Journal of Computing and Information Science in Engineering JCISE-20-1075
https://doi.org/10.1115/1.4048214

RULE MODEL FOR SELECTING DIMENSIONAL MEASUREMENT
EQUIPMENT IN INSPECTION PLANNING

Shaw C. Feng, John A. Horst, Allison Barnard Feeney, Albert T. Jones, Thomas R.
Kramer, Thomas D. Hedberg, Jr.



Journal of Computing and Information Science in Engineering JCISE-20-1075
https://doi.org/10.1115/1.4048214

ABSTRACT

Process uncertainty can have negative effects on part quality and is, therefore,
critical to the safety and performance of products. Those effects are manifested in the
dimensional measurement uncertainty associated with those parts and products. To
minimize the effects of process uncertainties, the sources of dimensional uncertainty
must be identified and clearly communicated to collaborators and suppliers. A principal
source of dimensional uncertainty is the measurement equipment itself. This paper
presents an activity model, rule types, and sample rules for selecting dimensional-
metrology equipment. The activity model represents key operations and information
flows associated with dimensional measurement. Analysis of the included activity model
facilitates the development of rule types for measurement-equipment selection as
described in the Quality Information Framework (QIF) standard. Rule types are based on
design information and measurement requirements. Standard rule types enable
industrial metrologists to capture, exchange, and share equipment-selection rules with
their collaborators. Example QIF rules are defined for successful and cost-saving use in
planning a measurement process with functionally complex and appropriate
dimensional-measurement equipment.

Key words: activity modeling, dimensional measurement, measurement equipment
selection, measurement process planning, measurement rules.

1. Introduction

Dimensional measurements are required to verify the quality of the

manufactured parts. Since not all manufactured parts conform to the design
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specification, dimensional measurements are the means by which manufacturers
guantify the critical dimensions and geometric shape of manufactured parts.
Dimensions can be linear, nonlinear, and angular. Geometrical properties include the
following categories: form, location, orientation, runout, and profile. Manufacturers
make these dimensional measurements to ensure the form, fit, and function of
manufactured parts. Dimensional measurement is fundamentally important for
interchangeability, assembly, and global trade. Measurements are how manufacturers
ensure that parts fit together; however, the uncertainty associated with these
measurements often determines how well the assembly works.

There are several sources of measurement uncertainty. Commonly known
sources of uncertainty include the measurement equipment, the measurement strategy,
and the environmental conditions. One of the most important principles in the field of
dimensional measurement is that the sources of uncertainty must be declared in the
measurement report. ANSI Quality Information Framework (QIF) 3.0 standard [34] is
developed to reduce the burden of identifying those sources through the use of
standard quality reporting format?'. The QIF standard supports the transfer of data
related to metrology through the entire product process, by linking design and
tolerancing with quality information [31].

QIF is a set of standard information models that capture key dimensional

metrology information required by metrologists. The information includes part

! approved by ANSI on February 2019 and approved by ISO as ISO/DIS 23952 Automation systems and
integration - Quality information framework - An integrated model of manufacturing quality information
on November 2019
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geometry, features, dimensions, tolerances, datums, annotations, measurement plans,
resources?, rules, results, and statistics. QIF enables the effective exchange of metrology
data throughout the entire manufacturing-quality-measurement process — from product
design to inspection planning to execution to analysis and reporting. All the parts of QIF
are integrated, with the QIF Library as the foundation (see Figure 1). The QIF standard is
specified in the eXtended Markup Language standard (XML). Metrological information is
modeled using the XML Schema Definition Language [41]. The Extensible Stylesheet
Transformation language (XSLT) [42] defines additional constraints that ensure the
semantic integrity of data. Overall, QIF strives to make software implementations
efficient regardless of the platforms on which they reside. For example, coordinate
measurement strategy rules specified by a customer provide suppliers with guides to
determine how many points to measure and the locations of those points. Also,
coordinate measurement equipment selection rules further provide suppliers with
guides to appropriately select coordinate measurement equipment with specific
capabilities, including machine precision, probe sizes, stylus lengths, and indexability of
the probe head.

QIF 2.13 is an XML schema-based information model divided into several
separable components. When combined, those components realize an explicit and full
definition of the metrology information associated with the entire dimensional-

metrology lifecycle. QIF contains a Model-Based Definition (MBD) with semantically

2 The term “equipment” used in this paper is equivalent to “resources” defined in QIF.
3 QIF 2.0 was approved by ANSI on October 2014, and QIF 2.1 was approved by ANSI on February 2016.
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associated Product and Manufacturing Information (PMI), including feature-based
tolerances. QIF is seamlessly integrated with the DMIS standard [7]. QIF 2.1 has a
strategy for representing rules that specify measuring points and their locations based
on the PMI of part design. Selection of measurement equipment was not addressed in
QlF 2.1.

Measurement equipment is necessarily becoming more capable, accurate, and
sophisticated to meet today’s requirements for measuring increasingly more complex
geometries. Consequently, the selection of capable measurement equipment to ensure
product quality is seen as a significant opportunity for efficiency and productivity gains.
Specific rules of the measurement-equipment-selection process is thus the focus of this
paper. The primary task in developing selection rules for dimensional measuring
equipment (DME) is to relate the measurement requirements on the part design to the

actual measurements of the produced part.

Product
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Figure 1: QIF Components in the Quality Measurement Workflow [34]
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DME is any type of software and hardware used in a measurement process, for
example, coordinate measuring machines, fixtures, gages, probes, probe extensions,
styli, probe tips, and data plotting and analysis software. Measurement equipment also
includes instruments (laser scanner, laser tracker, and theodolite, and gages, e.g., block
gages, go/no-go gages, depth gages, and bore gages). Selecting the appropriate DME is
based on geometric characteristics, tolerances, and datums of the part to be measured.
We documented industry-recommended practices from discussions with members of
the Digital Metrology Standards Consortium#. Those practices are captured in a new
activity model, which is described below.

DME selection rule types are also proposed in this paper. These rule types, i.e.,
templates, are also based on industry best practices. The paper describes the DME
selection rule model that is included in QIF Version 3.0 [34]. The rule model provides a
set of rule templates for creating rules. Rules assist in consistently selecting what to
measure and how to measure. What to measure includes dimensional and geometric
characteristics [23],[27], tolerances [5],[11], metrology features [5],[25], and datums
[5],[12]. Also, non-dimensional characteristics, such as cracks, invisible internal voids,
and burrs need to be considered regarding their locations and sizes [21]. How to
measure includes measurement strategy and selecting dimensional-measurement
systems and devices [7]. Furthermore, users in industry can share measurement rules
digitally with their suppliers and customers to ensure product quality in a timely

manner.

