART,150.,119.64286,2.14286,-1.,0.0,0.
PTMEAS/CART,150.,119.64286,1.75,-1.,0.0,0.0
PTMEAS/CART,150.,100.78571,1.75,-1.,0.0,0.0
PTMEAS/CART,150.,100.78571,2.14286,-1.,0.0,0.
PTMEAS/CART,150.,100.78571,3.28571,-1.,0.0,0.
PTMEAS/CART,150.,100.78571 ,4.42857,-1.,0.0,0.
PTMEAS/CART,150.,100.78571,5.57143,-1.,0.0,0.
PTMEAS/CART,150.,100.78571,6.71429,-1.,0.0,0.
PTMEAS/CART,150.,100.78571,7.85714,-1.,0.0,0.
PTMEAS/CART,150.,100.78571,9.,-1.,0.0,0.0
PTMEAS/CART,150.,81.92857,9.,-1.,0.0,0.0
PTMEAS/CART,150.,81.92857,7.85714,-1.,0.0,0.0
PTMEAS/CART,150.,81.92857,6.71429,-1.,0.0,0.0
PTMEAS/CART,150.,81.92857,5.57143,-1.,0.0,0.0
PTMEAS/CART,150.,81.92857 ,4.42857,-1.,0.0,0.0
PTMEAS/CART,150.,81.92857,3.28571,-1.,0.0,0.0
PTMEAS/CART,150.,81.92857,2.14286,-1.,0.0,0.0
PTMEAS/CART,150.,81.92857,1.75,-1.,0.0,0.0
PTMEAS/CART,150.,63.07143,1.75,-1.,0.0,0.0
PTMEAS/CART,150.,63.07143,2.14286,-1.,0.0,0.0

==l N2 =]

S O O O O O
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112 PTMEAS/CART,150.,63.07143,3.28571,-1.,0.0,0.
113 PTMEAS/CART,150.,63.07143 ,4.42857,-1.,0.0,0.
114 PTMEAS/CART,150.,63.07143,5.57143,-1.,0.0,0.
115 PIMEAS/CART,150.,63.07143,6.71429,-1.,0.0,0.
116 PTMEAS/CART,150.,63.07143,7.85714,-1.,0.0,0.
117 PTIMEAS/CART,150.,63.07143,9.,-1.,0.0,0.0

118 PTMEAS/CART,150.,44.21429.,9.,-1.,0.0,0.0

119 PIMEAS/CART,150.,44.21429,7.85714,-1.,0.0,0.
120 PTMEAS/CART,150.,44.21429,6.71429,-1.,0.0,0.
121 PTMEAS/CART,150.,44.21429,5.57143,-1.,0.0,0.
122 PTMEAS/CART,150.,44.21429 ,4.42857,-1.,0.0,0.
123 PTMEAS/CART,150.,44.21429,3.28571,-1.,0.0,0.
124 PTMEAS/CART,150.,44.21429,2.14286,-1.,0.0,0.
125 PIMEAS/CART,150.,44.21429,1.75,-1.,0.0,0.0
126 PTMEAS/CART,150.,25.35714,1.75,-1.,0.0,0.0
127 PIMEAS/CART,150.,25.35714,2.14286,-1.,0.
128 PIMEAS/CART,150.,25.35714,3.28571,-1.,0.
129 PTMEAS/CART,150.,25.35714,4.42857,-1.,0.
130 PTMEAS/CART,150.,25.35714,5.57143,-1.,0.
131 PIMEAS/CART,150.,25.35714,6.71429,-1.,0.
132 PTMEAS/CART,150.,25.35714,7.85714,-1.,0.
133 PTMEAS/CART,150.,25.35714,9.,-1.,0.0,0.0

S O O O O

S O O O o O

s

cocoooco
c oo o oo
co oo oo

134 PTMEAS/CART,150.,6.5,9.,-1.,0.0,0.0

135 PTMEAS/CART,150.,6.5,7.85714,-1.,0.0,0.0
136 PTMEAS/CART,150.,6.5,6.71429,-1.,0.0,0.0
137 PIMEAS/CART,150.,6.5,5.57143,-1.,0.0,0.0
138 PTMEAS/CART,150.,6.5,4.42857,-1.,0.0,0.0
139 PTMEAS/CART,150.,6.5,3.28571,-1.,0.0,0.0
140 PTMEAS/CART,150.,6.5,2.14286,-1.,0.0,0.0
141 PIMEAS/CART,150.,6.5,1.75,-1.,0.0,0.0

