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FOREWORD

Coordinate measuring systems (CMSs) rely upon software that processes coordinate data; often, this software
computes fits of geometric elements to such data. The performance of these fits can vary among software packages,

and in {

ome cases can be a significant contributor to the overall uncertainty of measurement.

The purpose of this Standard is to provide guidelines for evaluating the quality of solutions generated by CMS.$oftware

and to d

efine minimal documentation requirements for software providers. This Standard is concerned with testing|the

behavior of algorithm implementation, not the testing of algorithms themselves. It is not the intent of this\Standarg to

endorse
While a
several

ASMH

orrate any computational method or system. A mechanism for generating collections of test data sets is speci
specific, static collection of standardized test data sets is not defined, the generating mechanism can prod
collections of similar character.

B89.4.10-2021 was approved by the American National Standards Institute on July22, 2021.

ed.
uce
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CORRESPONDENCE WITH THE B89 COMMITTEE

General. ASME Standards are developed and maintained with the intent to represent the consensus of concerned
interests. As such, users of this Standard may interact with the Committee by requesting interpretations, proposing

revisiorls or a case, and attending Committee meetings. Correspondence should be addressed to:

Secretary, B89 Standards Committee

The American Society of Mechanical Engineers
Two Park Avenue

New York, NY 10016-5990
http://go.asme.org/Inquiry

Propgsing Revisions. Revisions are made periodically to the Standard to incorporate chdanges that appear necess
or desirpble, as demonstrated by the experience gained from the application of the Standard*Approved revisions wil
published periodically.

The Jommittee welcomes proposals for revisions to this Standard. Such proposalsishould be as specific as possi
citing tlhe paragraph number(s), the proposed wording, and a detailed description of the reasons for the propa
includirlg any pertinent documentation.

Propgsing a Case. Cases may be issued to provide alternative rules when justified, to permit early implementatio
an apprpved revision when the need is urgent, or to provide rules notecoyered by existing provisions. Cases are effec
immediptely upon ASME approval and shall be posted on the ASME Committee web page.

Requests for Cases shall provide a Statement of Need and Ba¢kground Information. The request should identify

Commifjtee.

Requests for interpretation should preferably be submitted through the online Interpretation Submittal Form.
form is ficcessible at http://go.asme.org/InterpretationRequest. Upon submittal of the form, the Inquirer will receiv
automatic e-mail confirming receipt:

If the|Inquirer is unable to use~the online form, he/she may mail the request to the Secretary of the B89 Standg
Commifftee at the above addressy The request for an interpretation should be clear and unambiguous. It is further
ommenfed that the Inquirér submit his/her request in the following format:

Subject Cite the applicable paragraph number(s) and the topic of the inquiry in one or two wo
Edition Cite the applicable edition of the Standard for which the interpretation is being reques

Questioh: Phrase the question as a request for an interpretation of a specific requirement suitablg
general understanding and use, not as a request for an approval of a proprietary desig

ary
| be

ble,
sal,

h of
[ive

the
t as
sed

the
rds

he
P an

rds
Fec-

ds.
fed.

for
h or
At a

situation. Please provide a condensed and precise question, composed in such a way th

“ 2 m ] 1 . PR IS |
yCD Ul U lely IS dLLTPLAUIC.

Proposed Reply(ies): Provide a proposed reply(ies) in the form of “Yes” or “No,” with explanation as needed. If
entering replies to more than one question, please number the questions and replies.

Background Information: Provide the Committee with any background information that will assist the Committee in

understanding the inquiry. The Inquirer may also include any plans or drawings that

are

necessary to explain the question; however, they should not contain proprietary names or

information.
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Requests thatare notin the format described above may be rewritten in the appropriate format by the Committee prior
to being answered, which may inadvertently change the intent of the original request.

Moreover, ASME does not act as a consultant for specific engineering problems or for the general application or
understanding of the Standard requirements. If, based on the inquiry information submitted, it is the opinion of
the Committee that the Inquirer should seek assistance, the inquiry will be returned with the recommendation
that such assistance be obtained.

ASME procedures provide for reconsideration of any interpretation when or if additional information that might affect
an interpretation is available. Further, persons aggrieved by an interpretation may appeal to the cognizant ASME
Committee or Subcommittee, ASME does not “approve.” “certify.” “rate.” or “endorse” any item, construction, proprietary
device, or activity.

» o«

Attending Committee Meetings. The B89 Standards Committee regularly holds meetings and/or telephond confer-
endes that are open to the public. Persons wishing to attend any meeting and/or telephone conferencesshotld contact the
Secfetary of the B89 Standards Committee. Future Committee meeting dates and locations can be found on the Cojmmittee
Pagde at http://go.asme.org/B89committee.
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ASME B89.4.10-2021
SUMMARY OF CHANGES

Followihg approval by the ASME B89 Committee and ASME, and after public review, ASME B89.4.10-2021 was approjed
by the American National Standards Institute on July 22, 2021.
In ASME B89.4.10-2021, the figures and tables have been redesignated based on their parent paragraph. AYQME
B89.4.1P-2021 includes the following additional changes identified by a margin note, (21).
Page Location Change
1 1 Second paragraph revised
1 1.1 Subparagraph (a) revised
1 1.3 Updated
1 2 (1) Definitions of datum and fedst-squares fit feature revised
(2) Definition of datum reference frame (DRF) deleted
2 3 Revised
3 4.1.2.1 Subparagraph (a) revised
41.2.2 (1) Subparagraphs-editorially redesignated
(2) Subparagraph (b) added
5 4.1.2.7 First paragraph editorially revised, and last two paragraphs
added
7 Table 4.1.2.7-1 General Note added
8 5.2.1.2 Subparagraph (c) revised
10 5.4.6 Revised
10 5.4.7 Revised
10 5.5.1 First sentence and last paragraph revised
11 5.5.2 Revised
11 554 Penultimate sentence and last row value in the in-text table
revised
11 5.5.5 (1) First paragraph of 5.5.5.1 revised
(2) Last paragraph of 5.5.5.2 added
12 5.5.6 Revised
13 57 Last sentence deleted
13 58 First sentence in last paragraph deleted
13 5.10 Revised
14 6.3.4.% Revised
14 6.3.6.4 Revised
15 6.3.8 Revised
17 A-1 Subparagraph (b) revised
17 A-2 (1) Subparagraph (a) added, and subsequent subparagraphs
redesignated

(2) First paragraph and subpara. (b) [formerly (a)] revised
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Page Location Change

18 Nonmandatory Appendix B Former Nonmandatory Appendix B deleted, and subsequent
appendices redesignated
18 B-1 (1) Designator and title added, and subsequent paragraphs
redesignated
(2) In paragraph after Disclaimer, “0.010 in.” revised to “0.010
mm”
8 B-5.4 Subparagraph (c) deleted
B-6.1 “0.025 in.” revised to “0.025 mm”
19 B-6.4 Former para. C-5.4 deleted, and former para. C-5.5 redeSignated
as B-6.4
B-7 In first and second paragraphs, “Blatness” revised to “flatness”
19 B-7.3 Former para. C-6.3 deleted, and former paras C-6.4 redesignated
as B-7.3
20 B-8 (a) Subparagraphs editorially resdesignated
(b) In subpara. (b), “99” revised te*“9 999"
B-9 Revised
C-1 (1) Designator and title added, and subsequent paragraphs
redesignated