4 https://qifstandards.org/about-dmsc/
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This paper describes an activity model for selecting rule types standardized for
DME selection. Section 2 reviews the literature, including standards on resources and
uncertainty, and dimensional measurement instrument selection providing the
motivation for the DME selection rule model development. Section 3 describes selection
activities and their sub-activities, including input, output, control, and mechanism data.
Section 4 provides examples of rule types, i.e., a selection-rule model. Section 5
provides examples of rules to show implementation of rule types. Section 6 concludes
the paper.

2. Review of Research and Standards
2.1 Review of Research Related to Measurement Resources Selection

A review of common methods for assessing accuracy of both coordinate
measuring systems and devices is provided in [36], such as positioning accuracy,
orthogonality, and triggering delays. A comprehensive set of types of coordinate
measuring machines (CMMs) is enumerated in Sections 3.5 and 4.2.1 in [36], including
cartesian CMM, double-carriage CMM, articulated CMM, light-pen CMM, and parallel-
link CMM. These types provide the basis for a CMM information model used in the
action/decision (THEN) part of rule types. A comprehensive presentation of issues for
measurement strategy, equipment selections, equipment capabilities, and various
components of CMMs can be found in [9]. The description of CMM capabilities in the
text provides a high-level framework for selecting measuring systems based on the tight
tolerances on sizes, locations, profiles, or runouts. Dimensional measurement

terminology, measurement process descriptions, and process planning methods for
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measuring a variety of machining features can be found in [32]. Descriptions of
measurement equipment capability and probe accessibility in [32] are fundamental to
our work described in this paper.

An analysis of effective feature orientation and feature grouping when using a
coordinate measuring machine to inspect parts with multiple features in various
orientations can be found in [40]. This analysis can be used as a basis for accessibility-
rules development. A review of how QIF MBD data, including tolerances, are used for
measurement planning can be found in [31]. Guidelines for selecting CMMs capable of
inspecting large parts are described in [33]. We use these guidelines for developing a set
of exemplary CMM selection rules, which are documented in the Appendix B. Similar
research on categorization of gages, CMMs, standards, and usages shows that
measurement equipment selection rules are beneficial to measurement planning [38].
In an overview of coordinate measurement strategy [8], the author identifies rules for
creating probing or sensing strategies. An industrial practice on creating measurement
strategy applicable to developing probing rules is described by [30]. In another review
[6], the authors identify conditions and actions for measurement-planning rule
development. In [35], the authors provide a DME industrial categorization that can be
used for identifying equipment capabilities and applications. Given the research
referenced in this section, we can develop accessibility, measurement equipment
selection, and measurement process planning rule types.

2.2 Relevant Standards
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QIF allows users to select and designate the set of standards applicable to any
given QIF instance. ASME Y14.5 [5] and ISO 1101 [11] are frequently designated choices
of tolerancing standards. The ISO Geometrical Product Specification (GPS) system is a
set of related standards for dimensional and geometric product specifications and
verification [35],[39] and is applicable to the dimensional-measurement-rule model
development. ANSI/ASME have two related standards on dimensional measurement: 1)
measurement process planning that describes high-level process planning, equipment
selection, and probing strategy [3] and 2) a procedure for evaluating uncertainty [4].
Finally, according to [26] and [30], equipment selection should be based on the
measurement process capability, which can be specified using statistical distributions.
Table 1 lists the reviewed standards in six categories.

Table 1 — Dimensional Measurement Planning-related Standard Classification

Classification Standards
1. Y14.5-2009, Dimensioning and Tolerancing [5]
Dimension, tolerance, and 2. 1SO 1101 Geometrical tolerances [11]
datum 3. I1SO 5459 Datums and datum systems [12]
4. ISO 25378 GPS Characteristics and Conditions [27]
1. ASME B89.4.22: Methods for Performance

Evaluation of Articulated Arm Coordinate
Measuring Machines [1]

2. ASME B89.4.10360.2: Acceptance Test and
Reverification Test for Coordinate Measuring
Machines (CMMs) — Part 2: CMMs Used for
Measuring Linear Dimensions [2]

3. I1SO 10360-1: Acceptance and Reverification Tests
for Coordinate Measuring Machines — Part 1 [14]

Coordinate Measuring
Machine Verification

1. 1SO 14978 Geometrical Product Specifications
(GPS) — General Concepts and Requirements for

Device and Gage GPS Measuring Equipment [22]

2.1S0O 14978 GPS — General Concepts and
Requirements for GPS Measuring Equipment [23]
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3.1SO 17450-2 GPS — General Concepts — Part 2:

. 1SO 17450-3 GPS — General Concepts — Part 3:

Basic Tenets, Specifications, Operators,
Uncertainties, and Ambiguities [24]

Toleranced Features [25]

Measurement Uncertainty

. ASME B89.7.3.2, Guidelines for the Evaluation of

. ISO 14253-1 GPS — Inspection by Measurement of

. ISO 14253-2 GPS - Inspection by Measurement of

. ISO 14253-3 GPS — Inspection by Measurement of

. 1SO 14253-4 GPS — Inspection by Measurement of

. 1SO 14253-5 GPS — Inspection by Measurement of

. 1SO 14253-6 GPS — Inspection by Measurement of

. JCGM 100:2008, Evaluation of measurement data

. JCGM 106:2012, Evaluation of measurement data

Dimensional Measurement Uncertainty [4]

Workpieces and Measuring Equipment — Part 1:
Decision Rules for Proving Conformity or
Nonconformity with Specifications [15]

Workpieces and Measuring Equipment — Part 2:
Guidance For the Estimation of Uncertainty in GPS
Measurements, in Calibration of Measuring
Equipment and in Product Verification [16]

Workpieces and Measuring Equipment — Part 3:
Guidance for Achieving Agreements on
Measurement Uncertainty Statements [17]

Workpieces and Measuring Equipment — Part 4:
Background on Functional Limits and Specification
Limits in Decision Rules [18]

Workpieces and Measuring Equipment — Part 5:
Uncertainty in Verification Testing of Indicating
Measuring Instruments [19]

Workpieces and Measuring Equipment — Part 6:
Generalizing Decision Rules for the Acceptance
and Rejection of Instruments and Workpieces [20]

— Guide to the expression [28]

— The role of measurement uncertainty in
measurement conformity assessment [29]

Measurement Process
Planning

. ASME B89.7.2, Dimensional Measurement

Planning [3]

Measurement Process
Capability

. 1SO 22514-7:2012 Statistical methods in process

management -- Capability and performance -- Part
7: Capability of measurement processes [27]

10
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In addition to standards, Lockheed Martin Engineering’s, “Inspection and
Acceptance Criteria for a Model Centric Design Environment” [30], provides
comprehensive metrics for instrument and machine selections. The metrics can be used

for developing rule types.

2.3 Gaps Analysis

Few standards exist today for digital communication of measurement
requirements, especially measurement rules. Suppliers, specifically small to medium-
sized manufacturing enterprises (SMEs), are still struggling to 1) understand a
customer’s measurement requirements and 2) trace actual measurement results back
to those requirements. To reduce these struggles, industry needs a semantic procedure
to define measurement rules and requirements in a consistent manner. Such a
procedure will result in improving both understanding and traceability.

