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FOREWORD

The intent of this Standard is to facilitate agreement between suppliers and customers by specifying a standard
method for assessing the dimensional acceptability of workpieces. Components of the method are the preparation of
an adequate dimensional measurement plan and the use of the plan in making measurements. Major inputs to the
method are dimensional specifications developed, for example, in compliance with ASME Y14.5-2009, Dimensioning
and Tolerancing [1]
ifst publication of ASME Y14.5 was a significant step forward in manufacturing because it defined methods
for the upambiguous expression of design intent on workpiece drawings. ASME Y14.5 specifies design intent in t¢rms
of workpiece features (e.g., cylinders, planes, spheres, etc.). A feature is dimensioned and toleranced by)specifying
boundarfies within which the infinite number of points on the feature surface must lie (for surface gebmetries) dr by
ing a boundary within which the axes must lie (axes control). Any adequate assessment of Whether a manu-
factured|feature complies with an ASME Y14.5 drawing specification must consider this infinite number of poirits.

In thelearly days of ASME Y14.5, serious attempts to determine compliance of workpiece features with drawing
specificqtions were based on gaging by attributes, e.g., by means of ring gages, plug gages, and functional ggges.
Such gages dealt with the infinite number of points by means of gaging surfaces, whieh\were intended as the ideal
counterparts of the surfaces to be measured. Uncertainty due to gage imperfections-was minimized by specifying
ose probable errors were tightly controlled when compared with the tolérances of the workpieces tp be
. Gage dimensions were biased to ensure that no nonconforming workpieces were accepted, even thqugh

, a supporting standard was released that explicitly defined theymathematical expression of ASME Y[4.5,
as ASME Y14.5.1M-1994, Mathematical Definition of Dimensioning and Tolerancing Principles [7]. [This
Standardl presents a mathematical definition of geometrical dimensiéning and tolerancing consistent with the prjnci-
ples and|practices of ASME Y14.5M-1994, enabling determination ©f actual values.
Since the capability of a typical manufacturing process has improved more rapidly than the measurement capaHility
associat¢d with gaging by attributes, the old methods have led to expensive increases in the rejection of conforrhing
workpieges. Statistical analysis capabilities and cost effectiveness have led to the proliferation of coordinate-mjeas-
uring mhchines (CMMs) that cannot directly verify dimensional acceptability using an infinite number of pgints
in a worlkpiece feature surface but account for this in"the associated measurement uncertainty statement. In spme
instancep, the algorithms used to associate substitute geometrical elements according to drawing specifications re¢sult
in signifjcant measurement uncertainty. ASME Working Group B89.3.2 (now B89.7.2) was formed to address these
and relafed issues.
One of these issues is the criterion fer\acceptable dimensional measurement practice. A measurement prdcess
should e designed to balance meastirement quality and cost, including costs associated with decision outcdmes
resulting in rejecting conforming products or accepting nonconforming products due to the measurement urcer-
tainty. While the analysis of costs)is workpiece-specific and outside the scope of this dimensional measurernent
Standardl, the measurement process should be designed to provide the required metrological data for the risk analy-
sis need¢d to formulate a degision rule.
Measyrement qualityis'characterized in terms of measurement uncertainty. Previous practice has been to assjime
that gagp quality wa$ ¢ontrolled to a level where the contribution to measurement uncertainty due to gaging grror
was negligible. This-assumption was applied both to measurement by attributes, as described above, and to meagure-
ment by|variables using simple bench tools such as micrometers and height gages. Gage repeatability and reprofluc-
ibility (QR&R) studies provide useful information relating to uncertainty but they cannot, in themselves, completely
determineimeasurement uncertainty values.
The G%Wmmﬁhmm%ammm@ﬁhﬁ%ﬁmﬂmﬁ%mﬂwdﬁﬂ S1/
NCSL Z540.2-1997 [4], are considered to be the authoritative documents on the evaluation of measurement uncer-
tainty. A recent supplement to the GUM, JCGM 101:2008 [5], describes the use of Monte Carlo methods for uncer-
tainty evaluation.
The ASME B89.7 Subcommittee has developed a series of standards and technical reports pertaining to the evalua-
tion of measurement uncertainty, decision rules and conformity assessment, and metrological traceability considera-
tions. These documents include

e B89.7.3.1, Guidelines for Decision Rules: Considering Measurement Uncertainty in Determining
Conformance to Specifications
* B89.7.3.2, Guidelines for the Evaluation of Dimensional Measurement Uncertainty
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* B89.7.3.3, Guidelines for Assessing the Reliability of Dimensional Measurement Uncertainty Statements
* B89.7.4.1, Measurement Uncertainty and Conformance Testing: Risk Analysis
e B89.7.5, Metrological Traceability of Dimensional Measurements to the SI Unit of Length

The ASME B89.7.2 Standard makes use of the methods of the foregoing documents for the evaluation of measure-
ment uncertainty, formulation of decision rules, calculation of the risks of mistaken decisions, and, when desired,
demonstration of metrological traceability to the SI unit of length, the meter.

In considering its assignment, the ASME B89.7.2 Working Group determined that a single “cookbook” standard
covering all valid methods for measuring all possible workpiece features for all possible purposes under all possible
conditions would be impractical. Among the problems are the difficulty of writing and maintaining such an extensive
docfiment, lack of documentation for some types of measurements, and rapidly changing technology.

The approach of the current Standard is to identify the principles applicable to all dimensional measuremé¢nts, and
to cifte detailed standards for specific classes of measurements as they become available. Two strategiés-are ysed. The
first|is to ensure the validity of dimensional measurements by specifying requirements for preparation, appr¢val, and
f dimensional measurement plans. The second is to provide appendices that discuss metlods and resojurces for
loping such plans.
e ASME B89.7.2 Standard considers that a measurement method is acceptable if it reSults in an acceptabjle meas-
ent uncertainty. Thus, for example, a gage producing a limited point data set {e.g., a CMM) may bd used to
mine compliance with ASME Y14.5 if the uncertainty component due to the limited data can be reasonably
ated and if the resultant combined standard uncertainty is acceptable according to the decision ruld and the
t uncertainty. The decision rule and target uncertainty is determined by management and is an appropfiate bal-
between measurement quality and cost. For example, if a manufacturing process produces few noncorjforming
pieces, and the impact of an out-of-tolerance workpiece is low, thertd low-accuracy measurement method may
equate. For workpieces where an out-of-tolerance condition coulcheause serious injury and the cost of [rejecting
forming workpiece is high, the measurement requirement might be stringent and the acceptable meaqurement
rtainty small. Such considerations may be embodied in contracts or company policies.
e body of this Standard delineates requirements and recommendations for dimensional measurement glanning.
Actions required for compliance with the Standard are identified by use of the word “shall.” Compliance wjith other
identified actions is strongly recommended to ensure quality in measurement. The appendices provide examples of
how{ to develop a plan, how to select gaging, and how/'to evaluate various components of measurement ungertainty.
Medqns are presented for determining the probabilities of decision outcomes in workpiece acceptance or fejection.
Suclh probabilities are useful in evaluating plan dceeptability. A reference section is also included. The Standard pro-
vidgs the user with means for meeting the requirements of ANSI/ASQC E2, Guide to Inspection Planning [p].
Itfis anticipated that future work of the ASME B89.7.2 Working Group will be in the area of updating and|revising
this pecond edition of the Standard in response to further study, public comments, and other standards develgpments.
The first edition of this Standard was approved by the American National Standards Institute (ANSI) on|October
26, 1999. This 2014 edition of ASME B89.7.2 was approved by ANSI as an American National Standard or} July 17,
2014.



https://asmenormdoc.com/api2/?name=ASME B89.7.2 2014.pdf

ASME B89 COMMITTEE
Dimensional Metrology

(The following is the roster of the Committee at the time of approval of this Standard.)