(2) Last sentence.in third paragraph deleted

21 C-2 Equation revised
22 C-2.2 First sentente.and equation revised
22 C-3 Added
23 C-3.2 (1) Last'sentence of first paragraph revised
(2)ast two equations and paragraphs deleted
23 C-4.1 Second equation revised
3 C-4.2 Second equation revised
Nonmandatory Appendix D Former Nonmandatory Appendix E deleted, and subsequent
appendices redesignated
25 D-1 Designator and title added, and subsequent paragraphs
redesignated
D-4.2 Revised

Nonmandatery Appendix E Updated
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ASME B89.4.10-2021

METHODS FOR PERFORMANCE EVALUATION
OF COORDINATE MEASURING SYSTEM SOFTWARE

1 SCOPE

critical issue in industrial coordinate metrology is the measurement of a work piece to assure compliance
dinjensional requirements. When using a computerized coordinate measuring system (CMS), theMusual pract]
corfelate computer-calculated outputs with the dimensional requirements of the workpiece: ‘This correl

with its
ceis to
Ation is

performed by various computer routines that process dimensional coordinate data sets consisting of measyrement

sanpples of the object being evaluated.

he purpose of this Standard is to provide guidelines for evaluating the quality of solutions generated by CMS 3
and to define minimal documentation requirements for software providers. Additionally, this Standard giveq
def}nitions for collections of data sets that span a variety of real-world measuring scenarios. These data sets arg
derjt on the fitting algorithm being tested. This Standard is concerned with testing the behavior of algorithn|
mentation, not the testing of algorithms themselves. Thus, the software is treatéd as a black box; only the inputan
are|observed and evaluated. It is not the intent of this Standard to endorse'or rate any computational method or

ftware performance evaluation is useful because it

) allows objective validation of software

) reduces the possibility of error in software application

) defines a method of comparing CMS software

his Standard covers the following areas: input data, feature construction, software documentation, perfd
characterization, and test methodologies.

1.1/ Assumptions

—

he assumptions inherent in this Standard_are’ as follows:

1) Measurement uncertainty in coordinate ‘samples is not addressed.

b) Methods to input predetermined Samiples to the computational system are available.
r) Personnel have adequate experience and training to implement the evaluation and understand the implicg
the|results.

1.2( Application

Nommandatory Appendix)E.

1.3| References

The followingis a list of standards referenced in this Standard. Unless otherwise noted, the most recent editi
apgly.

oftware
default
depen-
) imple-
i output
system.

rmance

tions of

This Standard is one component required for the evaluation of CMSs. Other relevant documents can be found in

on shall

ASME-Y14.5, Dimensioning and Tolerancing

AS 5-4+-Ma atical-Definition—of-Dimensioning—a
Publisher: The American Society of Mechanical Engineers
(www.asme.org)

AL 4 M ham PDafin a of-Dina OIS a nelae-Rrincinla

See Nonmandatory Appendix E for additional, informative references.

2 DEFINITIONS

algorithm: a well-defined procedure for solving a particular problem, e.g., sorting algorithms.

(ASME), Two Park Avenue, New York, NY 10016-5990

(21)

(21)
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coordinate measuring system (CMS): any piece of equipment that collects coordinates (points), calculates, and displays
additional information using the measured points.

datum: a theoretically exact point, line, or plane derived from a feature on a part. See ASME Y14.5M-2018.

least-squares fit feature: a feature of perfect form, corresponding to a set of data points, that minimizes the sum of the
squared deviations between the feature and the individual data points. (Reference Nonmandatory Appendix C for addi-
tional information.) This term is elsewhere sometimes referred to as the Gaussian associated feature.

NOTE: In this Standard, unless otherwise indicated, the least-squares fit is understood to be not weighted, i.e., each point is given equal
weight in the least-squares objective function, even if the points in the test data are not exactly evenly spaced.

objectivp function: a function which is to be optimized by searching for a minimum (or maximum) as its parameters|are
varied. A different objective function is used for each type of fit, e.g., aleast-squares versus minimum-circumscribéd ciycle.

referende evaluation: the evaluation of the substitute feature using a known implementation of an algorithm.
referende feature: a substitute feature used as the basis for evaluating a test feature.

substitufe feature: a feature of perfect geometric form that corresponds to a set of data points and js'inténded to mininpize
an objeftive function.

test: a Hasic unit of evaluation, based on one or more related data sets, which are appliéd to one or more softwfare
implempntations of an algorithm.

test feature: a substitute feature computed by the software under test.

3 SOFTWARE FUNCTIONS

In nofmal usage, CMS hardware is used to collect data points (raw data).on'the surfaces of parts being inspected. (MS
softwarp can process these raw data to construct datums, part coordinatesystems, and substitute features that repredent
the surfaces being inspected. From these constructions, the CMS software can evaluate such characteristics as gize,
location, orientation, and form.

3.1 Ingut Data

Raw dlata to be used to test and analyze CMS software may be obtained by physically inspecting a test workpiece o by
mathenjatical computation. The former represents a testof the entire measuring system, while the latter approach avgids
operatojr, workpiece, environment, and machine influences. The latter approach also makes it possible to more clogely
control fthe raw data sets, including limits on théirspatial distribution, as well as inclusion of artificially induced f¢rm
errors. For software analysis, the latter appreach is the most universally accepted and the most reliable. This is|the
approag¢h addressed herein.

3.2 Data Analysis

The rpw data points are processéd by mathematical algorithms with the purpose to calculate perfect-form substifute
featurey. First, substitute features are calculated to represent the original data. Then the substitute features are usefl to
evaluat¢ conformance to télerances or to determine other geometric characteristics of the workpiece. An alternative to
the use|of substitute features is the use of Functional Gage Simulation, described in Nonmandatory Appendix D

Diffeflent methods(can'be used for obtaining substitute features. These methods may have different objective functi¢ns,
i.e., diff¢rent criteria*for deciding that a particular substitute feature is better or worse than other possible substifute
featureq. Different/criteria can, in general, lead to different results. The proper selection of fitting criterion and data
analysid method is outside the scope of this Standard. Fit criteria are usually based on L”-norm estimation, or minimyim-
circumdcribed, or maximume-inscribed methods. Refer to Nonmandatory Appendix C for explanations of these meth¢ds.

The objective of this Standard SO to deCTee UTat any Ole Metod 1S Detter tal any oter. GUidance (s provided to the
user for checking whether particular CMS software produces results that agree sufficiently closely with the reference
results within the context of the design requirements.

4 PERFORMANCE CHARACTERIZATION

This section establishes the characteristics by which CMS software performance is evaluated. These characteristics are
discussed in terms of four categories: quality, robustness, reliability, and ease of use. Characteristics that are not used for
performance evaluation in this Standard are discussed at the end of this section.
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Figure 4.1.1-1 Example of Fit Bounding

®
o0 w
of

et

Test fit

o/

4.1

a I4

4
€eva

/ Bounding points

Evaluation of Quality

ference feature.