Unfortunately, the research results needed to develop the required semantics —
modeling measurement rules based on design model, product manufacturing
information, measurement requirements, and DME capabilities — do not exist. Currently,
there are several data-modeling languages for representing geometric/dimensional
tolerance requirements and feature characteristics. Those languages focus mostly on
representing the syntax and not semantics of those requirements and characteristics.
There are, however, a few rule models for practitioners to define dimensional
measurement rules for large-volume metrology instruments selection [33] and

automating accessibility analysis and measurement clustering for CMMs [40].

11
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To our knowledge, QIF is the only accredited, consensus-based voluntary
standard that provides semantically based, information models® for metrology.
However, QIF 2.1 does not provide methods for developing semantically based rule
models. We proposed extending QIF to include our proposed rule model to provide
industry with an ability to communicate measurement rules across supply chains. The
proposed rule model has been adopted by the QIF Rules Working Group and is now
included in QIF 3.0. Extant dimensioning and tolerancing standards provide the
background information to develop such rules model. The research papers reviewed in
the Section 2.3 provide a basis for extending QIF 2.1 with a rule model to enhance
writing measurement rules and establish a relationship between (1) dimensional and
geometric characteristics and (2) dimensional measurement activities and choices,
including rules for selecting DME. Without a data model, interoperability will not be
possible.

The rules model is needed because it is a key piece of information to enable
efficient communication of customer needs in specifying the requirements on selecting
certain types of measurement equipment and ensuring critical conformance to quality
standards. The remainder of this paper describes our proposed activity model and rule
model in rule types. We also present a test case to demonstrate the benefits of the

model.

5> A semantically based, information model has data elements, classes, and relationships between classes,
based on well-defined terms and methodology for creating such a model. An example of modeling
language is the XML Schema Definition Language.

12
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3. Dimensional Measurement Planning Activity Model

We have generated an activity model to assist in understanding the inspection-
planning requirements for selecting DME, devices, and sensors. The model is based on
(1) selecting the types of DME as specified in QIF Resources, (2) using design
requirements as specified in QIF Product Model Based Definition, (3) being consistent
with the existing measurement strategy rule types in QIF Rules version 2.1, and (4)
readily including QIF Plans, as shown in Figure 1 for all the QIF parts. The activity model,
which is based IDEFO (Integrated Definition for Functional Modeling - the Oth level)
methodology [10], includes both measurement-planning activities and functional-
decomposition activities. See Appendix A for a high-level view of the IDEFO
methodology. We chose IDEFO for its organization and succinct presentation of
activities. Additionally, we did not require a computable activity model and thus IDEFO
met our needs for extracting requirements from practical activities.

In the activity model, measurement rules are identified in the decomposed
activities that select dimensional measurement equipment/resources for part

inspection. This identification leads to rule types development in Section 4.

3.1 The Main Dimensional Measurement Equipment Selection Activity

13
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This activity can be decomposed into three sub-activities: A1, A2, and A3, as

shown in Figure 2.

GD&T Measurement Rules Manufacturing Processes
Standards

M " Features To Be Dimensional
easuremen ;
— | Determine Measured

N Measurement
Requirements

Features to Standards
Be Measured
Part Design Al

Determine

Accessibility

and Setup
A2

Setups

h rF v h 4

»| Select Selected

»| Dimensional DME
Measurement

» Equipment

»| A3

|
Dimensional Measurement Resources

Figure 2: Dimensional Measurement Equipment Selection Process

Activity Al determines features and geometric entities to be measured. Al has
two inputs: Measurement Requirements and Part Design. Measurement requirements,
which are specified by a measurement process planner, define what dimensional and
geometric characteristics are to be measured and the allowable uncertainty in the
resulting measurements. These characteristics are outputs from the part design
function. Those outputs can include a CAD model, a QIF Part Design, or a mechanical
drawing. Additionally, measurement-equipment-capability requirements are also
included in Measurement Requirements. Examples of such requirements include
measurement uncertainty [28], conformity [29], and maximum permissible errors [2].

Parameters that control A1l are Geometric Dimensioning and Tolerancing (GD&T)

Standards, including ISO GPS and ASME Y14.5, and Measurement Rules. The mechanism
14
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parameter is available Dimensional Measurement Resources. Available resources have
three types: resources in possession, resources in commercial catalogues, and resources
that can be custom-made. About characteristics and capabilities of dimensional
measurement resources, they can be found in the following categories of standards in
Table 1: Coordinate Measuring Machine Verification, Device and Gage, and
Measurement Uncertainty. Al can be further decomposed and has sub-activities, and
Section 3.1 describes the details.

Activity A2 is to determine accessibility and setup. Accessibility is a measure of
how well probes or sensors can access features to be measured. A setup is the
placement of the workpiece within the measuring machine’s working envelope, usually,
on a table. The inputs of A2 are Features To Be Measured and Measurement
Requirements. The only control parameter for A2 is the set of Measurement Rules (see
Section 4) for evaluating accessibility and determining setups. The output of A2 is the
set of possible Setups of the workpiece on the measuring machine table. A2 can be
further decomposed and has sub-activities, and Section 3.2 describes the details.

Activity A3 is to select Dimensional Measurement Equipment (DME), based on
Features To Be Measured, Setups, Measurement Requirements, and the Part Design as
input parameters. For selecting DME, GD&T Standards, Measurement Rules,
Manufacturing Processes information, and Dimensional Measurement Standards (e.g.,
ASME B89 standards [3][4]) are used as the control parameters for A3. The mechanism
parameter is available Dimensional Measurement Resources. The output from A3 is

Selected DME, which includes coordinate measuring machines, probes, tools, and probe

15
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tips, laser scanners, and gages. A3 also can be further decomposed and has sub-

activities, and Section 3.4 describes the details.
3.2 Activity to Determine Features To Be Measured

Activity Al is decomposed into four subactivities: A11, A12, A13, and Al4, as

shown in Figure 3.

GD&T Measurement Rules
Standards

l

- Characteristics
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Characteristics to
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To Be Verified
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L, Specify Feature
Feature Boundaries
» Boundaries
Al3
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Measurement
Process
Eapall:}ﬂlt‘_\_' Process
equirements Capabili
Al4 P Y

f

Dimensional Measurement Resources

Figure 3: Determine Features to Measure

Activity A1l is to Determine Characteristics To Be Measured. This is based on the
input Measurement Requirements that specifies which characteristics on a feature
should be measured. Characteristics are associated with Features, which are associated
with the part. Part Design is another input. The output from Al1 is a set of
Characteristics To Be Measured. The control parameters are GD&T Standards, including
the ISO GPS and ASME Y15.4 standards that provide terminologies and definitions on

dimensional and geometric characteristics.