STANDARDS COMMITTEE OFFICERS

T. Charltd
D. J. Chrid
F. Const

T. Charlton, Chair
S. D. Phillips, Vice Chair
F. Constantino, Secretary

STANDARDS COMMITTEE PERSONNEL

n, Jr., Charlton Associates
ty, Mahr Federal, Inc.
tino, The American Society of Mechanical Engineers

B. Crowe| Schneider Electric

J. D. Dresgher, UTC Pratt and Whitney

M. Fink, Boeing

G. A. Hetland, International Institute of Geometric Dimensioning

and T¢
M. P. Kry

lerancing
stek, Physikalisch-Technische Bundesanstalt

M. Liebefs, Professional Instruments Co.

R. L. Long

S. D. Phil
T. Charltg
K. DoytcH
H. Harary

, Laboratory Accreditation Bureau

ips, Chair, National Institute of Standards and Technology
n, Jr., Charlton Associates

inov, National Research Center Canada

, National Institute of Standards and Technology

G. A. Hetland, International Institute of Geometric Dimensioning

and T
M. P. Kry

lerancing
stek, Physikalisch-Technische Bundesanstalt

M. Liebefs, Professional Instruments Co.

S. D. Phil
W.T. Est

ips, Chair, National Institute lof Standards and Technology
er, National Institute of Standards and Technology

G. A. Hetland, International Institute of Geometric Dimensioning

and T¢

lerancing

E. Morse, University of North Carolina atGhatlotte

B. Parry, The Boeing Co.

P. H. Pereira, Caterpillar, Inc.

S. D. Phillips, National Institute of Stahdards and Technology
J. G. Salsbury, Mitutoyo America-Corp.

D. Sawyer, National Institute,6f-Standards and Technology
J. R. Schmidl, Optical Gaging Products, Inc.

C. Shakariji, Nationaldnstitute of Standards and Technology
R. L. Thompson, U Air Force Metrology Lab

K. L. Skinner, Alfernate, U.S. Air Force Metrology Lab

E. R. Yaris, GDT Consultants

SUBCOMMITTEE 7 — MEASUREMENT UNCERTAINTY

R.L.tong, Laboratory Accreditation Bureau

E.\Morse, University of North Carolina at Charlotte

B. Parry, The Boeing Co.

P. H. Pereira, Caterpillar, Inc.

J. Raja, University of North Carolina at Charlotte

J. G. Salsbury, Mitutoyo America Corp.

C. Shakariji, National Institute of Standards and Technology
E. R. Yaris, GDT Consultants

PROJECT TEAM 7.2 —- DIMENSIONAL MEASUREMENT PLANNING

E. Morse, University of North Carolina at Charlotte
J. G. Salsbury, Mitutoyo America Corp.
C. Shakariji, National Institute of Standards and Technology

vi



https://asmenormdoc.com/api2/?name=ASME B89.7.2 2014.pdf

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

revisions or a Case, and attending Committee meetings. Correspondence should be addressed to:

Secretary, B89 Standards Committee

I'he American Society of Mechanical Engineers
Two Park Avenue

New York, NY 10016-5990

http:/ /go.asme.org/Inquiry

Ploposing Revisions. Revisions are made periodically to the Standard to incorporate changes that appe
sary| or desirable, as demonstrated by the experience gained from the application of the Standard. Approy
sions will be published periodically.

The Committee welcomes proposals for revisions to this Standard. Such proposals shéuld be as specific as
citing the paragraph number(s), the proposed wording, and a detailed descriptiofi;of the reasons for the g
inclyilding any pertinent documentation.

When appropriate, proposals should be submitted using the B89 Project Initiation Request Form.
Ploposing a Case. Cases may be issued for the purpose of providing alternative rules when justified, t
early implementation of an approved revision when the need is urgent;\0r to provide rules not covered by

AT neces-
red revi-

possible,

roposal,

b permit
existing

proyisions. Cases are effective immediately upon ASME approval anid’ sHall be posted on the ASME Commiftee Web

pagg.
Requests for Cases shall provide a Statement of Need and Background Information. The request should|
the $tandard and the paragraph, figure, or table number(s), afid be written as a Question and Reply in the s
mat|as existing Cases. Requests for Cases should also indjcate the applicable edition(s) of the Standard to w
proposed Case applies.

Interpretations. Upon request, the B89 Standards Committee will render an interpretation of any requir
the ptandard. Interpretations can only be rendered,in response to a written request sent to the Secretary o
Starjdards Committee at go.asme.org/Inquiry,

The request for an interpretation should:be clear and unambiguous. It is further recommended that the
subinit his/her request in the following format:

Subject:  Cite the applicable paragraph number(s) and the topic of the inquiry.
Edition:  Cite the applicable editipn of the Standard for which the interpretation is being requested.
Question: Phrase the question(as a request for an interpretation of a specific requirement suitable for gener

also include ahy)plans or drawings that are necessary to explain the question; however, they shi
contain preprietary names or information.

Requests that aredot in this format may be rewritten in the appropriate format by the Committee prior
ansyered, whichimay inadvertently change the intent of the original request.

ABME protedures provide for reconsideration of any interpretation when or if additional information th
affe¢t an interpretation is available. Further, persons aggrieved by an interpretation may appeal to the c
ASNIE €Committee or Subcommittee. ASME does not “approve,” “certify,” “rate,” or “endorse” any item, d

i

identify
ame for-
rhich the

bment of
the B89

inquirer

] under-

standing and us€, not as a request for an approval of a proprietary design or situation. The inqufirer may

ould not

to being

at might
bgnizant
onstruc-

tion} proprietary device, or activity.

Attending Committee Meetings. The B89 Standards Committee regularly holds meetings and/or telephone confer-
ences that are open to the public. Persons wishing to attend any meeting and/or telephone conference should contact
the Secretary of the B89 Standards Committee. Future Committee meeting dates and locations can be found on the

Committee Page at go.asme.org/B89committee.
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DIMENSIONAL MEASUREMENT PLANNING

1 SCOPE
1.1| Objective

The objective of this Standard is to ensure correctness
and|acceptability of dimensional measurements.

1.2 | Requirements

This Standard specifies requirements for preparation
and|approval of dimensional measurement plans and
for the use of approved plans in making dimensional
measurements.

13| Applicability

This Standard considers that a dimensional measure>
merft method is acceptable if its associated measure-
merjt uncertainty per the Guide to the Expression of
Uncprtainty in Measurement (GUM) [2] meets(business
needls, e.g., cost of measurements, consequéneés of pass
and|fail errors, liability, specific policies)and customer
reqyirements. In assessing the acceptability of a stated
meajsuring procedure, management:should take into
accqunt the importance and difficulty of evaluating
measurement uncertainty in-such a way as to quanti-
tatively capture the effects~of“all significant sources of
measurement error.