142 GOTO/120.,6.5,1.

143 ENDMES

144 DATDEF/FA(PLANE!) ,DAT(B)

145 DATDEF/FA(PLANE2) ,DAT(A)

146 T (PERPENDICULARIDADI)=TOL/PERP,.5 ,DAT(B) ,XAXIS
147 OUTPUT/FA(PLANE3) ,TA(PERPENDICULARIDADI )
148 T(PLANITUDI1)=TOL/FLAT,.3

149 OUTPUT/FA(PLANE4) ,TA(PLANITUDI)

150 T(PARALELISMO1)=TOL/PARLEL,.5 ,DAT(A),ZAXIS
151 OUTPUT/FA(PLANE4) , TA(PARALELISMOI )

152 ENDFIL
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F.5 Appendix: Support Codes for the Calculation of Manufacturing Errors

F.5.1 Code to Get the Deflection Angle

1

2 close all;

3 load Vars;

4 nameFeature=Dx_Tolerancia_ DSTNCE ;
5 figure (1)

6 plot(nameFeature)

7 xlabel(’ Observation ’)

8 ylabel(’ Distance (mm)’)

9 title ('’ Historical Production Data’)
10

11 figure(2)

12 histfit (nameFeature) % Plot histogram with normal distribution fit
13 format shortg

14 xlabel (’ Distance (mm)’)

15 ylabel (° Frequency (counts)’)

16 title (’ Distance Histogram )

17

18 pd = fitdist(nameFeature, normal’) % Fit normal distribution to data
19

20 x1 = Y1

21 'yl = nameFeature

22  format long

23 bl = xl\yl

24

25 X1 = [ones(length(x1),1) x1];

26 bl = Xl\yl

27

28 figure (3)

29 yCalcl = Xlxbl;

30 scatter (x1,yl)

31 hold on

32 plot(x1l,yCalcl,’—=")

33 xlabel (’Obs”)
34 ylabel (’ Valor’)
35 title (’Linear Regression Relation Between Valor & Obs’)

36 grid on

37 legend (’Data’,’Slope’,’ Slope & Intercept’,’ Location’,  best’);
38

39 Rsql =1 — sum((yl — yCalcl).”~2)/sum((yl — mean(yl))."2)

40

41 Tetl= atan(bl(2,1));
42 Tetal = rad2deg(Tetl)
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G.6 Appendix: Measurement Results

G.6.1 Measurement Results Acquired Via CMMs

Variable Global Report

Caract: Dx_Tolerancia-DSTNCE

Caract: Dy_Tolerancia-DSTNCE

LT Nonpinal M LST LIT Nonpinal LST
- L
_ F /‘7 [
Cp: 0.845014 Cpk: 0.300040 Cp: 0.840802 Cpk: 0.791101
Pp: 0.576319 Ppk: 0.204635 Pp: 0.726401 Ppk: 0.683463
c SEC . c SEC .
Nominal: 170.500000 P 0@&" 20 Nominal: 170.500000 P o!)mﬁols 20
XD Bar: 171.14492¢ |cpk  ower i | XD Bar: 170.44088¢ |cok oo gt i
S(total): 0.5783829 L7 s(otal): 0.4588832 L
L. P 05763195 . i ] .. P 07264013 . i ]
Max: 173.102000 P BT Max 171.224000 P j = BA Iy
Min: 170.016000 s Min: 170.003000 133
Ppk 0.2046346 D = I, i Ppk 06834629 l:l i I, i
Relagéo De Defeito: * 00 10 20 Relagao De Defeito: ( 00 10 20
Caract: Ly_1 Length Toleranc-DSTNCE Caract: Ly_2 Lenght_Toleran-DSTNCE
LT Nonpinal LST LIT Nonpinal LST