16
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Activity A12 is to Select Tolerances To Be Verified. This activity uses
Measurement Requirements, Part Design, and Characteristics To Be Measured, as inputs
for selecting which tolerances need to be verified. The output from A12 is a set of

Tolerances To Be Verified.

Activity A13 is to Specify Feature Boundaries. When determining features,
measurement process planners must specify feature boundaries within which the
measurement instruments and sensors will be applied to sense or probe the feature.
Sometimes, it is not possible to inspect 100 % of the feature due to other features
interfering with instruments. The input parameters of A13 are Characteristics To Be

Measured and Measurement Requirements. The output from A13 is Feature Boundaries.

Activity Al4 is to Determine Measurement Process Capability Requirements. The
determined measurement process capability requirements will be used to select
measuring machines, devices, and gages in Activity A3. The control on A14 is
Measurement Rules, which specify the capability requirements on the measurement
process. The output from A3 is Process Capability (i.e., measurement process capability
requirements), which is a part of Features To Be Measured. The mechanism parameter

is available Dimensional Measurement Resources.

3.3 Activity to Determine Accessibility and Setups

Activity A2 can be decomposed into three subactivities: A21, A22, and A23, as

shown in Figure 4. Activity A21 is to Group Similarly Oriented Features. The purpose is to

17
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determine the number of setups for the workpiece. Input parameters are Features To
Be Measured and Measurement Requirements. The control is Measurement Rules. The

output is Orientation Groups.

Activity A22 is to Group Similar-Size Features. The size of an internal feature [38],
such as small holes and narrow slots, is used to determine the allowable “sizes” of probe
tips. Sizes that will ensure that probes have enough maneuvering space to measure all
the required internal features accurately. Examples are the diameter of a hole, length of
a hole or slot, and width of a slot. Input parameters are Features To Be Measured and
Measurement Requirements. The control parameter is Measurement Rules. The output

is Size Groups.

Measurement Rules

Y
Meas.urement »| Group Orientation Groups
Reguirements Similarlv
Features N ;}nented
To Be eatures o
Measured b
Group
* Similar-Size Size Groups
Features
> A22
v
»| Determine
»| Setups Setups

—

r

Figure 4: Determine Accessibility and Setups

Activity A23 is to Determine Setups. Input parameters are Orientation Groups,

Size Groups, Features To Be Measured and Measurement Requirements. The output

18
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parameter is Setups. The control parameter is, again, Measurement Rules, which, in this

case, includes rules on workpiece setup.

3.4 Activity to Select Dimensional Measurement Equipment

Activity A3 can be decomposed into four subactivities: A31, A32, A33, and A34,

as shown in Figure 5.

Activity A31 is to Select Coordinate Measurement. This activity is to select the
coordinate-measurement method that will be used in measuring geometric
characteristics and verifying tolerances of the part. Input parameters to A31 are Setups,
Feature To Be Measured, Part Design, and Measurement Requirements. The control
parameters are GD&T Standards, Manufacturing Processes, and Dimensional

Measurement Standards. The output is the selected coordinate measurement systems,

19
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Figure 5: Select Dimensional Measurement Equipment

as parts of DME. An example of the output is the selected Coordinate Measuring

Machine (CMM). Details of selecting CMM components will be described in Section 3.5.

Activity A32 is to Select Direct-Characteristic Measurement. The activity executes
whenever a direct characteristic measurement method is used. Such methods use
measurement devices that can measure dimensional or geometric characteristics
directly. For example, a wall thickness or a diameter of a cylindrical feature can be
measured using a caliper. Using a sine bar to measure an angle of a feature is another
example. These types of measurements fall into two categories: linear-dimension and
angular-dimension. Linear-dimension devices include universal length machines,

micrometers, calipers, bore gages, and optical comparators. Angular-dimension devices

20
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include sine bar, autocollimator, and optical comparator. Input, control, and mechanism

parameters are the same as in Activity A31.

Activity A33 is Direct-Tolerance Verification. This activity executes whenever
direct measurement devices, such as go/no-go gages and optical comparators, are used
for verifying tolerances. Input, control, and mechanism parameters are the same as
those in Activity A31. The output parameter is selected go/no-go gages or optical

comparators, as parts of DME.

Activity A34 is Select Defect Detection. There are two types of defects. One type
is on-surface defects, such as cracks, dents, and scratches. The other type is beneath-
surface defects, such as beneath surface voids in various shapes. Instruments used for
detecting on-surface defects include Eddy current devices and microscopes.
Alternatively, Instruments used for detecting beneath-surface defects include ultrasonic
devices and X-ray Computed Tomography (XCT) scanners. Input, control, and
mechanism parameters are the same as in Activity A31. The output parameter is

selected defect detection instruments, as parts of the Selected DME.

3.5 Activity to Select Coordinate Measuring Machine

Activity A31 can be decomposed into three subactivities: A311, A312, and A313,

as shown in Figure 6.

21
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Figure 6: Select Coordinate Measuring Machine

Activity A311 is Select Coordinate Measuring Machine(s) (CMMs). There are

many types of CMM to choose from, e.g., single-carriage Cartesian CMM, double-

carriage Cartesian CMM, light pen CMM, articulated arm CMM, and parallel link CMM.

Input parameters to A311 are Setups, Features To Be Measured, Part Design, and

Measurement Requirements. Control parameters are GD&T Standards, Manufacturing

Processes, and Dimensional Measurement Standards. The mechanism parameter is

Dimensional Measurement Resources. Based on the input, control, and mechanism

parameters, CMM(s) is/are selected as the output, as a part of the Selected DME.

Activity A312 is Select Tool. There are two types of measurement tools: a sensor-

integrated tool or a detachable tool. Detachable tools can be inserted to another

22
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adapter in the CMM. The input, control, and mechanism parameters are the same as in

A311. The output is a Selected Tool, which is a part of the Selected DME.

Activity A313 is Select Detectors. A detector can be a tactile probe or a nontactile
sensor. The latter is a sensor that does not contact the workpiece. Examples include
laser triangulation sensors, Couple-Charged Display (CCD) cameras, structured light
sensors, confocal chromatic sensors, and capacitive sensors. A tactile probe is either a
touch-triggered or continuously scanning probe. Probes can be fixed or indexable. A
probe has a stylus to attached to it. A stylus has a probe tip attached to it. There are
several types of stylus, e.g., straight and star. The input, control, and mechanism
parameters are the same as in A311. The output is Selected Detectors, as part of the

Selected DME.

4. Examples of Rule Types

The previous activity models formed the basis for our development of the
proposed rule types. Rules are used to constrain the possible selection choices for each
inspection system and devices. We categorize rules into two types: general and specific.
Both rule types are described in the following sections.

4.1 General Rule Types

Applying to all DME, general rules are developed based on design information
and measurement requirements only. Design information includes feature size,
orientation, tolerances, part size, surface roughness, and surface reflectivity.