.1.1 Evaluation Concept. Some features have unbounded geometry, e.g,, lines have infihite length. For the pur
luation, unbounded features are bounded by their sample point sets. The reSultant bounded test featurg

compared to the reference feature. Evaluation parameters are defined for each’type of feature (see Figure 4

4
out]

Lo T e T e

eva

Fig

.1.2 Evaluation Parameters. Each feature type has a unique set of evaluation parameters. Testresults are rep
ined below. The figures in this section have the following annotation. conventions:
= angle
= cone half-angle
= separation distance
= reference fit parameter subscript
- = radius
F = test fit parameter subscript

4.1.2.1 Line. The test line is bounded by the perpendicular projection of the sample points onto the test |
luation parameters are (see Figure 4.1.2.1+1)

1) the largest separation distance between'the bounded test and reference features

h) the angle between the test and reference features

4.1.2.2 Circle.

1) The test circle is a closeéd~object and naturally bounded. The evaluation parameters are as follo
hire 4.1.2.2-1):

(1) the absolute value of the difference between the radii of the test and reference circles (|rz = r¢|).
(2) the distance bétween the centers of the test and reference circles. This may be a three-dimensional d
(3) the angle between the planes of the test and reference circles, if applicable (see Table 4.1.2.2-1).

Figure 4.1.2.1-1 Line Evaluation

h this Standard, the quality of the algorithm is evaluated on the basis of the geometric deviation of the test featdre from

poses of
is then
1.1-1).

orted as

ne. The

vs (see

istance.

Bounded test fit
.__ _________________

(21)

(21)
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Figure 4.1.2.2-1 Circle Evaluation

Reference circle

(b) Tnthe case of least-squares fitting of circles (in three dimensions), the least-squares fit can be defined in two w
(1)] The first way is to
(ta) fit the points to a least-squares plane
(tb) project the points into that plane
Lc) fit a circle to the projected points, which is a two-dingensional fit
(2)] The second way is to define the objective function as the'sum-of-squares of the three-dimensional distances fi
the points to the circle in space; the fit circle is then the one\that minimizes that objective function.
Beca:rse of the two possible definitions of the three-dimensional, least-squares fit circle, the test report shall iden
which npethod is used by the software under test, and the Teference feature and test results shall be consistent with
definitign used.

4.112.3 Plane. The test plane is unbounded. Sample points are projected onto the test plane for the evaluation.
evaluatjon parameters are
(a) thelargestperpendicular distance fromthe reference plane to any projected sample pointin the test plane (see
Figure 4.1.2.3-1)
(b) the angle between the test and-reference planes

4.112.4 Sphere. The test sphere is a closed object and naturally bounded. The evaluation parameters are
Figure 4.1.2.4-1)
(a) the absolute value 6f‘the difference between the radii of the test and reference spheres (|rg = r¢|)
(b) the distance between the centers of the test and reference spheres

4.1{2.5 Cylinder..The test cylinder is bounded along its axis by projecting the sample points perpendicularly ont
axis. It |s naturally’bounded in circumference. The evaluation parameters are
(a) the absoluite value of the difference between the radii of the test and reference cylinders (|rg = r¢|)
(b) the maximum perpendicular distance from the bounded test cylinder axis to the axis of the reference cylinder

y’S.

om

tify
the

he

Din

see

see

D in Figure 4.1.2.5-1)

Table 4.1.2.2-1 Circle Fit Types

Circle Fit Type Reported Angle
Two-dimensional N/A (= 0)
Three-dimensional, both use same reference plane N/A (= 0)
Three-dimensional, fit plane, then two-dimensional circle Angle between fit planes
Three-dimensional circle fit Angle between planes
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Figure 4.1.2.3-1 Plane Evaluation

Test plane

Reference plane

r) the angle between the axes of the test and reference cylinders (see 4 in Figure 4.1.2.5-1)
4.1.2.6 Cone

1) The test cone is bounded along its axis by

(1) projecting the sample data perpendicularly onto the test cone surface

(2) projecting these surface points perpendicularly onto the test fit axis (see Figure”4.1.2.6-1)
I is naturally bounded in circumference. The reference cone axis is similarly bounded.

b) The cone evaluation parameters are

(1) for each cone, the perpendicular distance from the midpoint of the bounded axis to the corresponding cone
surface is computed. The evaluation parameter is the absolute difference hetween these distances (|rg — r¢|
(2) the maximum perpendicular distance from the bounded test aXis to the unbounded reference axis (fee D in
Figlire 4.1.2.6-2)

(3) the angle between the test and reference axes (see A in Figure 4.1.2.6-2)

(4) the absolute difference between the test and reference«included cone half-angles (Jag - a;|)

4.1.2.7 Evaluation Parameter Summary. Table 4.1.2.7-1summarizes the evaluation parameters for the seven
feature geometries dealt with in this Standard.
Ih addition to the parameters of Table 4.1.2.7-1, whenthe objective function is minimum-zone, maximum-insctibed, or
mirfjimum-circumscribed, the value of the deviation_ inthe objective function is also reported.
Hor the cases of maximum-inscribed and minimum-circumscribed objective functions, the deviations in paranjeters in
Taljle 4.1.2.7-1 (besides the diameter) are typically much larger than the diameter deviations. This is due to the fact that
oftgn there are multiple fits that vary little.with respect to the objective function (the diameter).

Figure 4.1.2.4-1 Sphere Evaluation

Reference sphere
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Figure 4.1.2.5-1 Cylinder Evaluation

Test cylinder

Reference cylinder

Figure 4.1.2.6-1 Cone Bounding

Axis bounds

4.2 Chlaracteristics of Robustness

Robu
points,
sets.

stness is the @bility of the software to recover from incorrect inputs, such as colinear data points, too few d
r, for some-EMSs, too many data points. When applicable, robustness shall be tested by including incorrect d

43 Chlaracteristics of Reliability

ata
ata

Reliability is the ability of the software to resolve a wide variety of problems. The only reliability characteristic to be
addressed is the sensitivity of CMS software to variations of input data. See Nonmandatory Appendix A for information
about other factors that affect CMS software performance.

To evaluate CMS software sensitivity, the effects of each factor and interactions among factors should be examined. For
each geometric feature type, collections of test data sets shall be designed that include variations in the above factors (see
para. 5.6).
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Figure 4.1.2.6-2 Cone Evaluation

Reference cone

Table 4.1.2.7-1 Evaluation Parameters
Cone Half-Angle

Feature Maximum Distance Between Angle Between Radii Difference Differenge
Line Lines Lines
Cirfle Centers Planes Yes
Plahe Projected sample point and reference Planes
Spljere Centers Yes
Cylinder Axes Axes Yes
Core Axes Axes At axis centers Yes
GENERAL NOTE: ... = not applicable to the feature.