L

_— T

|
Cp: 0.680566 Cpk: 0.664670 Cp: 0.601351 Cpk: 0.564776
Pp: 0.517226 Ppk: 0.505145 Pp: 0.446654 Ppk: 0.419488
c RN c N T
. 0.6805658 : : : . ) 0.6013506 : : :
Nominal: 170.500000 P ST | Nominal: 170.500000 P R AL
XD Bar: 170.523351 |cpk o iR | XD Bar 17056082 oo osors gy Ki
S(total): 0.6444633 LY s(total): 0.7462903 R
. P 0.5172263 i i E L. P 0.4466537 i i i E
Méx: 173.026000 P BT max: 173.453000 P | EAIE |
Min: 170.021000 1.33 Min: 169.908000 1.33
Ppk 05051453 D E IE E Ppk 04194876 DE E IE E
Relagéo De Defeito: 00 10 20 Relagdo De Defeito: . 00 10 20
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Variable Global Report

Caract: Lx_1 Lenght_Toleran-DSTNCE Caract: Lx_2 Lenght_Toleran-DSTNCE
LIT] Nonpinal — LST LIT] Nonpinal —] LST
= ] 7: ——— — [
Cp: 0.843049 Cpk: 0.371092 Cp: 0.822957 Cpk: 0.238893
Pp: 0.568864 Ppk: 0.250402 Pp: 0.576613 Ppk: 0.167382
k. k.
Nominal: 170.500000  |CP  ** WENENETE | \ominal: 170500000 |CP 0 BT
XD Bar: 171.05982° |cpk oo gy i | XD Bar 171209714 |oop oo gy i
S(total): 0.5859626 0t S(total): 0.5780885 T
.o, P 05688645 ™1 .o, P 05766129 ™1
Max: 173.126000 p BN max 173.077000 p j _ENIL §
Min: 169.967000 183 Min: 170.054000 133
Ppk 02504020 u! il! ] Ppk 01573325& | il! ]
Relagao De Defeito: * 00 1o 20 Relagao De Defeito: * 00 1o 20
Caract: Y_Paralelismo-LINE-PARLEL Caract: X_Paralelismo-LINE-PARLEL
Néminal Néminal

==

Cp: 0.228649 Cpk: -0.489471 Cp: 0.224106 Cpk: -0.211780
Pp: 0.205431 Ppk: -0.439769 Pp: 0.180658 Ppk: -0.170722
P - P -

Nominal: 0.000000 Cp  come WHTHIET | Nominal: 0.000000 Cp  omes WENTR
XD Bar: 0.2070357 |cpk owonumi i | XD Bar: 0.1472500 oo oo i i
S(total): 0.0811302 P S(total): 0.0922551 oo 1o 20
Max: 0.394000 Pp oo BEEEERTE | Max: 0.392000 Pp  ore SICTIIE
Min: 0.108000 E 2 Min: 0.063000 R T
Ppk o GO Ppk o I

Relagéo De Defeito: 00 10 20 Relagao De Defeito: 00 10 20
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Variable Global Report

Caract: X1-Y1 Perpendiculari-LINE Caract: Y1-X2 Perpendiculari-LINE
Néminal LST Néminal LST
Cp: 1.936665 Cpk: 1.927120 Cp: 2.240071 Cpk: 2.105986
Pp: 1.457631 Ppk: 1.450447 Pp: 2.065494 Ppk: 1.941859
1.33 . 1.33 . .
Nominal: 0.000000 Cp v BTN \ominal 0.000000 Cp o BT
XD Bar: 05024643  |cpk oo i | XD Bar:05299286  |cpi s g NI
S(total): 0.1143408 L Sitotal): 0.0806910 e
.. P 14576310 3 .o, P 2.0654935 Tk
Méx: 0.702000 P T max 0691000 P j = 1B
Min: 0.232000 133 Min: 0.337000 133
Ppk oo (TR Ppk oo TN
Relagao De Defeito: ( 00 1o 20 Relagao De Defeito: ( 00 1o 20
Caract: X2-Y2 Perpendiculari-LINE Caract: Y2-X1 Perpendiculari-LINE
Néminal LST Néminal LST
Cp: 1.875139 Cpk: 2.270257 Cp: 3.389736 Cpk: 4.256505
Pp: 1.705454 Ppk: 2.064817 Pp: 3.005990 Ppk: 3.774633
1.33 , 1.33 ,
Nominal: 0.000000 Cp oo WHEENNE | \ominal: 0.000000 Cp - EHLTH |
XD Bar:0.3946429 |cpk  coweo gupfimi| XD Bar 03721481 oo e T
S(total): 0.0977257 L S(total): 0.0554448 e
Méx: 0.603000 Pp oo BRI | Max: 0.512000 Pp  owev SHICI
Min: 0.178000 1.33 Min: 0.260000 1.33
Ppk 20648173 mi E Ppk 37746330 mi
Relagao De Defeito: ( 00 15 30 Relagao De Defeito: ( 00 20 40
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Variable Global Report