Measurement requirements include DME capability requirements, instrument
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calibration, measurement time, measurement lead time, and DME availability. The work
described herein has been approved for inclusion in QIF 3.0. The proposed general rule
types are as follows.
4.1.1 Equipment capability rule type

Selected equipment must be capable of measuring the tolerances of the feature
in the part. As identified in Activity A14 and Figure 3, equipment capability rules are
used to specify allowances for DME capabilities. Table 2 described the equipment
capability rule type and provides implementation examples.

Table 2 — Equipment Capability Rule Type

Equipment C = Tolerance / MPE (Max Permissible Error)
capability (C)
Unit C is dimensionless.
Examples C >=10 (Recommended)
C>=4(0K)

4.1.2 Workpiece volume requirement rule type

Selected equipment must have enough volume to house all likely workpiece
sizes. All the measurands of a workpiece must be reachable. Table 3 describes the
workpiece volume requirement rule type and provides implementation examples.

Table 3 — Workpiece volume requirement rule type

Work Volume WRx = Equipment Work Volume in X / Workpiece Space in
Requirement (WR) X

WRy = Equipment Work Volume in Y / Workpiece Space in

Y
WRz = Equipment Work Volume in Z / Workpiece Space in
Z

Unit cm?® or m® for WRx, WRy, and WRz
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Examples WRx >=1.5 AND WRy >= 1.5 AND WRz>= 1.5

4.1.3 Accessibility rule type

Accessibility rules constrain the selection of tactile devices because they must

reach all the features in the workpiece. As identified in Activities A21 and A22 (Figure 4),

accessibility rules are needed to ensure features in all orientations and sizes can be

accessed by the selected device. This rule type has three subtypes. The first subtype

requires that the probe tip is sufficiently small to reach the smallest internal feature(s)

for inspection. The second subtype constrains the length of stylus: it must be sufficiently

long so that the probe tip can reach the longest internal feature(s). The third subtype

constrains the orientation of the probe: it must be sufficiently indexable so that the

probe tip can reach all the features in a given workpiece setup. Table 4 describes the

accessibility rule type and provides implementation examples. Note, the third subtype

can constrain nontactile sensors too.

Table 3 — Accessibility rule type

Probe Tip Accessibility
(PT)

PT = Smallest Internal Feature Size / Probe Tip Size
e.g., PT = SmallestHoleDiameter / TipEndDiameter >= 2

Stylus Accessibility
(SA)

SA = Stylus Length / Length of the Deepest Internal
Feature

e.g., SA = Stylus Length / Length of the Deepest Hole >=
1.5

Orientation Accessibility
(0A)

OA in the XY plane= Probe Reachable Orientation in XY
/ Most Slant Feature Orientation in XY > 1.2

Similarly, OA in the YZ plane and in the ZX plane

e.g., OA in XY = Probe Reachable Orientation (45 deg) /
Most Slant Hole (20 deg) > 1.2

unit

PT, SA, and OA are dimensionless.
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4.1.4 Calibration rule type

Calibration rules constrain the inspection-process planner to select only
calibrated measuring machines, instruments, probes and sensors. Table 5 describes the
calibration rule type and provides implementation examples.

Table 5 — Calibration rule type

Instrumentation Instrument is Calibrated
Calibration (IC) e.g., IC — TRUE (or FALSE)
unit IC is logical TRUE, FALSE, or UNKNOWN.

4.1.5 Working environment rule type

Working environment rules constrain the inspection process planner to current
environmental conditions on shop-floor. There are two subtypes: one constrains the
temperature and the other constrains humidity. Table 6 describes the working
environment rule type and provides implementation examples.

Table 6 — Working environment rule type

Working Environment T is the nominal temperature.
Temperature (TR) e.g., Tis 22 deg C.

R is the range.
e.g., Ris+/-0.5 deg C

Working Environment H is the nominal humidity.
Humidity (HR) e.g., His 0.1 g/m’
R is the range.

e.g., Ris +/- 0.02 g/m’
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4.1.6 Time rule type

Time rules constrain the inspection process planner to select appropriate
measurement equipment to finish inspection within pre-determined time windows.
There are two subtypes. The first subtype is the measurement lead time (the window)
rule type, and the other subtype is the measurement-time rule type. The allowable time
units for both are described in the Unit subtype. Table 7 describes the time rule type
and provides implementation examples.

Table 7 — Time rule type

Measurement Lead Time | LT <= UserDefinedLT
(LT)

e.g., LT <=2 days

Measurement Time (MT) | MT <= UserDefinedMT
e.g., MT <= 3 hours

Unit minute, hour, or day

4.1.7 Availability rule type
Availability rules constrain the inspection process planner to select measurement
equipment based on availability. There are two availability subtypes: in-house and in-

catalog. Table 8 describes the availability rule type and provides implementation

examples.
Table 8 — Availability rule type
Availability (A) A ==1In House
In House
In Catalog A == In Catalog
unit logical true or false.
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4.1.8 Surface roughness rule type

Surface roughness rules constrain the inspection-process planner when selecting
appropriate measurement equipment. Table 9 describes the surface roughness rule type
and provides implementation examples.

Table 9 — Surface roughness rule type
Surface Roughness (SR) | SR <= UserDefinedSR
e.g., SR <= 100 micro meter (Sa)

Unit um

4.1.9 Surface reflectivity rule type

Surface reflectivity rules constrain the inspection process planner when selecting
appropriate measurement equipment. Table 10 describes the surface reflectivity rule
type and unit.

Table 9 — Surface reflectivity rule type

Surface Reflectivity RF <= UserDefineMaximumSurfaceReflectivity

(RF) RF >= UserDefineMinimumSurfaceReflectivity

unit % (dimensionless)

4.2 Specific Rule Types

Specific rules constrain the choice of DME categories to one. Currently, there are
four such categories: coordinate measurement, direct dimensional characteristic
measurement, direct tolerance verification, and defect detection. As shown in Figure 5,

measurement rules apply to DME selection activity and its four subactivities.
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4.2.1 Coordinate measurement

Coordinate measurement is a method where measurement points, sometimes
called a point cloud, are collected using a tactile probe or nontactile sensor (see Activity
A31 and Figure 6). Estimating the dimension of a feature is calculated based on the
results of a feature-fitting software algorithm that uses those points as input. An
inspection process planner must select the appropriate coordinate measurement
method based on the designed workpiece features to be inspected. Selection will be
based on the previously defined rule types for selecting DMEs and the new subtypes
defined below. Note that these new rule types are all in the IF-THEM format.

The first rule type is for selecting a specific machine, a tool, and a probe or
sensor. Table 11 describes the coordinate measurement rule types.