4.4 Characteristics of Ease-of-Use

Hase-of-use measures the amount of effort required to use the software, including set-up time, documentat
strycture of the code. This Standard only addresses documentation requirements. Refer to section 6 for more infof

4.5 Related Issues

ftware performance may be affected by other factors not included in the performance evaluation. Such facto

on, and
mation.

I's in the

areps of algorithms;, computing environment, software implementation, and computational effort are discussedl below.

.5.1 Algorithms. The concept of an algorithm is often confused with that of an implementation of an alg
Acdording t0\Jackson et al., an algorithm “is a problem solving template that leaves some practical details uns
It thus corrésponds to a class of computer programs (its implementations) with certain sequences of instruction
impléméntation corresponding to the steps of the algorithm.” For the purpose of this Standard, algorithms ar

orithm.
becified.
in each
b distin-

guished by ythe g v -It1S important to
differentiate between performance comparisons of different implementations of the same algorithm and performance
comparisons of different algorithms. Consideration must also be given to the mathematical representation of the problem,
i.e., the parameters used, which may have significant effects on the reported results. Strictly speaking, this Standard is

concerned with testing the behavior of algorithm implementation, not the testing of algorithms themselves.

4.5.2 Computing Environment. A single implementation of an algorithm may perform differently in
computing environments. The following factors may affect software results:

(a) processor characteristics, such as precision and word length

(b) computer architecture

various
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(c) operating system
(d) compiler

4.5.3 Software Implementation. The method of implementing an algorithm may affect its speed and efficiency. Some
factors that contribute to this are

(a) p
(b) u

rogramming language
se of data structures

(c) storage requirements

factors.

5 TEST
This g

5.1 Te

For t
are mad
while it]

CMS s
testing

[ METHODOLOGIES

ection establishes the general principles, procedures and practices for testing the performance of. CMS softw

5t Principles

e purposes of this Standard, CMS software is evaluated strictly in terms of its intended fanction. No assumpti
e regarding the internal structure or operation of the software. The software is subjected to variations of ing
5 outputs are evaluated with respect to a specified objective.

oftware is tested by the input of sets of test data that reflect the expected range:and variability of actual data. S
fannot guarantee that the software is completely error free because exhaustive functional testing is impossi

5.2 Apparatus

The &
results.
softwar
modific
same d

The d
person
the datd
major ¢

(a) a
feature

(b) a

(c) a
objectiv

5.2.1

5.2
ways.
(a) A
(b) A
algorith

5.2

pparatus shall be a testing system interacting with the software under test through exchange of data sets an
Software under test shall be executed in the computing environment in which it will be used. Modifications of]
e under test, if any, are limited to those necessary to input the;supplied data sets and to extract the fit results. S
htions shall not change the fit results from what would be ptoduced by the software under test when presented|
ta in a production environment.

ata formats, data resolution, and related characteristics of the test must be defined prior to its execution.
perating the software under test shall be trained in‘the operation of that software to the extent necessary to i
, run the software, and gather the output (fit results) in the required format. Figure 5.2-1 illustrates the follow
pmponents of a functional CMS software testing system:

Reference Pair Generator (RPG) capable of producing reference pairs of data sets and fit results, for speci
types with controlled range and variability

means to transfer data sets to,.and receive fit results from, the software under test
comparator designed to compare the results of the software under test to the reference results with respect to
e function and generate an(appropriate report

Reference Pair Generation and Validation
1.1 Reference PairGeneration. The RPG must be capable of creating a data set and fit. This may be done in
predefined fit\fesult is processed to produce a data set that meets the fit criteria.

data set is.geneérated that approximates the feature, and a reference fit is generated from the data by a referg
m.

L1.2CValidation Reference Pair. In either case, there is a question regarding the validation of the RPG since itis

ious

nre.

ons
uts

Lich
ble.

 fit
the
Lich
the

[he
put
ing
fied

the

WO

nce

lso
are

a comp

ex/Software program. Because it is not feasible by current technology to prove the correctness of a softw

implementation of an algorithm, the following is recommended.
(a) The comparator shall evaluate the objective fuction for each test case. The fit yielding the smaller value for the
objective function is by definition the better fit.
(b) If the result of the software under test is better than that of the RPG, then that case shall be omitted from the test
report. Information sufficient to describe the test case and the reason for omission shall be reported.
(c) The agency responsible for the maintenance of the RPG should be notified of any such omitted cases so that
appropriate action can be taken.
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5.3 Test Procedure

5.3.1 Software Performance Evaluation. CMS software performance evaluation shall include the following steps:
(a) Obtain/generate test data with the testing system.

(b) P

rocess data with software under test.

(c) Collect the outputs of the software under test and reparameterize.

(d) E
5.3.2
(a) T

valuate the fit results produced by the software under test with the testing system.

Evaluation of Fit Results The following is a generic method for the evaluation of fit results:

e substitute featnre is hounded hy the cqmplp paint set

(b) A
(c) E
(@ s

Alli

5.4.1
degrees

5.4.2
for test
more th

5.4.3
indicatd

5.4.4

set of parameters for the reference feature is provided.
valuation parameters are computed for each pair of test and reference features.
hmmary statistics for the evaluation parameters are computed.

5.4 IanUt Parameters

ut parameters shall appear on the test report.

Units. The unit of length shall be agreed upon before the test. The unit of angular measure shall be deci
All input data and test results shall be reported in the agreed upon units.

Maximum and Minimum Size. The maximum size L., and minimum size L,,;{-define the range of feature s
ata set generation. The ratio Ly,.x/Lmin Shall be no greater than 10*. Greater rahges can be accounted for us
an one test, each satisfying this range requirement.

Farthest Position. The farthest distance from the origin that a feature can be placed shall be specified
d in the test report. This distance shall be at least 2L,,ax-

Types of Features. The input parameters will define the typesofifeatures to be evaluated from the set of featu

supportled by this Standard. Only features supported by the CMSysmay be evaluated.

5.4.5
agreed

5.4.6
test but|
which fi
trailing

5.4.7
points, i
data arg
require
provide

Maximum Number of Sample Points. The maximum numiber of sample points used for test generation shal
ipon before the test and shall be indicated on thetest report.

Test Data Precision. The number of digits to which the test data are generated shall be agreed upon before
shall be at least as numerically precise as 10 2L;,. This does not and should not restrict the number of digit
ts are computed. For the purposes of software-testing, the input data should be thought of as exact, having infi
ZEros.

Seed Values. CMS software may require seed values. These values are typically defined by the first few san
e., a cone seed may require three:points for a smaller circle followed by three points for a larger circle. If the
constructed to provide such-seed values, it shall be noted on the test report for each feature type. Any sim
nents of the software under test thatare identified in the software documentation as required for its usage and|
d during the test shall-also be noted in the test report. If the software requires the point ordering to no

randonTzed (as explained in“para. 5.5.5.1), this shall also be identified in the test report.
8

5.4.
=1,Lma
to a pre

5.5 Ge

Fore

The Default Test. The default testis defined by the following default input parameters: units in millimeters; 4
=500, farthestposition = 1 000, maximum number of sampled points = 500. The test data sets shall be generd
cision of %0=°;

neration of Test Data

mal

zes
ing

hnd

res

| be

the
5 to
hite

ple
[est
ilar
are

be

min

ted

for

chfeature type, 30 data sets shall be generated via computer simulation satisfying the following requirements

size, position, orientation, number of sampled points, sampling plans, and form errors.