Caract: Ly1_Retilineidade-LINE-STRGHT Caract: Ly2_Retilineidade-LINE-STRGHT
Nohpinal Nohpinal
Cp: 0.491860 Cpk: -0.189015 Cp: 0.232631 Cpk: -0.354596
Pp: 0.366661 Ppk: -0.140903 Pp: 0.182951 Ppk: -0.278869
. 2. . .
Nominal: 0.000000 Cp  cow BHEUITE | Nominal: 0.000000 Cp oo WU
XD Bar: 0.0596071 |cpk  cwnguiri i | XD Bar:0.0881071 ooy o it i
S(total): 0.0227276 L S(total): 0.0455496 T
Max: 0.117000 Pp  oweor BIEERTE | Max: 0.269000 Pp o= SICTIIE
Min: 0.023000 133 Min: 0.029000 13
Ppk o SEIT TS Ppk o GUITT IR
Relagao De Defeito: ¢ 00 1o 20 Relagao De Defeito: ¢ 00 1o 20
Caract: Lx_1_Retilineidade-LINE-STRGHT Caract: Lx_2 Retilineidade-LINE-STRGHT
Neominal Nehpinal
Cp: 0.360000 = Cpk: -0.615600 Cp: 0.200000 . Cpk: -0.376286
Pp: 0.281395 Ppk: -0.481186 Pp: 0.201093 Ppk: -0.378342
P - P -
Nominal: 0.000000 Cp cwo BEHNET | Nominal: 0.000000 Cp  owos WLLNTR
XD Bar: 0.0927500 |cpk ey Jimi | XD Bar:0.0970357 ook s g
S(total): 0.0296143 M * Sototal): 0.0414403 o0
Méx: 0.153000 Pp oo BTERTE | Max: 0.208000 Pp oo
Min: 0.027000 E 2 Min: 0.032000 ,
Ppk 7043113554 i ! Ii i Ppk rnsmsamq i
Relagao De Defeito: ¢ 00 10 20 Relagao De Defeito: ¢ 0.0

199



ANNEXES

200



I.1 Annex: Data Schema EXPRESS

I.1.1 shape_tolerance_schema Schema EXPRESS

This annex presents the EXPRESS language code for the shape_tolerance_schema scheme.

1

2 SCHEMA shape_tolerance_schema;

3 REFERENCE FROM product_property_definition_schema
4 (shape_aspect,

5 shape_aspect_relationship);

6 REFERENCE FROM measure_schema

7 (derive_dimensional_exponents ,

8 dimensional_exponents ,

9 measure_with_unit ,

10 measure_value);

11 REFERENCE FROM representation_schema

12 (representation);

13 REFERENCE FROM support_resource_schema

14 (label ,

15 text);

16 REFERENCE FROM shape_aspect_definition_schema
17 (datum_reference ,

18 limit_condition );

19 REFERENCE FROM shape_dimension_schema

20 (dimensional_characteristic ,

21 dimensional_location);

22

23 TYPE tolerance_method_definition = SELECT
24 (tolerance_value ,

25 limits_and_fits);

26 END_TYPE;

27

28 TYPE shape_tolerance_select = SELECT

29 (geometric_tolerance ,

30 plus_minus_tolerance);

31 END_TYPE;
32
33 ENTITY dimension_related_tolerance_zone_element;

34 related_dimension : dimensional_location;

35 related_element : tolerance_zone_definition;

36 END_ENTITY;

37

38 ENTITY geometric_tolerance;

39 name : label;

40 description Totext;

41 magnitude : measure_with_unit;

42 toleranced_shape_aspect : shape_aspect;