Table 11 — Coordinate measurement equipment selection rule type
IF (Conditions) C >= UserDefinedC
AND WR >= UserDefinedWR
AND IC == UserDefinedIC
AND PT >= UserDefinedPT
AND SA >= UserDefinedSA
AND OA > UserDefinedOA
AND TR >= UserDefinedTR
AND HR >= UserDefinedHR
AND LT < UserDefinedL'T
AND MT < UserDefinedMT
AND A == UserDefinedA
AND SR <= UserDefinedSR
AND RF >= UserDefinedMinimumRF
AND RF <= UserDefinedMaxumumRF
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THEN (Actions) Select TypeofCMM AND (ToolwithDetachableSensor or
ToolwithIntegralSensor) AND (TactileProbe or
NontactileSensor)
Note:

e UserDefinedC is a user defined equipment capability, as described in Section 4.1.1

e UserDefinedWR is a user defined work volume requirement, as described in Section
4.1.2

e UserDefinedIC is a user defined instrument calibration requirement, as described in
Section 4.1.4

e UserDefinedPT is a user defined probe tip accessibility requirement, as described in
Section 4.1.3

e UserDefinedSA is a user defined stylus accessibility requirement, as described in
Section 4.1.3

e UserDefinedOA is a user defined orientation requirement, as described in Section
4.1.3

e UserDefinedTR is a user defined temperature requirement, as described in Section
4.1.5

e UserDefinedHR is a user defined humidity requirement, as described in Section 4.1.5

e UserDefinedLT is a user defined measurement lead time requirement, as described in
Section 4.1.6

e UserDefinedMT is a user defined measurement time requirement, as described in

Section 4.1.6
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e UserDefinedA is a user defined measurement equipment availability requirement, as
described in Section 4.1.7

e UserDefinedSR is a user defined workpiece surface roughness requirement, as
described in Section 4.1.8

e UserDefinedMinimumRF is a user defined minimum surface reflectivity requirement,
as described in Section 4.1.9, and

e UserDefinedMaximumRF is a user defined maximum surface reflectivity requirement,
as described in Section 4.1.9.

In the THEN section, TypeofCMM is the selected type of CMM, as described in
Section 3.5 for the types of CMMs. ToolwithDetachableSensor, TactileProbe, and
NontactileSensor are described in Section 3.5.

The second rule type is for selecting a specific a probe for tactile sensing. Table

12 describes the tactile probe selection rule type and provides implementation
examples.

Table 12 — Tactile probe selection rule type

IF (Conditions) PT >= UserDefinedPT
AND SA >= UserDefinedSA
AND OA >= UserDefinedOrientation

THEN (Actions) Select ((FixedTactileProbe or IndexableTactileProbe)
AND (StraightStylus or StarStylus)
AND (BallTip or Cylindrical Tip or ConicalTip))

In the THEN section, FixedTactileProbe or IndexableTactileProbe is the selected
type of probe; StraightStylus or StarStylus is the selected type of styli; and BallTip,

CylindricalTip or ConicalTip is the selected type of probe tip.

31



Journal of Computing and Information Science in Engineering JCISE-20-1075
https://doi.org/10.1115/1.4048214

The third rule type is for selecting a specific a sensor for nontactile sensing.
Table 13 describes the nontactile sensor selection rule type.

Table 13 — Nontactile sensor selection rule type

IF (Conditions) RF >= UserDefinedMinimumRF AND RF <=
UserDefinedMaximumRF

THEN (Actions) Select (LaserTriangulationProbe
OR CCDCamera

OR StructuredLightSensor
OR ConfocalChromaticSensor

OR CapacitiveSensor )

In the THEN section, sensor types are laser triangulation probe, Couple Charged
Display (CCD) camera, structured light sensor, confocal chromatic sensor, and capacitive
sensor for scanning the surface of a feature.

4.2.2 Direct dimensional characteristic measurement

Using hand-held instruments or automated machines to measure a dimension of
a feature in the workpiece is in the scope of the direct dimensional characteristic
measurement type. The coordinate measurement method described in Section 4.2.1 is
not. There are two categories of direct dimension measurement: linear and angular.
Table 14 presents the rule type for measuring a linear dimension. The corresponding
activity is A32 in Figure 5.

Table 14 — Direct linear dimension measurement instrument selection rule type
IF (Conditions) C >= UserDefinedC
AND WR >= UserDefined WR
AND IC == UserDefinedIC

THEN (Actions) Select (ULM OR Micrometer OR BoreGage or
Optical Comparator)
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In the THEN section, various types of measurement machine or device can be
selected. They are Universal Length Machine (ULM), micrometer, bore gage, and optical
comparator. Table 15 presents the rule type for measuring an angular dimension.

Table 15 — Direct angular dimension measurement instrument selection rule type
IF (Conditions) C >= UserDefinedC
AND WR >= UserDefinedWR
AND IC == UserDefinedIC

THEN (Actions) Select (Autocollimator OR SineBar or
Optical Comparator)

In the THEN section, various types of measurement machine or device can be
selected. They are Universal Length Machine (ULM), micrometer, bore gage, and optical
comparator.

4.2.3 Direct-tolerance verification

Using gages or optical methods to directly verify a feature against a tolerance are
within the scope of the direct-tolerance verification type of measurement. As before,
the coordinate measurement method is not within the scope. Table 16 presents the rule
type for direct-tolerance verification. The corresponding activity is A33 in Figure 5.

Table 16 — Direct-tolerance verification device selection rule type
IF (Conditions) C >= UserDefinedC
AND WR >= UserDefinedWR
AND IC == UserDefinedIC
THEN (Actions) Select (FunctionalGage or Optical Comparator)

In the THEN section, two types of devices can be selected: functional gage or

optical comparator.
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4.2.4 Defect detection

Workpieces can have defects. Defects can be on the surface and beneath the
surface. Types of surface defect include scratch, dent, crack, and void, and types of
beneath-surface defect include void and crack. They are inspected differently. Table 17
presents the rule type for inspecting surface defects. The corresponding activity is A34
in Figure 5.

Table 17 — Surface defect inspection instrument selection rule type
IF (Conditions) C >= UserDefinedC
AND WR >= UserDefined WR
AND IC == UserDefinedIC
AND LT < UserDefinedLT
AND MT < UserDefinedMT
AND A == UserDefinedA
THEN (Actions) Select (SpecificSurfaceDefectDetectionInstrument)

In the THEN section, specific a surface defect detection instrument should be
selected. Types include Eddy Current inspection instrument and microscope. Table 18
presents the rule type for inspecting beneath surface defects.

Table 18 — Beneath surface defect inspection instrument selection rule type
IF (Conditions) C >= UserDefinedC
AND WR >= UserDefined WR
AND IC == UserDefinedIC
AND LT < UserDefinedLT
AND MT < UserDefinedMT
AND A == UserDefinedA
THEN (Actions) Select (SpecificBeneathSurfaceDefectDetectionInstrument)
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In the THEN section, specific beneath surface defect detection instrument should

be selected. Types include ultrasonic sensor and Computed Tomography (CT) scanner.