5.5.1 Sizes. The sizes of features shall be bounded by L, and L ... The 30 sizes shall be determined within three size
categories as follows: Generate ten random numbers in each range of (0, */5), (*/3, %), and (%, 1). For each random

number x, define the size of the feature as Lrlni_nerflaX. The size parameters for the feature types are defined as follows:

10
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Feature Type Size
Line Bounded length
Plane Maximum of length and width of the bounding rectangle
Circle Diameter
Sphere Diameter
Cylinder Maximum of diameter and bounded height
Cone Maximum of (larger) base diameter and bounded height

Hor example, when generating lines with Ly,,;, = 1 and Ly, = 1 000, three size scales would be created by using'the above

gerjeration scheme. Ten line segments would have sizes between 1 and 10 units, ten would have sizes betwéen10pnd 100

unifs, and ten would have sizes between 100 and 1000 units.

to 4 coordinate plane.
he aspect ratio of planes, the height-to-diameter ratio for cylinders, and the height-to-basé-diameter ratio f

=

sh
twq shall be 1, two shall be 3, and one shall be 10. For each size category, the degree measuresof the apex half-ang|
corles shall fall into the ten intervals defined by these 11 values: 1/2, 1, 2, 4, 10, 20,30, 40, 60, 70, and 75.

Lines and circles can be tested in two- or three-dimensions. A two-dimensional line or circle is restricted to be|parallel

r cones

1 be between 0.02 and 10. Specifically, in each size category, one ratio shall be 0.02, twe-ghall be 0.1, two shall be 0.3,

es for

.5.2 Positions. Test cases shall include data points from some features having centers of mass (centroids) pear the

origin and some far from the origin, close to the specified farthest position. Feature'positions are not restricted tolthe first
quddrant or octant unless such is a special input restriction for the softwareunder test; in which case, the restrictjon shall

be hoted on the test report.

.5.3 Orientations. In each size category, the test cases shall includehominal orientations that are aligned witlp each of

the|coordinate axes of the data and one aligned with a vector whose direction is (1, 1, 1). Except for these, orieptations

shall be determined randomly.

5.5.4 Numbers of Points. For each feature type, one data'set in the middle size category shall be comprisdd of the

mijimum number of points shown below. Also, one dataiset shall be comprised of the specified maximum number of
poihts. The remaining data sets shall be comprised of iumbers of points strictly between these minimum and mpximum

valfies, chosen using alogarithmically random generator. For surfaces, the number of points (above the minimum
rounded off to a convenient composite numbersuitable for a grid pattern, provided the number of points is stil
betpveen the minimum and maximum value$. The minimum numbers of points are as follows:

Feature ©* Number of Points Feature = Number of Points

Line 2 Sphere 4
Plane 4 Cylinder 6
Circle 3 Cone 9

5.5.5 Sampling Plans

5.5.5.1 Distribution. The points in each data set shall be nominally regularly spaced. Even though the pg
regllarly spaced; the order of the points in each data set shall be randomized. Exceptions to this shall be 1
described in pata:’5.4.7. In the cases of cylinders and cones, some distributions lead to multiple solutions. Two
rings of thrée’points each can yield two correct, orthogonal fits. Eight points distributed on the corners of a box yid
corfect-orthogonal fits. Care must be taken to avoid distributions that are close to these ambiguous cases. Thig
ignpred-when seed values are used to establish approximate orientation.

may be
strictly

ints are
oted as
parallel
1d three
may be

5.5.5.2 Partially Sampled Surfaces. Surfaces may be partially sampled, representing cases where the entire feature

is not accessible or incomplete, e.g., a bearing face or a surface patch of a taper.
Sampled arcs of circles, cones, and cylinders shall be 90 deg, 180 deg, and 360 deg. In each of the three size cat

egories,

two data sets shall represent 90-deg samples, two 180-deg samples, and the remaining six 360-deg samples.
Spheres shall be sampled over 90-deg and 180-deg polar patches and an equatorial band defined by a +15-deg angle
(30-deg total) from the center. In each of the three size categories, three data sets shall be sampled over 90-deg polar

patches, five over 180-deg polar patches, and two over equatorial bands.

For maximum-inscribed and minimum-circumscribed objective functions, the test data sets shall be more fully

sampled. Thus, sampling shall cover more than 180-deg patches for circles, spheres, and cylinders.

11
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Table 5.5.6-1 Number of Required Form Errors

Line Plane Circle Sphere Cylinder/Cone
One-dimensional sine [Note (1)] 4 5 1
(05,1, 23) (1,2,34,5) (0.5) axis sine
Surface sine [Note (1)] 4 6 5
(0.5, 0) (0, 0.5) (0, 0.5) bow
(0.5 1) 0, 1) (0, 0.5) hourglass
(1, 1) 21 (2, 0) 2-lobed
3.1 31 (3, 0) 3-lobed
(2,0.5) (3, 1) combination
(3, 2)
Step 1 1 2 1 (radial step,about axis)
Bend 2 2
Taper 1
Random 2 2 2 3 1
None 1 1 1 1 1

NOTE: (1) Frequencies in parentheses.

5.5.6

the minjmum number of points). When applicable, these three data sets shallot coincide with extreme values of asped
height-fo-diameter ratios or extreme values of a cone’s apex half-angle. The remaining test cases shall include a maxim

peak-to

feature’s length scale. The length scales for the feature types arecdefined as follows:

The number and type of required formserrors for each size category for each feature type are identified in Table 5.5.
their mathematical definitions are given in Mandatory Appendix I. Each form error identified shall coincide with a
form erfor at least once.

In adfition to these errors;uniform random errors shall be superimposed as follows:

(a) 1

random

() |

random

(0 L

these ra

5.6 TestSet

Form Errors. One data setin each size category shall have no form errof(the one in the middle size category us

valley form error of either 0.1% (four test cases per size category) or 2% (five test cases per size category) of]

Feature Type Sizeé Parameter
Line Bounded length
Plane Minimum of length and width of the bounding rectangle
Circle Diameter
Sphere Diameter
Cylinder Minimpm of diameter and bounded height
Cone Minimum of base diameter and bounded height

the maximum peak:to-peak error was 2% of the feature’s length scale, then a three-dimensional, unifor
error of size @.1% of the feature’s length scale shall be added.
the maximuim peak-to-peak error was 0.1% of the feature’s length scale, then a three-dimensional, unifor
error of’size 0.01% of the feature’s length scale shall be added.
nes and\circles can be tested as two- or three-dimensional features. When testing as a two-dimensional feat
ndom,errors shall be restricted to the plane of the feature.

ing
tor
um
the

b-1;
2%
mly
mly

re,

At a minimum, data sets described in para. 5.5 shall be generated. Additional tests may be run to uncover specific
problems if required. The guidelines for test generation shall be followed except where they violate stated CMS vendor
specifications. Where such exceptions occur, they shall be noted on the test report.