43 WHERE

44 WRI1: (’NUMBER’ IN TYPEOF

45 (magnitude\ measure_with_unit.value_component)) AND

46 (magnitude\ measure_with_unit.value_component >= 0.0);

47 END_ENTITY;

48

49 ENTITY geometric_tolerance_relationship;

50 name :label;
51 description ttext
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52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99

100

101

102

103

104

105

106

107

108

109

110

11

relating_geometric_tolerance
related_geometric_tolerance
END_ENTITY ;

ENTITY geometric_tolerance_with_datum_reference
SUBTYPE OF (geometric_tolerance);
datum_system : SET [1:?] OF datum_reference;

END_ENTITY ;

ENTITY geometric_tolerance_with_defined_unit
SUBTYPE OF (geometric_tolerance);
unit_size : measure_with_unit;
WHERE
WRI1: (’NUMBER’ IN TYPEOF
(unit_size\measure_with_unit.value_component)) AND
(unit_size\measure_with_unit.value_component > 0.0);
END_ENTITY ;

ENTITY modified_geometric_tolerance
SUBTYPE OF (geometric_tolerance);
modifier : limit_condition;

END_ENTITY ;

ENTITY projected_zone_definition
SUBTYPE OF (tolerance_zone_definition);
projection_end : shape_aspect;
projected_length : measure_with_unit;
WHERE
WRI1: (’NUMBER’ IN TYPEOF
(projected_length\measure_with_unit.value_component)) AND

(projected_length\measure_with_unit.value_component > 0.0);

WR2: (derive_dimensional_exponents
(projected_length\measure_with_unit.unit_component)=
dimensional_exponents (1,0,0,0,0,0,0));
END_ENTITY ;

ENTITY runout_zone_definition

SUBTYPE OF (tolerance_zone_definition);
orientation : runout_zone_orientation;
END_ENTITY ;
ENTITY runout_zone_orientation;

angle : measure_with_unit;
END_ENTITY ;
ENTITY runout_zone_orientation_reference_direction

SUBTYPE OF (runout_zone_orientation );
orientation_defining_relationship: shape_aspect_relationship;
END_ENTITY ;

ENTITY statistical_distribution_for_tolerance
SUBTYPE OF (representation);
WHERE
WRI: SIZEOF (QUERY (item <x SELF\representation.items |

NOT (’QUALIFIED_MEASURE_SCHEMA . MEASURE_REPRESENTATION_ITEM’

IN TYPEOF (item)))) = 0;
END_ENTITY ;

ENTITY tolerance_with_statistical_distribution ;
associated_tolerance : shape_tolerance_select;
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112 tolerance_allocation : statistical_distribution_for_tolerance
113  END_ENTITY ;

114

115 ENTITY tolerance_zone

116 SUBTYPE OF (shape_aspect);

117 defining_tolerance : SET [1:?] OF geometric_tolerance;
118 form : tolerance_zone_form;

119 END_ENTITY;

120

121 ENTITY tolerance_zone_form;

122 name : label;

123 END_ENTITY ;

124

125 ENTITY tolerance_zone_definition

126 SUPERTYPE OF (ONEOF (projected_zone_definition ,
127 runout_zone_definition));
128 zone : tolerance_zone;

129 boundaries: SET [1:?] OF shape_aspect;

130 END_ENTITY ;

131

132  ENTITY limits_and_fits;

133 form_variance . label;

134 zone_variance . label;

135 grade . label;

136 source ©otext;

137 END_ENTITY ;

138

139 ENTITY plus_minus_tolerance;

140 range : tolerance_method_definition;
141 toleranced_dimension : dimensional_characteristic;
142  UNIQUE

143 URI: toleranced_dimension;

144 END_ENTITY ;

145

146 ENTITY tolerance_value;

147 lower_bound : measure_with_unit;

148 upper_bound : measure_with_unit;

149 DERIVE

150 ubvce : REAL := upper_bound\measure_with_unit.value_component;
151 Ibve : REAL := lower_bound\measure_with_unit.value_component;
152 'WHERE

153 WRI1: ubvc > lbvec;

154 WR2: upper_bound\measure_with_unit.unit_component =
155 lower_bound\measure_with_unit.unit_component;
156 END_ENTITY ;

157

158 END_SCHEMA ; —— End of shape_tolerance_schema
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