1.4

This Standard-is intended for use by process and qual-
ity gngineersQr personnel performing a similar function
in planning-dimensional measurements.

Purpose

conforming: having a true value-lying within qr on the
boundary of a stated tolerancédnterval.

NOTE: The issue of conformante /nonconformance involves where
the true value of the measurand lies with respect to thg tolerance
zone; the issue of acceptarnce’/ rejection involves where ajmeasured
value lies with respect %o the acceptance zone.

consumer’s rigk: probability of a pass error.

dimensiondl measurement: measurement of a geqmetrical
property©f a workpiece.

dimensional measurement plan: plan detailing eqyiipment,
environment, and procedure for measuring ong or more
geometrical properties of a workpiece or for mpasuring
the properties of a process.

dimensional measurement planner (DMP): person Who pre-
pares a dimensional measurement plan.

fail error: rejection, as a result of measuremerjt uncer-
tainty, of a conforming property of a procgss or a
workpiece.

NOTE: A fail error is also known as false rejection or a Tyjpe 1 error.

failure mode and effects analysis (FMEA): for a sygtem, the
steps of listing failure modes and determining ¢ffects of
failure on the system in each mode.

feature: general term applied to physical portion of a
workpiece, such as a surface, hole, or slot.

gaging limits: specified limits of a measured value of a
workpiece property.

NOTE: Gaging limits are also known as acceptance limifs.

geometric characteristic: dimensional descriptipn of a

accept-reject measurement: measurement made for the
purpose of accepting or rejecting a workpiece or work-
piece feature or property.

attribute gage: gage that verifies conformance of a work-
piece property with a specified requirement without
yielding a measured value.

feature.

manufacturing plan: plan detailing organization, equip-
ment, environment, personnel, and procedures for man-
ufacturing a workpiece.

measurand: quantity intended to be measured.

nonconforming: having the true value lying outside the
boundaries of a stated tolerance interval.
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NOTE: The issue of conformance /nonconformance involves where
the true value of the measurand lies with respect to the tolerance
zone; the issue of acceptance/rejection involves where a measured
value lies with respect to the acceptance zone.

pass error: acceptance, as a result of measurement uncer-
tainty, of a nonconforming property of a process or a
workpiece.

NOTE: A pass error is also known as false acceptance or a Type 2
error.

Publisher: Joint Committee for Guides in Metrology,
Bureau International des Poids et Mesures, Pavillon de
Breteuil, F-92312 Sevres Cedex, France (www.bipm.org/
en/publications/guides)

4 DIMENSIONAL MEASUREMENT PLANNING
4.1 General

For each workpiece to be measured, a dimensional

process cntrol measurement: measurement of the features
or properties of sampled workpieces in order to detect a
change ih the process.

process failure: change or changes in a process resulting
in prodyction of unacceptable workpieces.

producer|s risk: probability of a fail error.

tolerance] total amount a specific dimension is permit-
ted to vary. The tolerance is the difference between the
maximum and minimum limits.

NOTE: THe tolerance interval is the region between and including
the toleraice limits

uncertaifity (of measurement): non-negative parameter
charactdrizing the dispersion of the values being
attribut¢d to a measurand, based on the information
used.

NOTE: Uncertainty is different from the measurement error, which
is the diff¢rence between the measured value and the true value.

3 NORMATIVE REFERENCES

ASMH B89.7.3.1-2001, Guidelines for Decision*Rules:
Considefing Measurement Uncertainty in Detérmining
Confornmpance to Specifications

ASMH B89.7.3.2-2007, Guidelines for)the Evaluation
of Dimefisional Measurement Uncertainty

ASMH B89.7.3.3-2002, Guidelines for Assessing the
Reliability of Dimensional Measurement Uncertainty
Statements

ASMH B89.7.4.1-2005, Measurement Uncertainty and
Conformance Testing® Risk Analysis

ASMH B89.7.52006, Metrological Traceability of
Dimensional Measurements to the SI Unit of Length

ASMH Y14:5-2009, Dimensioning and Tolerancing

ASMH ¥l145.1M-1994, Mathematical Definition of

measurement plan shall determine and define necessary
measurement tasks and shall specify their requirements.

(a) Necessary measurement tasks can be progess fcon-
trol measurements, accept-reject measurements, or Qoth.

(b) Each process control measurement,'should r¢late
to a controllable parameter of the werkpiece manyfac-
turing process.

4.2  Prerequisites

4.2.1 Dimensional _Measurement Planner. (The
Dimensional Measurement Planner (DMP) should have
the requisite knowledge for adequate consideration of
all applicable aspects of the dimensional measurerhent
plan (e.g., dimensioning and tolerancing specificatjons,
statistics, sampling plans, manufacturing plans, njeas-
urementuncertainty evaluation, etc.).

4,2.2 Drawings and Specifications. The IDMP
shall review workpiece drawings and specifications
to ensure dimensional requirements are clear, fully
defined, and understood. The measurands chosen to
establish a workpiece’s conformance to the dimensipnal
requirements rely on the clarity and completeneds of
this information. Where these conditions are not met,
the DMP shall contact those responsible for the dfaw-
ings and specifications and obtain documented dlari-
fication, in accordance with specified standards [and
revision levels.

Participation in design reviews with designers|can
help the DMP to gain an understanding of the [true
design intent. Such insight into design intent aidq the
DMP who is responsible for ensuring that the speci-
fied requirements are not only valid but also reprgsent
the true design intent. This emphasis is given to ensure
that drawing specifications are not overconstrained in
such a way as to allow workpieces to be unnecegsar-
ily rejected when they will meet all functional reqire-

Dimensior 1i115 Cratey TUchauLius P liuLiP1Cb

Publisher: The American Society of Mechanical
Engineers (ASME), Two Park Avenue, New York, NY
10016-5990; Order Department: 22 Law Drive, P.O. Box
2900, Fairfield, NJ 07007-2900 (www.asme.org)

JCGM 100:2008, Evaluation of measurement data —
Guide to the expression of uncertainty in measurement
(GUM)

JCGM 200:2012, International vocabulary of metrology
— Basic and general concepts and associated terms (VIM)

ments. Workpiece drawings and specifications define
the measurands to be measured.

4.2.3 Process Characteristics. Where applicable,
the DMP shall review the manufacturing plan and man-
ufacturing process failure mode and effects analysis to
determine process tendencies and requirements for pre-
diction of potential process failure. The DMP shall work
with the manufacturing engineer to determine process
control measurement requirements.
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4.2.4 Dimensional Measurement Planning Constraints.
The DMP shall review acceptable probabilities of pass
errors and fail errors, and estimated costs of inspection
and equipment.

4.2,5 Existing Equipment. The DMP shall review
the inventory of available gages and equipment and
determine adequacy for ensuring that measurement
requirements are fully met.

(n) determination of any special user instructions and
documentation requirements (e.g., setup orientation,
fixturing, clamping, probing strategy, operator’s manu-
als, etc.)

(0) evaluation of the measurement uncertainty;

(p) calculation of the probabilities of pass errors and
fail errors for accept-reject measurements, based on the
probability distributions associated with the manufac-
turing process and the measuring system

4.3 | Dimensional Measurement Plan

The dimensional measurement plan shall contain or
refefence all information needed for making measure-
merjts. Where applicable, the following considerations
shall be addressed in developing the dimensional meas-
urerpent plan (see Nonmandatory Appendix A for an
exarpple):

(a) workpiece identification (e.g., workpiece number,
revigion level, serial number, description)

(b) determination of measurands (features to be
measured from workpiece drawing, process sheet,
inspection instructions, etc.)