From

the nominal feature, a sample set is generated using the guidelines in para. 5.5.

12
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Process Data With Test Software

Special conversion software or a modified version of the CMS software may be required to allow for the introduction of
data not acquired through the normal CMS data input channel. If the CMS is capable of executing a stored program, a
program that performs data set evaluations must be written. This program may be subsequently used to evaluate new
versions of CMS software. CMS systems without stored program capability may be manually controlled to perform their
evaluations, but it is recommended that automatic methods be made available if possible.

The order of the points in the data set may be changed to satisfy any special requirements of the software under test. If
reordering of the data is required, it shall be noted on the test report.

I

5.8

T
the
the
)
uni

5.9 Reporting of Test Results

A
infq

oth|

—

tioy
tru
pre
RM

soff
res

rep

—

he results of the algorithms should be output In a format compatible with the comparator function.

Calculation and Interpretation of Results

he guidelines for algorithm comparison in para. 4.1 shall be used to compare the results of the software undg
reference results for each data set. For each geometric feature type, a statistical analysis shall be performed to ¢
root-mean-square (RMS) and maximum magnitude of the observed evaluation parameter values.
ifference angles are to be expressed in microradians. Distance and radii differences shallbe-converted to thq
(s of the CMS (see para. 5.4.1).

test report shall be produced at the conclusion of the comparison phase. Thetest report shall include the fq
rmation:

1) the reference software used and its version identifier

h) the characteristics of the software that was tested (including computing environment, software version,
er necessary identifying characteristics)

r) the geometric feature types tested

/) any reordering of the data or seed values

p) the range of conditions represented by the test datafor each geometric feature type

f) the RMS value of each evaluation parameter for edch geometric feature type

y) the maximum observed value of each evaluation;parameter for each geometric feature type

h) the criteria for identifying bad fits for exclusion from the statistical analysis

r testto
valuate

normal

llowing

and any

Leristics

) the test results for bad fits excluded from ‘the’statistical analysis and the corresponding test data charac
no fits were excluded from the analysis, the:RMS statistic includes the effects of both systematic and rando

S statistic.

any test results were excluded from the analysis, the above interpretation of the results does not hold. Ra
ware is unreliable for thé conditions of the test. Although there is no consistent metrology interpretation of]
hts in this case, the results have diagnostic value.

[ the default test istused, the following minimum values shall be used where applicable in the test repo

pbrting RMS or maximum observed values for evaluation parameters:
Distances 10°° pum
Angles 1077 arc sec

h thelcase the RMS or maximum value of an evaluation parameter is below the minimum, the reported value

re

devia-

sbetween the software under testand thereference results. Thus, it can be interpreted as the expected deviatjon from
e value for the software under test, over'the range of conditions represented by the test data. To support thifis inter-
tation, the effects of uncertainty inherént in the reference results must be included in an uncertainty statement for the

her, the
the test

't when

shall be

rfed as “less than 1073” or “less than 10°7” as appropriate along with the corresponding units
PRLIOL S + &

5.10 Periodic Reverification

CMS software should be evaluated when an upgraded version is released, when there is any change in the computing
environment that might affect the results, or when results reported by the software appear to be abnormal.

6 SOFTWARE DOCUMENTATION

This section provides guidelines for minimum documentation for coordinate metrology software.

13
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6.1 Purpose

The purposeis to provide guidelines for preparation of user documentation by CMS manufacturers that will provide, to
the software users, a sufficient understanding of the intent and underlying principles of each software procedure used in
the analysis of coordinate data.

6.2 Compliance

Coordinate metrology software meets the minimum documentation requirements of this Standard if the guidelines
listed under para. 6.3 are followed. The guidelines are for content only, not for format or structure. These guidelines apply
to each|procedure, or set of procedures, that are applied to a specific dimensioning and tolerancing call-out. Foxf an
example¢, reference Nonmandatory Appendix B.

6.3 Reguired Information
The ipformation listed below is the minimum required for proper documentation.
6.3.1| Procedure Name. A name used to designate each algorithm implementation.
6.3.2| Brief Description. A one-line description of the procedure.
6.3.3| Standards Compliance. Compliance with applicable gaging standards shouldhe included in this section].
6.3.4| Explanation of Procedure. A detailed description of the procedure and serviees should be provided as follgws.

6.314.1 Intent. A concise discussion of the intent of the procedure(s) should-be provided. This discussion shquld
addresd all aspects of the procedure, including input data, calculations and.other data processing, and method of part
evaluatjon with respect to tolerance requirements.

6.314.2 Underlying Principles. Any underlying principles that the dser may need to understand in order to propérly
use the|procedure (to the extent that such knowledge may not be, assumed for a skilled operator in general).

6.314.3 Illustrated Examples. An illustrated example that describes the relationship of output to input should be
provided for each procedure that applies to a specific dimensioning and tolerancing evaluation. This example shquld
graphichlly show sufficient data points, tolerance zone, andthe results in relation to the tolerance zone. If a numerjical
result id calculated and compared to the tolerance zoneythen this result should be graphically displayed. Any applicdble
datum feature(s) and their relationship(s) to the tolerance zone should be illustrated. The illustration must clearly sjow
the integnt of the procedures in relation to the irddividual data points.

6.314.4 Limitations and Precautions. Limitations of the procedure and other precautions to the user should be
provide(d.

6.3.5]| Input. Descriptions, formats,\and examples of the access to the procedure(s) should be provided.
6.315.1 Defaults. Default input(s) should be provided.
6.3]5.2 Required Inputs: A“description of all required input(s) to the procedure(s) should be provided.
6.3{5.3 Optional Inputs. All optional input(s) should be defined.

6.315.4 Interface Equivalence. Description, formats, and examples of all equivalent input statement(s) should be
listed fqQr any supported interface.

12

6.315.5 _Input Limitations. Known limitations and constraints on the procedure(s) input should be listed, ¢.g.,
minimum:and maximum number of coordinate points the procedure can process.

6.3.6 Output. Descriptions, formats, and examples of the outputs of the procedure(s) should be provided.
6.3.6.1 Defaults. Descriptions, formats, and examples of default output(s) should be provided.
6.3.6.2 Optional Outputs. Descriptions, formats, and examples of optional output(s) should be provided.

6.3.6.3 Interface Equivalence. Equivalent output statement(s), format(s), and example(s) for any supported inter-
face should be listed.

6.3.6.4 OutputLimitations. Known limitations of output should be provided, e.g., alimited number of digits reported
in output.

14
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6.3.7 Exception Conditions. Listing and definition of the various exception handling procedures should be provided.

6.3.8 Computational Uncertainty. A value characterizing the expected uncertainty contributed by the software (21)
should be provided. The value should include the estimated cumulative effects of all computational factors that
affect geometric uncertainty, including numerical rounding, convergence criteria used in estimation algorithms,
and other factors independent of specific measurement tasks. This value should be one, with the understanding
that some applications may have errors that exceed the stated quantity. Reference para. 4.5 for information on
related issues. This value does not include the variations that could be observed between various fit objectives
(e.g., least squares versus minimum zone), as different fit objectives correspond to different tests.

g.3.9 Associated Datum Features. Reference to datum features documentation (if applicable) should be\provided.