5. Rule Model Testing Using Sample Instance Rules

Many sample instance rules have been developed for testing the XML Schema-
based rules in QIF 3.0. We select two sample rules that are commonly used in
dimensional measurement equipment selection. One is simple, and the other one is
more sophisticated. The XML code is in the two sections of the Appendix B, and the

codes have been validated using XMLSpy™.

Sample Rule 1 — Selection of Caliper

Inspection involves physically collecting measurement data and the data to
estimate the dimensions of features of a machined part. It is one of last functions of,
and a critical part of, the manufacturing lifecycle. Sample Rule 1 (the code is in the first
section in Appendix B) is used to select a manual measurement device. If the size of a
feature to be measured is less than or equal to 100 mm and the tolerance is greater or
equal to 0.5 mm, then a dial caliper may be selected. This rule is self-explanatory. The
feature size is used to select the size of the dial caliper. The tolerance of the feature size

is used to select the resolution of the dial caliper.

Sample Rule 2 — Selection of Coordinate Measuring System

This rule uses information from the part design to constrain the selection of a

coordinate measuring machine, probe, and probe tip. The rule is applied to each feature
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when its dimensions and tolerances are measured using data collected from a
Coordinate Measuring System (CMS). A CMS is a combination of a coordinate measuring
machine (CMM), tools, or detachable sensors. A tool is used to mount a sensor to a
CMM. Any CMS that satisfies the IF conditions may be selected. It is up to the planning
system or human planner to decide which features to measure with which CMS. The

rule can be stated as follows. The XML code is in Section 2 of the Appendix B.

Three types of symbols used in the following sample rule are as follows:
(1) { } a pair of brackets contains the IF statement or the THEN statements. Note that all
the conditions in the IF statement are within a pair of brackets, and all the

decisions/actions in the THEN statement are within another pair of brackets.

(2) () a pair of parentheses contains an arithmetic, logical, or decision/action statement

in IF and THEN.

(3) /* */ bound comments.

If {

/* Note: the following two arithmetic statements define the range of the feature size
tolerance. They are used for selecting a CMS with a certain measurement certainty so

that the CMS is accurate enough to inspect the feature. */

(the tolerance on the characteristic satisfies (0.2 mm <= tolerance)) and

(the tolerance on the characteristic satisfies (tolerance <= 0.25 mm)) and
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/* Note: the following six arithmetic statements define the range of part size in length,
width, and height in a Cartesian space. The length, width, and height define a bounding

box of the part. The bounding box is used to select the working volume of a CMM. */

(the bounding box length <= 1200 mm) and

(the bounding box length >= 500 mm) and

(the bounding box width <= 1200 mm) and

(the bounding box width >= 500 mm) and

(the bounding box height <= 1500 mm) and

(the minimum bounding box height >= 500 mm)) and

/* Note: the following two arithmetic statements specify the range of feature size. The
default of the feature is internal. For a hole, the size can diameter or length. In this case,
either the diameter or length must be in between 20 mm and 50 mm. The range of

feature size is used to select stylus length and tip end size. */

(the feature size >= 20 mm) and

(the feature size <= 50 mm)

Then
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{

/* The following statement selects a Cartesian CMM */

(a CartesianCMM may be used provided that

/* The following six arithmetic statements specify the range of CMM working volume.

The volume should be at least 1.5 time larger than the part bounding box size in the X,

and Z directions */

(the XAxisLength < 1500 mm) and

(the XAxisLength > 800 mm) and

(the YAxisLength < 1500 mm) and

(the YAxisLength > 800 mm) and

(the ZAxisLength < 2000 mm) and

(the ZAxisLength > 1000 mm) and

/* The following two statements are on CMM Resolution. Resolution is defined in QIF
Resources (Part 5). Here we use it as measurement uncertainty. The range of

measurement uncertainty is between 0.01 mm and 0.02 mm?*/

(the Resolution > 0.01 mm) and

(the Resolution < 0.02 mm) and

Y,
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/* The following four arithmetic statements specify the selectable range of ambient
temperature of the CMM, detachable tool, and probe. Detachable tool and probe are

defined in QIF Resources. Here, tool is a connector between the probe and CMM. */

(the CMM satisfies MinAmbientTemperature >= 20 C) and

(the CMM satisfies MaxAmbientTemperature <= 25 C)

) and

(a ToolWithDetachableSensors may be used if it satisfies

(MinAmbientTemperature >= 20 C) and

(MaxAmbientTemperature <= 25 C)

) and

(a SimpleTactileProbeSensor may be used if it satisfies:

(MinAmbientTemperature >= 20C) and

(MaxAmbientTemperature <= 25C) and

/* The following two arithmetic statements specify the selectable range of probe length.

*/
(ProbeLength >= 50 mm) and

(ProbelLength <= 75 mm) and
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/* The following four statements specify the selectable range of probe tip shape, size,

and material. */

(TipEndGeometryEnum = SPHERE) and

(TipEndDiameter <= 1 mm) and

(TipEndDiameter >= 0.5 mm) and

(TipEndMaterial == "Ruby")

6. Summary

Currently, industry lacks rules for selecting the DME that best meets the needs
for inspecting the variety of increasingly complex parts that it is manufacturing. The
Appendix B shows some of sample rules associated with DME resource-selection rules
and rule types. Both rules and types are represented using the XML schemas in the
current version of the QIF standard. Using the standard provides a vehicle for companies
to share product-quality-related information and types of DME to collect that
information. Rule types in the standard come in two categories: general and specific.
Conceptually, the general types apply to all measurement resources; specific types, as
named, apply to each specific resource independently of the others. When evaluating

and comparing different resources, both the general and specific rules may apply.
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The content of both the rules and the rule types are based on the proposed,
multi-layer, IDEFO activity model. The authors used the individual activities at all layers
to identify the characteristics of the features to be measured and their associated

measurement requirements.

7. CONCLUSIONS AND FUTURE WORK

With both general and specific rule types, the proposed rule models described in
this paper can greatly help industry satisfy their measurement needs. These rules are
now standardized through DMSC, ANSI, and ISO. Furthermore, new software tools can
be developed based on the developed rule models. Software tools can enable industrial
users to develop and process dimensional measurement rules more quickly. That will be
critical to the adoption of the models in this paper.

Currently, the rule model has some limitations. First, it is not based on predicate
logic, which can accommodate logical statements other than If-then rules. Second,
unlike predicate logic, IF-THEN (propositional) logic lacks the capability of inferencing.
To perform inferences using IF-THEN rules is no possible without 1) extra data structures
for parameters and 2) software for automatic inferencing. Third, terms used in the rules
must be pre-defined. They cannot be defined as needed. Lastly, commonly used
iterations in planning are not possible in if-then rules.