(c) determination of measurements to be taken (e.g.,
for process control, workpiece acceptance, etc.)

(d) determination of lot sampling plan and sample
analysis methods (sample size, frequency)

(e} determination of how measurements will be taken
(e.g} on-line or off-line, indicating instruments or gages,
autgmatic or manual)

(f] determination of measurement strategy((e.g.,
nunjber and location of measured points, sequence of
opefations, etc.)

(g) determination of report documentdtioh and archi-
val fequirements (e.g., paper report, electronic data files,
durgtion of record maintenance, efc:) ‘and retention of
raw[measurement data

(h) determination of documentation requirements for
metfological traceability of~dimensional measurements
per ASME B89.7.5 (e.g., ISOAEC 17025 calibration reports,
docimented company. quality assurance policy, etc.)

(i} determinatioh/~of data evaluation requirements
(e.g} mathematical model, association criteria, algorithms,
filteys, cutoffs, filter parameters, graphical outputs, etc.)

(j] selection of candidate gage for each measurement
(e.g) coordinate-measuring machine, special fixturing,
hanglheld gages, analytical equipment, etc.)

NOTE: See Nonmandatory Appendix D for more intornjation.

(9) gaging limits consistent with the specificdtion and
the probabilities of pass and fail errors

(r) determination of the disposition ‘of wqrkpieces
(e.g., quarantine nonconforming workpieces, efc.)

(s) review suitability of theé_dimensional measure-
ment plan and adjust as needed'to meet businesq require-
ments (e.g., probabilities/of pass errors and fafl errors,
reasonableness, practicality, applicability of restilts, etc.)

5 DIMENSIGNAL MEASUREMENT PLAN
APPROVAL

The dimensional measurement plan, and any subse-
quent changes to the plan, shall be approved as frequired
(e.g.. by company policy or by contract, etc.).

6 DIMENSIONAL MEASUREMENT PLAN
APPLICATION

6.1 Dimensional Measurement Requirements

Dimensional measurements shall be perfofmed as
specified in the dimensional measurement plan|.

6.2 Dimensional Measurement Plan Revision

The DMP shall update the dimensional meagurement
plan in response to changes in workpiece specification, the
manufacturing process, and/or the measurement process.

7 REFERENCES

This list of references is supplementary to thqse given
in section 3 of this Standard. They may be fiseful in
understanding dimensional measurements and in writ-
ing dimensional measurement plans.
[1] ASME Y14.5-2009, Dimensioning and Tolerancing.

['7] JT('("R/T 100:2008, Evaluation of measurement data —

NOTE: See Nonmandatory Appendix B for more information.

(k) determination of required measurement skill and
time availability

(I) determination of location(s) in plant where
measurement(s) will be taken (e.g., workstation, inspec-
tion bench, laboratory, etc.) and gage or workpiece port-
ability, ergonomics, workstation-related factors and
environmental effects

(m) determination of measurement cycle time versus
available time

Guide to the expression of uncertainty in measure-
ment (GUM).

[3] JCGM 200:2012, International vocabulary of metrol-
ogy — Basic and general concepts and associated
terms (VIM).

[4] ANSI/NCSL Z540.2-1997 (R2012), U.S. Guide to the
Expression of Uncertainty in Measurement.

[5] JCGM 101:2008, Evaluation of measurement data
— Supplement 1 to the “Guide to the expression of
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tributions using a Monte Carlo method.

[6] ANSI/ASQC E2-1996, Guide to Inspection Planning.

[7] ASME Y14.5.1M-1994, Mathematical Definition of
Dimensioning and Tolerancing Principles.

[8] ASME Y14.43-2011, Dimensioning and Tolerancing
Principles for Gages and Fixtures.

[9] ASME B89.3.1-1972, Measurement of Out-of-Roundness.

[16] ASME B89.6.2-1973 (R2012), Temperature and
Humidity Environment for Dimensional Measurement.

[17] ISO 1:2002, Geometrical product specifications
(GPS) — Standard reference temperature for geomet-
rical product specification and verification.

[18] ISO/TR 16015:2003, Geometrical product specifica-
tions (GPS) — Systematic errors and contributions to
measurement uncertainty of length measurement due
to thermal influences.

[10] ISOY/IEC 17025:2005, General requirements for the
compeétence of testing and calibration laboratories.

[11] S. P. Phillips, K. R. Eberhardt, and B. Parry,
“Guidelines for expressing the uncertainty of meas-
uremgnt results containing uncorrected bias,” Journal
of Regearch of the National Institute of Standards
and T¢chnology, Vol. 102, No. 5, September—October
1997.

[12] B. N. Taylor and C. E. Kuyatt, NIST Technical Note
1297, (Guidelines for Evaluating and Expressing the
Uncerfainty of NIST Measurement Results, NIST,
Gaithg¢rsburg, MD, 1995.

[13] ASME B89.7.3.2-2007, Guidelines for the Evaluation
of Dimjensional Measurement Uncertainty.

[14] K. P. Summerhays, R. P. Henke, ]J. M. Baldwin,
R. M. fCassou, and C. W. Brown, “Optimizing discrete
point $ample patterns and measurement data analysis
on intprnal cylindrical surfaces with systematic form
deviations,” Precision Engineering, Vol. 26, No. 1,
Januafy 2002.

[15] R. . Wilhelm, R. Hocken, and H. Schwenke,“Task
Speciffc Uncertainty in Coordinate Measurement,”
CIRP Annals — Manufacturing Technology,” Vol. 50,
No. 2,|12001.

[19] ASME B89.7.3.1-2001, Guidelines for Deeision
Rules: Considering Measurement Unceftainty in
Determining Conformance to Specifications.

[20] ASME B89.7.4.1-2005, Measuremient” Uncertdinty
and Conformance Testing: Risk Analysis.

[21] D.G. Kelly, Introduction to{Ptebability, Macmjllan
Publishing Company, 1994«

[22] ASME B46.1-2009,.%Surface Texture (Sufface
Roughness, Waviness, and Lay).

[23] ASME B89.1.6-2002, Measurement of Plain Intqrnal
Diameters for Useas Master Rings or Ring Gages,

[24] ASME B89:1:5-1998, Measurement of Plain Extqrnal
Diameters for Use as Master Discs or Cylindrical Plug
Gages:

[25] ANISI/NCSL Z540.3-2006 (R2013), Requirements for
the Calibration of Measuring and Test Equipment.

[26] JCGM 102:2011, Evaluation of measurement data
— Supplement 2 to the “Guide to the expression of
uncertainty in measurement” — Extension to |any
number of output quantities.

[27]1 JCGM 106:2012, Evaluation of measurement data —
The role of measurement uncertainty in confornity
assessment.
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NONMANDATORY APPENDIX A
SAMPLE DIMENSIONAL MEASUREMENT PLAN

A-1| PURPOSE

This Nonmandatory Appendix discusses the devel-
opnjent of a dimensional measurement plan. A simple
workpiece is used for illustration, but the same methods
can pe used for all workpieces.