15
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MANDATORY APPENDIX I
MATHEMATICAL DESCRIPTIONS OF FORM ERRORS

To de
The for
translat

(a) N

6)
)
(3)
4)
(5)
where
(6)
the con
Let A
(b) 1
(1
)
(3)
(c) S
6)
)
(3)
(4)

For t
equatio

If vq

(d) S

(1)

2)
through
(3)

4

(5)

(e) B
(1)

2)
random

f) T

scribe the form errors, a perfect, nominal feature is first described, having a convenient location and oriéntat
m errors are then described in this position, as well as a description of the form error. These featurés woulg
ed and rotated in the actual test.
ominal Features

Line. A line segment having endpoints (0, 0, 0) and (L, 0, 0).

Plane. A rectangle having corners (0, 0, 0), (L, 0, 0), and (0, W, 0).

Circle. A circle in the x-y plane centered at the origin, defined in polar coordinates‘\by r = R.

Sphere. A sphere centered at the origin, defined in spherical coordinates by p =°R.

Cylinder. A truncated cylinder defined in cylindrical coordinates by r = R and having extent from z = 0 to z
is the height of the cylinder.

Cone. A frustum defined in cylindrical coordinates by r = R + zsini and haviig extent from z= 0 to z = h, where|
e’s height, and  is the cone’s apex angle.

denote the desired amplitude of the error.
D Sine Errors of Frequency v

Line. z = A sin(2mxv/L).

Circle. r = R + A sin(v6) expressed in polar coordinates.

Cylinder and Cone. Points are shifted from the nominal-inthe x-direction by an amount A sin(2mxv/L).
irface Sine Errors of Frequencies vy, vz
Plane. z = A/2[sin(2nxv/L) + sin(2myv,/W)].
Sphere. p = R + A/2[sin(v; 0) + sin(v,y)] expressed in spherical coordinates.
Cylinder. r = R + A/2[sin(v,0) + sin(2mzv,/h)expressed in cylindrical coordinates.
Cone. r = R + zsiny + A/2[sin(v; 8) + sin(2mzv,/h)] expressed in cylindrical coordinates.
e “hourglass” form error for cylinders:and cones, replace 2nzv,/h with (mt + 2mzv,/h) in the preceding
hs. (v, would be 0.5 in these cases.)
= 0 or v, = 0, replace A/2 with A,in the above equations.
tep Errors
Line. If x > x*, z = A, else z=\0; x* is chosen randomly between L/4 and 3L/4.
Plane. If ax + by + ¢ > 0,then z="A, where ax + by + c= 0 defines a line (in the x-y plane) chosen randomly but pass
the rectangle having eerners (L/4, W/4, 0), (3L/4, W/4, 0), and (L/4, 3W/4, 0).
Circle. If 0 < 0 < 6% thén r = R + A, where 6* is chosen randomly between 90 deg and 180 deg.
Cylinder. If 0 < €.5.6%, then r = R + A, where 6* is chosen randomly between 90 deg and 180 deg.
Cone. If 0 < 6¢<-6*, then r = R + zsiny + A, where 6* is chosen randomly between 90 deg and 180 deg.
end Errors of Angle a
Line. If x,>X*, then z = (x — x*)tang, else, z = 0; x* is chosen randomly between L/4 and 3L/4.
Plane, fdx + by + ¢ > 0, then z = (ax + by + c)*tana, where ax + by + ¢ = 0 defines a line (in the x-y plane) chog
ly butypassing through the rectangle having corners (L/4, W/4, 0), (3L/4, W/4, 0), and (L/4, 3W/4, 0).
iper-of Angle a

on.
be

WO

—-

ng

sen

6y

3h/4.

Cylinder. If z > z*, then r = R + (z - z*)tana; else r = R, where z* is chosen randomly between h/4 and 3h/4.
(2) Cone.Ifz>z* thenr =R+ zsiny + (z - z¥)tana; else r = R + zsiny, where z* is chosen randomly between h/4 and
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NONMANDATORY APPENDIX A
FACTORS THAT INFLUENCE THE RESULTS

FACTORS OF SOFTWARE AND COMPUTATIONAL ENVIRONMENT

he following factors affect the quality of computations carried out by CMS software:
) Feature Geometry. CMS software behavior may be affected by a feature’s geometry, notably its'size and I
Depending upon data manipulation techniques employed, software may be less reliable for features of largg
features located far from the origin.

) Feature Form Error. Errors of form (straightness, roundness, cylindricity, etc.) of¢neéasured features a
calgqulations of position, size, and orientation by software.

) Feature Sampling Strategy. The number of sampled points and the pattern in which those points were tal
affdct CMS software reliability. In most cases, the mathematical minimum numbér-of points necessary to detg

FACTORS OF IMPLEMENTATION

he output accuracy of a CMS is also influenced by a combination of factors beyond the influences of software]
putational environment. The CMS user should becaware of these factors and make every effort to contf
influence. These factors, which partially overlap with“section A-1, include

etc]). Strong interactions between form error‘and sampling strategy are likely. Strategies of point density and
sanppling can be found in BS 7172-1989 and-SO 14406:2010.

(b) the accuracy characteristics of the\coordinate data, as determined by proper verification. (For many C)
nolpgies, standards exist describing werification tests.)

r) the physical environmental-effects on the CMS and workpiece
1) the effects of the use of substitute geometry by the CMS software and the resulting uncertainty when mg
gedmetric features

(B) the factors that afféct the sensitivity and behavior of the algorithms, including

(1) point measurement errors on imperfect surfaces caused by less than the minimum number of point
derysity) needed to_identify a feature

(2) sampling.ettors on imperfect surfaces resulting from poor placement or inadequate coverage of the ch
istit being sampled

(3) wotkpiece form or positional errors caused by improper measurements and the variables introduce
mathematics

ocation.
size or

fect the

Ken may
rmine a
pattern

ess may
e to the
ions.

and the
ol their

(k) the sampling strategy on a feature geometry having a particular form error (straightness, roundness, cylindricity,

pattern

1S tech-

asuring

5 (point
Aracter-

1 by the

A-3_EACTORS OF ALGORITHM SELECTION

Software algorithms, like any other tools of manufacturing, may be misused or misapplied. Factors that must be

considered in the selection of software for a measurement task include the following:
(a) the choice of the objective function to evaluate a geometric requirement

(b) the use of two-dimensional software to inspect a three-dimensional characteristic does not necessarily allow for

required degrees of freedom, e.g, MMC positional tolerances

(c) the CMS part program may not meet the geometric requirements of the workpiece as expressed on the engineering

drawing
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(21) B-1 GHNERAL INFORMATION

This Appendix presents an example of acceptable documentation. The example is not necessarily acceptable‘meas
ment practice.

(21)

DISCLAIMER: The sole purpose of this example is to demonstrate adequate documentation practice and should no
construed as explicitly or implicitly endorsing or requiring any single method of calculation, input,_output, illustratj
etc. A hypothetical brand CMM, XCMM with a native language XMML is used in the following example.