Future work includes 1) test-implementations, 2) a rules engine, 3) a rule base,
and 4) extension of the rule types to instrument component selection. Test

implementations using industry-like cases are needed both to verify and to validate the
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proposed rule model. The rules engine will act as an expert system to develop an
inspection plan. The engine will allow users to create their own rules that will contain
measurement-resource-selection rules based on their own features, dimensions,
tolerances, and datums. Together, rules engine and the rule base will help industrial
users 1) make the inferences necessary to select the best DME and 2) exchange, share,
and store rules according to the QIF standard. Lastly, extending rule types to include the
selection of components and software should be the next step. Examples of
components are fixtures, gages, probes, probe extensions, styli, probe tips, data plotting
and analysis software, CAD import options, fitting algorithm. The extension is necessary
to cover a wide range of equipment selections to meet the inspection needs of precision

manufacturing..
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NOMENCLATURE

CAD — Computer Aided Design

CAPP — Computer-Aided Process Planning

CMM — Coordinate Measuring Machine

CPS — Cyber-Physical Systems

DME — Dimensional Measurement Equipment

DMIS — Dimensional Measuring Interface Specification
GPS — Geometric Product Specification

IDEFO - Integrated Definition for Functional Modeling - the Oth level
ISO — International Organization for Standardization
MBD — Model-Based Definition

NIST — National Institute of Standards & Technology
PMI — Product and Manufacturing Information

QIF — Quality Information Framework

SM — Smart Manufacturing

SMS — Smart Manufacturing Systems

XML — eXtended Markup Language
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Appendix A
IDEFO Activity Model

An IDEFO activity model consists of diagrams including rectangles and arrows. A
rectangle represents an activity. An arrow represents the data flow direction, e.g., an
input to the activity or an output from the activity. When the rectangle is shaded, it
means that the activity is decomposed into sub-activities. Input data is consumed from
the left by the activity and transformed into output data, which comes out on the right.
An output represents the data or material resulting from the activity. Control and
constraint data coming from the top are used to regulate the activity. Resource and
mechanism data coming from the bottom can be software, hardware, and/or data that
support the execution of the activity.

Control

+

Input .. Output
—F = Activity Name P

Activity
Number

Resources

Figure A1 IDF0 Activity Diagram
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Appendix B
XML Codes of Two Sample Rules
The XML codes can be downloaded from the QIF Web site

(https://qifstandards.org/download). For inquiries about all the sample instances of QIF

rules that the authors developed, contact info@qifstandards.org. Only snippets of the
codes for two sample rules are shown as follows.
1. Venire Caliper Selection Sample Rule

The Figure B1 shows the snippet of venire caliper selection code in XML.

138+ <DMESelectionRule:

140 = <hknd "anr>

141 = <LessThan>

142 <FeatureSize/>

142 <ArithmeticConstant "200.0" />
144 </LessThan>

145 = <Greater0rEqual>

148 = <ArithmeticCharacteristicParameter:>
147 <Parameter>Tolerance</Parameters
148 </ArithmeticCharacteristicParameter>
148 <ArithmeticConstant "0.5" >

150 </Greater0rEqual >

1681 </And>

152+ <DMEThen B -

153+ <DMESelectClass:>

154 <May "1t

155 «DMEClassName>DIAL CALIFER</DMEClassName>
156 </IMESelectClass>

157 </DMEThen:

158 </DMESelectionRules

= </IMESelecticnRules:>
161 </Bules>
162 K/QIFDoccument>

Figure B1 Caliper Selection Rule

2. CMS Selection Sample Rule

The Figure B2 shows the snippet of CMS selection code in XML.
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53 = < QIFDocument

80 xmlns:xsi="http://www.w3.org/2001/¥ML5chema-instance™

&1 "http://gifstandards.org/xsd/qif3"

62 "2.9.1"

63 "

84

85 "http://gifstandards.org/xsd/qgif3 ../QIFApplications/QIFDocument.xsd">

66 <QFPIdreffaT8c0-fb28-11e3-a3ac-0800200c9a68</QFId>

87+ | <Bules>

68 <RuleslUnits "2t

- <LinearUnit>

70 <3IUnitName>meter<,/3ITnitName>

71 <UnitName>mm<,/Unitlame >

72w <UnitConversion:>

73 <Factor»0.001</Factor>

T4 </UnitConversion>

5 </Linearlnit>

78 = <Temperaturelnit>

i <UnitName>degrees Celcius</UnitName:>

e </Temperaturelnit:

79 </RulesUnits>

20 = <DMESelecticnRules "l

81+ <DMEDecisionBule>

82w <hnd "9t

83 % <Greater0rEquals

84+ <ArithmeticCharacteristicParameter:>

85 <Parameter>ToleranceValue</Parameters

28 </ArithmeticCharacteristicParameter:>

8T <ArithmeticConstant "0.2"

85 </Greater0rEqual>

83 <Less0rEqual>

50 = <ArithmeticCharacteristicParameter>

81 <Parameter>ToleranceValue</Parameter>

92 </ArithmeticCharacteristicParameters

33 <ArithmeticConstant "0.25"/>

24 </Legs0rEqual>

95 = <GreaterOrEquals>

28 = <ArithmeticPartParameter>

a7 <Parameter>PartFamily/MinimumBoundingBox/Length</Parameter>

28 </ArithmeticPartParameter>

o8 <BrithmeticConstant "500" />

hi] </Greater0OrEqual:>

01+ <Lesa0rEqual>

0z = <ArithmeticPartParameter>

02 <Parameter>PartFamily/MinimumBoundingBox/Length</Farameter>
Figure B2 CMS Selection Rule
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FIGURE CAPTIONS LIST

Figure 1: QIF Components in the Quality Measurement Workflow

Figure 2: Dimensional Measurement Equipment Selection Process

Figure 3: Determine Features to Measure

Figure 4: Determine Accessibility and Setups

Figure 5: Select Dimensional Measurement Equipment

Figure 6: Select Coordinate Measuring Machine

Figure Al: IDEFO Activity Diagram

Figure B1: Caliper Selection Rule

Figure B2: CMS Selection Rule
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TABLE CAPTION LIST

Table 1 — Dimensional Measurement Planning-related Standard Classification
Table 2 — Equipment Capability Rule Type

Table 3 — Workpiece volume requirement rule type

Table 4 — Accessibility rule type

Table 5 — Calibration rule type

Table 6 — Working environment rule type

Table 7 — Time rule type

Table 8 — Availability rule type

Table 9 — Surface roughness rule type

Table 10 — Surface reflectivity rule type

Table 11 — Coordinate measurement equipment selection rule type
Table 12 — Tactile probe selection rule type

Table 13 — Nontactile sensor selection rule type

Table 14 — Direct linear dimension measurement instrument selection rule type

Table 15 — Direct angular dimension measurement instrument selection rule type

Table 16 — Direct-tolerance verification device selection rule type
Table 17 — Surface defect inspection instrument selection rule type

Table 18 — Beneath surface defect inspection instrument selection rule type
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