Npte that for more complex workpieces, which include
botl} individual and related features, geometric charac-
terigtics can have a significant influence on measurement
unc¢rtainty (which includes the effects of both manu-
factyiring and measurement). Certain geometric compo-
nents of the product definition are crucial in achieving a
satigfactory measurement process. Incomplete or erro-
neoyis understanding of these requirements may lead to
a bigs in the measurement results.

Ir| order to limit the introduction of such a bias when
developing the measurement process, particular atten-
tion|should be given to the following:

(a) specified datums and controls used te Qualify the
datym features

(b) the interrelationship of the datums to define a
datym reference frame, including:-functional datum
prededence and the geometric controls affecting the nec-
essafy relationships

(c) effects of form devijation and surface texture on
the measurement of featutres of size, and other geomet-
ric dontrols influenced byform
(d) effects of fofm," orientation, and other types of
geomnetric variation on virtual condition measurements

Often the deévelopment of an acceptable dimensional
meajsureméntplan is not a linear process. When difficul-
ties pre €ncountered, returning to one or more previous
stepp may be necessary.

extensive historical data (see para..A-2.2.3), it if known
that this form error is stable. The pin diameter is gelatively
stable over a period of an hotirybut slowly and randomly
drifts over a period of sevéral hours. For examp|le, when
a histogram of the actural mating size (AMS) of the pin
diameter is examinéd, based on high-accuracy laporatory
measurements collected over a full production riin (with-
out process «<ontrol), the distribution is approximately
Gaussian and*has a standard deviation of 1.8 4m; most
of this spread in diameters is due to drift. Previously, this
level oftaccuracy was sufficient for the jobs asdigned to
this niachine, but in this example, the tight tolefances of
thie’ pin diameter require the use of in-process dontrol to
keep the diameter from drifting out of tolerande during
the 278-hr production run. The DMP must develop the
gaging requirements and the process control [limits to
meet the required specification.

A-2.1.1 Review and Understand Workpiece Prawing.
The workpiece used to illustrate development of a
dimensional measurement plan is a steel locafing pin,
shown in Fig. A-2.1.1-1.

(a) The actual mating size (AMS) of the pin gylindri-
cal surface is the smallest cylinder of perfect fqrm such
that all points on the pin cylindrical surface Jie on or
within the cylinder and must be no greater than 25 mm.

(b) Any actual local size (ALS) of the cyllindrical
surface must be no less than 24.99 mm; in ac¢ordance
with ASME Y14.5.1, this means that any dimensional
cross section of the cylindrical surface must gdmit an
inscribed sphere of perfect form with a diamefer of no

less than 24.99 mm.
(c) The AMS of the ]pngfh must be no greater than

A-2 LOCATING PIN

A-2.1 Background

The company producing this pin has a long history of
manufacturing similar workpieces. At the time this order
must be fulfilled, there is only one machine tool (a center-
less grinder) available and this machine is known to pro-
duce a form error of 2 wm on this type of workpiece. From

75 mm; that is, all points on the ends of the pin must
lie on or between two parallel planes no greater than
75 mm apart.

(d) The ALS of the length must be no less than 74 mm;
that is, any two opposite points on the pin ends must be
at least 74 mm apart.

The DMP requests clarification on the 45-deg cham-
fer and is told that visual inspection is adequate. This is
confirmed by a memorandum.
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Fig. A-2.1.1-1

1.0
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74 / 5 deg x 05
+ 25.00
?24.99
A
1.0
4
5deg x 05

GENERAL OTE: Steel locating pin drawing per ASME Y14.5-2009 and ASME Y14.5.1-1994; all dimensions are in millimeters.

A-2.1.2 Review Manufacturing Plan and Manufac-
turing Pfocess Failure Mode and Effects Analysis. In
this stepy, the probable stability of the manufacturing
process, [probable modes and consequences of process
failure, gnd workpiece quantities are identified from the
manufadturing plan. This background information is
useful f¢r determining what measurements should be
made and what sampling plan should be used.

The DIMP determines the following considerations to
be signifficant:

(a) Tgtal production is 50,000 pieces. Production rate
is 180 pigces per hour.

(b) Blhnks are produced on a screw machine and heat
treated. Experience indicates that thermal distortion is
within the stock allowance for final finishing. Each piece
will have cutoff projections, which must be within ‘the
length tglerance.

(c) Fipal finishing is by through-feed ,centerless
grinding. Experience indicates that this will cause lob-
ing, but fhe process is stable once it is set p. Allowance
must be[made for lobing when planigihg the measure-
ment process (see para. A-2.2.9).

(d) The major process failure mode, determined from
experier|ce, is regulating wheel jinfeed error; failure to
adjust tHe infeed causes sighificant workpiece diameter
variation drift over a period of hours.

A-2.1.3 Dimensional” Measurement Planning Con-
straints.| In the/ approach recommended by this
Standard, the.most common constraints are the measure-
ment u ertamty requlred to yleld acceptable probablh-

cases there W111 be other constramts There is usually a
tradeoff between measurement uncertainty and measure-
ment cost. In cases of 100% inspection, with a production
distribution having a significant number of nonconform-
ing workpieces and a measurement system with a signifi-
cant amount of uncertainty, increasing the probability of
accepting conforming workpieces comes at a cost of also
increasing the number of conforming workpieces rejected.
If the cost of a workpiece is high, then this is an expensive
means to improve the quality of the product. In the exam-

ple below, process control measurements with regular
adjustment of the machine tool arfe described. Thig has
the advantage of reducing the.iumber of rejected work-
pieces (both conforming and'nonconforming) and refluc-
ing the total number of measurements performed. I} the
example of this Nonmandatory Appendix, the cost of
this method incléides having available a large amounht of
laboratory-quality historical measurement data on 4imi-
lar workpiecés produced on this machine. Additiorjally,
there is the cost of performing measurements in| the
produetion facility (at the machine tool) and the copt of
scrapping all the workpieces produced between prgcess
control measurements should a measurement indjcate
the production system was out of control.

In this example, the historical data show that| the
machine tool will produce a significant numbef of
nonconforming workpieces given the tight diameter
tolerance on this workpiece, but due to a slow drift of
the machine tool, it is determined that frequent [pro-
cess control measurements can be used to readjust the
machine tool, counteracting the drift and preverjting
nonconforming workpiece production. Alternatively, a
more expensive machine tool might be used to redluce
the width (standard deviation) of the pin produdtion
distribution and correspondingly increase the nurhber
of conforming pins and decrease the number of hon-
conforming pins, but an economic analysis deternfines
that (for this example) the process control procedue is
preferred.

In some cases, constraints will be determined by fon-
tract or provided by management In other cases| the
i with
the dlmensmnal measurement plan for approval. In this
sample plan, the DMP develops the constraints by the
following reasoning:

(a) The pin will be used to control the relative loca-
tion of two workpieces.

(b) Pin diameter is the tightest toleranced feature; the
designer has established these tolerances considering
the consequences if the AMS of the pin is too large it
might not fit in the mating hole and if the ALS is too
small, there will be a negative impact on function.
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(c) The cost of rejecting a conforming pin is small.

(d) Economic analysis determines that the available
centerless grinder is the most profitable means of pro-
duction even in consideration that it is working near
the limits of its capability relative to the required toler-
ances; for example, from prior high-accuracy laboratory
measurements, the DMP knows that about 5% of the pin
production run will be nonconforming to the AMS spec-
ification if process control is not used (see the methods

ASME Y14.43-2011, Dimensioning and Tolerancing
Principles for Gages and Fixtures. The provisions
of this standard are applicable to the specification
of suitable gaging for verification of the actual
mating size of the pins.