In thiy example, 15 points have been measured on a surface and assigned to a set called PLANE1 and are to be evalug
against [a tolerance of 0.010 mm.

B-2 PROCEDURE NAME

The procedure name is flatness.

B-3 BRIEF DESCRIPTION

This

B-4 STANDARDS COMPLIANCE
Calcujations of flatness comply with the following standards: Standard XXX and Standard YYY.

B-5 EXPLANATION OF PROCEDURE

To calculate the flatness of a geometric plane;using data points that are a sample of the surface, which approximates
T\d then evaluate it against a tolerance’value.
n

plane,

B-5.1

A leagt-squares plane is calculated-from the measured points assigned to the set PLANE1. The distances between
least-squares plane and the twe-extreme points on each side of this plane is calculated, e.g., 0.0011 on one side and 0.0

on the

differenfce is compared to_thé tolerance (0.010 - 0.0033).

B-5.2

To firjd an idealplane, the sum of the squares of the normal distances from each point to the plane is a minimum. O
this plafie is determined, the farthest point on each side of the plane is resolved. The distance between these two poin
calculatpd,.normal to the plane, and identified as the flatness.

B-5.3

ASME B89.4.10-2021

NONMANDATORY APPENDIX B
EXAMPLE DOCUMENTATION

brocedure calculates the flatness of a plane.

tent

dther. These distancesare added with the result being the calculated flatness value, e.g., 0.0033. This calcul3

Underlying (Principles

ire-

be
on,

ted

the

the
D22
ted

nce
Ssis

Illustrated Example

See Figure B-5.3-1.

B-5.4

Limitations and Precautions

Flatness procedure can be accessed in the following ways:
(a) pressing the = symbol on the keypad and typing in the name PLANE1. At the prompt, enter the tolerance value of

0.010
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Figure B-5.3-1 Flatness Example

A
Flatness

‘_-

"y . .\
Probe center

teastsquares ptame lolerance zone 0.070 mm

b) type in the XMML command
fltns (ele = PLANE], tol = 0.010)

B-I INPUT
.1 Defaults

If no tolerance value is entered, the procedure will default to 0.025 mm.

B-6.2 Required Inputs

The name of the set of points (PLANE1 in this case) must be.ihput.

B-6.3 Optional Inputs

fltns (ele = PLANE1, tol = 0.010, sta = term)

B-6.4 Input Limitations

The maximum number of points that.can be computed is 9999. The minimum number of points is 6.

B-1 OUTPUT

The flatness value is printed‘in the following default format:
FLATNS of: $$$$$$$ = ##.#### in....... ###.#% of #.#### TOL

the calculated yalue'is greater than the tolerance, the characters OUTOFTOL are printed on the nextline. Int
the|calculated flatitess is 0.0033, and the output would read

FLATNS of: PLANE1 = 0.0033 in....... 33.3% of 0.0100 TOL

—

B-4.1 Defaults

Theabaove is the default format

A statistics terminal display option is available through'the XMML command by adding “sta = term.” The resulting
command would be

his case,

B-7.2 Optional Output

An additional optional output format is the statistics. If this option is exercised, a histogram of the individual point

deviations are displayed on the terminal but are not printed.

B-7.3 Output Limitations

The output limits are 4 decimal places (inches) or 3 decimal places (metric).
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B-8 EXCEPTION CONDITIONS

The CMS system outputs the following error messages when exception conditions occur.
(a) SPATIAL DISTRIBUTION ERROR means that the points are outside the prescribed distribution, indicating that one
or both of the following rules were violated:
(1) The thickness must be less than half the width.
(2) The width must be greater than one-tenth the length.
Either remeasure surface taking care not to exceed these rules, or delete points outside of this spatial boundary, and
recalculate.
(b) INT NUMBER MAX means that over 9 999 points have been submitted to the procedure for calculation. Renjea-
sure sufface taking 9999 or fewer points, or delete points until 9999 remain, and recalculate.
(c) PPINT NUMBER MIN means that fewer than six points have been submitted to the procedure for ealculatjon.
Remeasure surface taking at least six points.

B-9 COMPUTATIONAL UNCERTAINTY

The l¢ast-squares fitting software was evaluated in accordance ASME B89.4.10 and found to have an RMS deviatioh of
10~° min for plane separation and 0.02 arc sec for plane tilt.

B-10 ASSOCIATED DATUM FEATURES

Flatngss is not computed with respect to any other features.
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NONMANDATORY APPENDIX C
SUBSTITUTE FEATURES

C-

subsequent part evaluation. A substitute feature is the “representation” of the measured data \points. This A
deskcribes the most common methods used to define the substitute feature.

With some exceptions, more than one substitute feature may optimize any one criterion.Any application sensitivg

am
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C-2

Pth

GENERAL INFORMATION

his Appendix is directed at the computer programmer concerned with developing substitute featufe soff
substitute feature is a perfect-form geometry (circle, plane, cylinder, etc.) used to represent an detual featur

it criteria lead to an optimization problem, the solution of which defines the parameters-of the substitute gd

biguities must guard against them to ensure proper results.
he mathematical model used in this Appendix is a substitute feature characterized by a vector of parametef
fect-form geometry is defined by a function f,(p) that assigns a real number to/every point p in space. The sy

) < 0and f,(p) > 0. Any particular geometric form can be represented by/a wide range of functions f. In this A
only restrictions on the functional form of f are features of size (i:ey,circles, cylinders, spheres, parallel li
hllel planes), the halfspace f,(p) < 0 correspond to the intuitive notion of “inside the feature,” and the half space
Fespond to the “outside” of the feature. A particular functionalform f, may involve constraints on b to main
dity of the representation. Such constraints are not considered in this Appendix, although they should be addr
Factical implementation of a fitting algorithm.

1l the fitting criteria deal with the distance of the measuted data points to the substitute feature. If p;is the i*" o
h point, then define

¢i(b) =& min {lp, — ql: f,(q) = 0}
9

the orthogonal distance from the observed point p; to the surface of the substitute feature. The sign of e; is cl
respond to the sign of f,(p;), i.e.

¢i(b) > 0 when fy(p,) > 0

¢;(b) = 0 when fb(P,-) =0

¢i(b) < 0 when fy(p,) <0
should be noted, thatif the feature is of perfect form, there exists a value of b for which e;(b) = 0 for all i. In that g

he fitting criteri@)discussed herein result in the same substitute feature. In practice, this situation may appea
bn the errors in‘the actual feature are smaller than the resolution of the measuring device.

LP-norm OPTIMIZATION

ure surfaces is described by the equation f,(p) = 0. The entire space is divided into two half spaces by the ine;}\ualities

ware.
e during
bpendix

ometry.
to such

s b. The
bstitute

pendix,
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f,(p) >0
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vent, all
to exist

he.objective for L”-norm estimation is to determine the parameters of a substitute feature that minimize the s

) N P
P
NZ lei(b)]
i=1

The “best fit” substitute feature is the one that minimizes the L -norm.
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