ASME B89.3.1-1972, Measurement of Out-of-
Roundness. The provisions of this standard are
applicable. Form errors can be significant con-
tributors to the uncertainty of size measurements

desqribedHnrpara—A—2240-1-

(e) The DMP estimates that, subject to approval,
100% inspection will not meet the cost constraints for
thisfjob, but that funds will be available for a moderate
amdunt of special gaging for process control to ensure
that|the requirements are met.

(fl High-accuracy measurements have been per-
formped on many pins produced by this machine over
marly prior months, hence it is known that the pin has a
stable form error but that variation in the diameter of the
pin |s slowly varying (due to gradual wear of the grind-
ing wheel and thermal drift in the grinder) and that it
is rdasonable to assume that all pins produced between
two|acceptable process control measurements are also
acceptable.

(9 From an economic analysis, the probability of
a pgss error for the AMS must be less than 0.001, i.e.,
0.1%.
(h) ALS is critical and an economic analysis deter-
minps that the probability of a pass error must be less
thar] 0.0005 (i.e., 0.05%).

A42.1.4 Existing Equipment. The DMP determines
that|all necessary instruments and gages fermeasuring
the locating pins are available.

A-2.2 Plan Development

By performing the following'steps, the DMP ensures
that|the content of the plan.fellows the recommendation
of ppra. 4.3.

A2.2.1 Measurements to Be Taken. The DMP
verifies that length properties of a pin are controlled
in tlhe process™or producing the blank. Thus diameter
is thie only\property to be controlled in the example
dimpnsional measurement plan of this Nonmandatory
Appendix.

OIT Lyhux.hiuﬂ WULI\lJiCLUD. Stchrerrorswil be esti-
mated based on out-of-roundness measyrements
taken in the quality laboratory.
ASME B89.6.2-1973, Temperature land Iumidity
Environment for Dimensional MeaSurement.
ISO/IEC 17025:2005, General requirements for the
competence of testing aridcalibration labqratories.
Meeting the requiremeénts of this standardl is good
practice and is oftet{required to support in asser-
tion of metrolegical traceability. The DMP deter-
mines that mMeeting the requirements is|ensured
by complidnce with provisions of the dompany
gage control system.
JCGM)100:2008, Evaluation of measurenjent data
—Guide to the expression of uncertainty [in meas-
urement (GUM).
ANSI/NCSL Z540.3-2006 (R2013), Requjrements
for the Calibration of Measuring apd Test
Equipment. The DMP determines that [meeting
the requirements is ensured by compliapce with
provisions of the company measuring jand test
instrument calibration control system.
ASME B89.7.3.1-2001, Guidelines for Pecision
Rules: Considering Measurement Ungertainty
in Determining Conformance to Specifications.
This standard is used to communicate the deci-
sion rules selected for the acceptance/[rejection
measurements.
ASME B89.7.3.2-2007, Guidelines for the
Evaluation of Dimensional Meadqurement
Uncertainty, and ISO/TR 16015:2003, Gegmetrical
product specifications (GPS) — Systematic errors
and contributions to measurement uncerftainty of
length measurement due to thermal influences.
These technical reports contain valuablle guid-
ance applicable to the evaluation of meaqurement
uncertainty associated with the results of{locating
piﬂ measurements

Since diameter may drift during production, process
control measurements will be required.

A-2.2.2 Applicable Standards and Technical Reports.
The DMP considers the applicability of each of the fol-
lowing documents:

¢ ASME Y14.5-2009, Dimensioning and Tolerancing.
e ASME Y14.5.1M-1994, Mathematical Definition of
Dimensioning and Tolerancing Principles.

ASME B89.7.4.1-2005, Measurement Uncertainty
and Conformance Testing: Risk Analysis. The
DMP considers the approach of this technical
report to be appropriate for the calculation of the
probabilities of pass errors and fail errors.

ASME B89.7.5-2006, Metrological Traceability
of Dimensional Measurements to the SI Unit of
Length. The DMP determines that it is necessary
for contractual reasons to assert metrological
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traceability, per the interpretation of ASME B89.7.5,
of the results of pin diameter measurements.

The foregoing is not intended as an exhaustive list of
applicable standards and technical reports. It is intended
only as an example of how the applicability of available
documents is determined.

A-2.2.3 Process Qualification Data. The company
has a long history of manufacturing pins similar to this
on the syme centerless grinder that will be used on this
job. As part of the company quality policy, pins have
been removed from the production line at recorded
times and measured in detail for their form and diame-
ter errorp on very high-accuracy laboratory instruments.
The ping measured in the laboratory are inspected with
ensity sampling strategy (number and location
irement points) with a stylus sufficiently small
to assesq the effects on any relevant form error.

From these measurements, it is known that the manu-
facturing process is relatively stable but the pin diam-
eter slowly and randomly drifts over a period of hours.
This dath will be used in the calculation of process con-
trol limifs and to establish the inputs to the uncertainty
analysis] The DMP determines that the manufacturing
process fan be kept in control by periodic process con-
trol meapurements and grinder adjustments.

The manufacturing process produces a three-lobed
pr that is relatively large with regard to the tol-

on the laboratory measurements, the-aver-
-to-valley roundness error for the-produc-

bution of the AMS\of the pins is known to be
, centered 2 wmlarger than the nominal (tar-

a long production run and is due to the slow drift of
the grinder and short-term random effects; this drift will
result in a significant number of nonconforming pins if
left uncorrected.

The relationship between the AMS and ALS diame-
ters is fairly stable and both drift together in a correlated
manner. From the high-accuracy data, the form error is
known to be three-lobed with a mean 2-pm peak-to-val-
ley form error. The variation in the peak-to-valley form

error has a standard deviation of 0.3 wm on a pin-to-
pin basis. The distribution of the differences between
the AMS and ALS diameters has a mean of 4 pm and
a standard deviation of 0.6 pm on a pin-to-pin basis.
Analysis of the laboratory measurements shows that the
surface finish of the pin is negligible.

A-2.2.4 In-Process Measurements to Be Taken. For

12 min. This decision is based on an assessmetft of
the stability of the manufacturing process. (The IPMP
decides to use a process control chart for monitoring the
pin diameter.

The ALS of each pin is estimated based on a fwo-
point measurement taken with a high-accuracy mjcro-
meter. Each measurement will bé«corrected by —2 wm to
account for the +2-um systerhdtic error associated with
using a two-point measiitement procedure (see |Fig.
A-2.2.4-1).

Similarly, the AMS:diameter can be estimated by the
two-point diametermeasurement and corrected by
+2 um. Each pimiised in process measurements willlalso
be passed thzough a ring gage to directly confirm |that
the AMS specification is met.

The DMP determines that that pins will be visually
inspected for faults such as burrs and scratches. Visual
inspection ensures that the entire diametrical surfage is
ground, and that no handling damage has occurred}

A-2.2.5 Gage Selection. For compliance with| the
AMS specification, the DMP chooses a XXX ring gage
with a bore depth equal to the length of the pin and vith
a tolerance of +0.19 pm. Reference to catalogs and|dis-
cussions with a gage manufacturer show that this gage
can be obtained at an acceptable cost.

For compliance with the ALS specification and for
process control, the DMP chooses an electronic indi-
cating high-accuracy micrometer that has the accufracy
needed to meet the chosen probabilities of pass and fail
er7oTS.

A-2.2.6 Skill Level and Time Availability. The [DMP
verifies by reference to the manufacturing plan that qual-
ified personnel will be available to make measurements.

A-2.2.7 Location. The DMP determines that afsta-
. erirmctirmg . . o the-mreas-
urements. The machine operator will take and process
the measurements and enter the results on the process
control charts, and adjust the machine for process con-
trol. This decision is based on cost effectiveness. The
DMP determines on the basis of experience that the
machine operator is qualified to perform these func-
tions. The DMP verifies that workstation-related factors,
ergonomics, and environment for all measurements are
determined to be adequate.
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Fig. A-2.2.4-1
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GENHRAL NOTE: Profile of a pin displaying three-lobed roundness error. Such a workpiece is characterized by a constant two-point diameter,
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rounginess error and smaller than the AMS by the same amount.

A12.2.8 Measurement Time. The DMP determines
that|a sample is taken every 12 min and that a single
opefator has adequate time.

A42.2.9 Evaluation of Measurement Uncertainty. _Ifis
impprative that the DMP fully understand the meaning
represented by each measurand specified by.the ‘draw-
ing.[The following discussion highlights key. error influ-
encgs for a diameter per ASME Y14.5. The DMP must
evaluate each of the uncertainty sources.and determine
whith ones will have a direct inflifence on the respec-
tivejmeasurements. The specificuncertainty sources and
theif magnitudes depend on.the-manufacturing process
used to manufacture the workpieces; see Table A-2.2.9-1
for Jome workpiece contributors.

The DMP considers.the¢' measuring tasks in light of the
list pf influence quantities in Nonmandatory Appendix
C of ASME B89.73.2 and determines those in Table
A-2pP 9-2 to be'applicable.

A“222.9.1 Actual Mating Size (AMS) Uncertainty
Usirlg Ring Gage. Measurement uncertainty associated

as measured by a high-accuracy micrometer. The two-point diameter is larger than the ALS¢tby an amount equal to the peak-td-valley

The,stahdard uncertainty of the pin temperatuge is then
given by (see ASME B89.7.3.2, section B-3)

23%17)% =1.23°C

u(T)= 041 |

The CTE for a steel pin is taken to be a,;, ¥ 11.5 X
1076/°C. Since the best estimate of the pin temjperature
is 20°C, the standard uncertainty component of the pin
diameter associated with uncertainty in the CTH is equal
to zero. The thermally related uncertainty comfonent of
the nominal 25-mm diameter is then given by

u =d

temp pin no:

o X Wi X u(T)
=0.025 X 11.5 X 107° X 1.23 = 0.35 pm

The DMP determines the temperature of the ffing gage
is controlled within 20°C * 1°C.

The ring gage temperature, T, during meaqurement
is thus known to be in the interval 19°C = T|= 21°C.
The DMP assumes that temperatures to be equally likely
anywhere in this interval and thus assigns a [uniform
probability distribution to characterize know]edge of

with measurement of the actual mating size (AMS) is
evaluated as follows:

(a) Thermal Issues. The DMP determines the work-
pieces coming off the machine with the temperature
controlled by chilled coolant are within 20°C = 3°C.

The pin temperature, T, during measurement is thus
known to be in the interval 17°C = T = 23°C. The DMP
assumes that temperatures near the limits are unlikely,
and thus assigns a triangular probability distribution to
characterize knowledge of the workpiece temperature.

the WOrKpiece temperature. 1he standard umncertainty
of the gage temperature is then given by (see ASME
B89.7.3.2, section B-3)

MC’C =0.58°C

u(T)=0.58 X

The CTE for the ring gage is taken to be a . = 11.5

X 1076/°C. Since the best estimate of the pin tempera-
ture is 20°C, the standard uncertainty component of the
gage diameter associated with uncertainty in the CTE
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Table A-2.2.9-2

Influence Quantities Used in This Example

Actual Mating Size (Ring Gage)

Micrometer Measurement
(Two-Point)

Temperature [Note (1)]
Thermal drift
Form

Form variation

X

X

X

(Jagetoterance

(perator effects/reproducibility

NQTE:

(1) The uncertainty associated with the coefficients of thermal expansion are negligible because the gage and pin have‘the same CT

the¢ mean temperature is 20°C.

is n¢gligible. The thermally related uncertainty compo-
nenf of the nominal 25-mm diameter is then given by
=d . Xa

no: gage X u(T)
= 0.025 X 11.5 X 1076 X 0.58 ~ 0.17 pm

Itfis further assumed that the temperature of the ring
gag¢ (determined by the air temperature of the room)
and| the temperature of the pin (determined by the
chilled coolant) are uncorrelated.

() Ring Gage. AXXX ring gage is ordered to a nomi-
nal pize of 24.9995 mm with a tolerance of +0.19 pum;
see |para. A-2.2.10.1 for the calculations associated
with the nominal size of the ring gage. See ASME
B89]1.6-2002 for different classes of gages and-their
assqciated tolerances.

Since the sampling plan requires a total 0f1,389 pins
to be measured, wear is not considered-a significant
factor.

Sihce the gagemaker’s calibfation uncertainty is
unkhown, the DMP assumes that the +0.19 um toler-
ancg is a uniform distribution) centered at 24.9995 mm
with} a half-width of 0.19 m/to model the ring gage. The
assqciated standard uncertainty component is

tpmp gage

0.19
ugage = f pm = Ollum

The DMP. considers all the influence quantities to
be fincérrelated. The combined standard uncertainty
assqciated with measurement of the actual mating size

and

associated with measurefwent of actual local sige (ALS)
is evaluated as follows:

(a) Form. A three-lobed form error will yield the same
measurement value for a two-point diameter measure-
ment regardless.of the rotational orientation of the pin.
For a pure-three-lobed cross section, a measufed two-
point diameéter will overestimate the diametgr of the
ALS byran amount equal to the peak-to-valley rqundness
error(see Fig. A-2.2.4-1). The average three-lojjed form
efror on the pin is 2 pm, thus a correction is applied to
the measured two-point diameter measuremerft to esti-
mate the ALS measurand.

If the pin only had a stable pure three-lobed dross-sec-
tional form error then the 2-um correction wopld fully
account for this effect and there would be no ispue with
the sampling strategy (number and location of [the two-
point measurements). However, there is a varfation to
the three-lobed form error, which has a standand devia-
tion of 0.3 pm, and this is an uncertainty sourde associ-
ated with the correction.

=030 pm

uform

(b) Temperature. The considerations for the|produc-
tion pin measured with the high-accuracy micrometer
are similar to the case for the AMS measurenjent. The
production pin has a temperature control of 209C + 3°C
resulting in a standard uncertainty of its diameter of
0.35 pm. The high-accuracy micrometer is zeropd (mas-
tered) on a high-accuracy calibrated gage pin. While the
high-accuracy micrometer and calibration pinf can be

(AMS) is then

2

— 2 2
Uams ring gage — \/ ”temp pin + utemp gage

+ ugage

= (035 +(0.17)% +(0.11)? = 0.40pm

With k = 2 expanded uncertainty, U, =0.80 pm.

MS ring gage

A-2.2.9.2 Actual Local Size (ALS) Uncertainty
Using a High-Accuracy Micrometer. The uncertainty

11

assumed to be at the same temperature (they are placed
close by each other in the room), the uncertainty associ-
ated with the 20°C = 1°C temperature of the calibration
pin must be included; this calculation is similar to the AMS
case and yields a standard uncertainty of 0.17 pm. Since
both the gage pin and production pin have the same nomi-
nal CTE and their mean temperature is 20°C, the effects
due to the uncertainties in the CTE values are negligible.
The high-accuracy micrometer is mastered against
the calibration pin once an hour; the DMP estimates that
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the temperature of the high-accuracy micrometer could
drift by 0.7°C during this time, resulting in another
standard uncertainty of 0.12 pm. The standard uncer-
tainty of these temperature effects is then

Uiemp = \/(0.35)2 +(0.17)* +(0.12)* =0.41pm

(c) High-Accuracy Micrometer Calibration. A gage pin
is ordered with a nominal size of 24.995 mm with a tol-

regarding the acceptance limit calculations can be found
in Nonmandatory Appendix D. The production distri-
bution will be considered as the ordinary (nonprocess-
controlled) distribution for the grinder; process control
would further narrow the distribution and hence further
lower the associated risk analysis limits.

A-2.2.10.1 AMS Acceptance Limit Using a Ring
Gage

erance of 015 JXTTT ard-usedtosetthe high—at,(.ulat.y
micromgter; see ASME B89.1.5-1998.

An adglitional calibration effect associated with the oper-
ator during the mastering process includes any inaccura-
cies in the micrometer scale and reproducibility effects;
based or{ experience, it is estimated to be within +0.3 wm.

Givenlthis information, the DMP assigns uniform dis-
tributior}s to these two errors, yielding associated stand-
ard uncgrtainty components of 0.09 um and 0.17 pum,
respectiyely. The resulting gage calibration standard
uncertaipty is then
g = (0.09)” +(0.17)* = 0.2pm
(d) Gqge Resolution. An indicator with a resolution
of 0.05 ym is chosen for the high-accuracy micrometer.
The ass¢ciated uncertainty component is taken to be
negligible.

(e) Pip Measurement Operator Effects. In addition to
setting the high-accuracy micrometer on the calibration
pin, the pperator also must measure the production pin
and has|a similar reproducibility problem leading toca
standard uncertainty of u,,,, = 0.17 pm.

Consigleration of the contributing influence quantities
indicateg that there are no significant correldtions. The
combingd standard uncertainty associated’with meas-
urement| of the diameter of ALS is then

2

N 2 2
UALS Y o-point \/ Uorm T utemp FlUcal T uoper

— J(0.30)2 +(0u41)? +(0.20)> +(0.17)?
=0.57 pm
With k =

2 expandedincertainty, U

ALS two-point =114 pm.

A-2.2.
tion of
on historiea oW a ErHe owty
varying over a period of hours affecting the pin diam-
eter. To control this effect a pin will be measured using
both the high-accuracy micrometer and the ring gage
every 12 min. If two successive pin measurements are
acceptable then all pins produced between those two
measurements are considered acceptable. In the fol-
lowing risk calculations, the function f(x, x,) is the
joint probability density function (PDF) of the possible
true values X of the dimension, and possible measured
values X, produced by the measuring system; details

10 Acceptance Limits. Only a small frac-
he,production pins will be measured. Based

12

(a) The process distribution without process gomtrol
is a Gaussian PDF [see eq. (D-3)], with mean value, |,
24.997 mm and standard deviation, u,= 0.0018’'mm.

Note that the production process without prdcess
control will produce approximately ‘5%* nonconf
ing pins; the goal of the process cohtrol measuremlents
is to reduce this number to within the risk ana
requirements

Nonconforming based on-the AMS specification

= ]of(x)dx ~4.7%
25

(b) The measuring system (ring gage) distribytion
is a Gaussian‘PDF [see eq. (D-4)], with standard uncer-
tainty u, < U AMS ring gage — 0.40 pm.

(c).The AMS tolerance limits are given by the| pin
spécification. The gaging limits are determined by dom-
puting the risk integrals and adjusting the gaging limits
so that the risk analysis requirements are fulfilled.
= 0mm
24.9995 mm
T, 0mm
= 25.0000 mm

Hence, the requirement that the probability of a
error = 0.001 can be achieved using an XXX ring
with a 24.9995-mm diameter; this corresponds to a
lfI AMS ring gage stringen’F acceptance decision rule as
firmed by the calculation shown below.

(d) Upper limit pass error based on the AMS spg
cation (G, =X, =G, and X>T))

pass
bage
63 %
con-

cifi-

24,9995 w0
R (upper)= J' Jf(x,xm)dxdxm ~0.1%
0 25

A-2.2:10:2F igh-

Accuracy Micrometer

(a) The process distribution without process control
is a Gaussian PDF [see eq. (D-3)], with mean value, x, =
24.9930 mm and standard deviation, #._ = 0.0018 mm.

(b) The measuring system (high-accuracy micro-
meter) distribution is a Gaussian PDF [see eq. (D-4)],
with standard uncertainty, u,, = ;¢ o-point — 0-57 pum.

Note that without process control, the production
process will produce a significant number of noncon-
forming pins
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Nonconforming to the ALS specification =

24.9900
f(x)dx=7.4%
0

(c) The ALS tolerance limits are given by the pin
specification. The gaging limits are determined by com-
puting the risk integrals below and adjusting the limits
so that the risk analysis requirements are fulfilled.

indicated value. The ring gage is used to confirm com-
pliance with the AMS specification.

The high-accuracy micrometer is used for acceptance
of the pin to the ALS specification and for process con-
trol for both the ALS and AMS.

A-2.2.11.1 Lower Process Control Limit. The
lower control limit using the high-accuracy micrometer
measurements is used to assure that the production pins

G| = 24.9910 mm

G| = °mm

T| = 24.9900 mm

T} = ©mm

(d) The best estimate of the ALS using a high-accu-
racy] micrometer is the reading minus 2.0 wm, with a
Up £ two-point — 1-14 pm. The pinis considered acceptable

if thp best estimate of the ALS is equal to or greater than
24.9p10 mm; this is a 9% U, ¢ two-point Stringent accept-
ancg decision rule; the requirement that the probability
of ah ALS pass error = 0.0005 is confirmed by the risk
calcplation shown below. Lower limit pass error based

on the ALS specification (G, = X,, = G, and X <T))

o 249900
R.(lower)= J j f(x,x,,)dxdx,, =~ 0.04%
24991 —oo

If{the DMP does not use the risk analysis tools that
congider the production distribution, the DMP will need
to djirectly consider a decision rule associated with_the
measurement uncertainties of the AMS and ALS. To
achieve a comparable level of risk without knowledge
of the production distribution, larger guard.bands may
be necessary than those described in thislexample.

A{2.2.11 Process Distribution ~and Control Limits.
The|high-accuracy micrometereasurements will also
be ysed to control the grinder infeed adjustment. After
eacll measurement, the operator will make an adjust-
merft (using the most{récent measurement value) to
keep the grinder on‘the target diameter. If a measure-
meqi result is out<of control (either above or below
confrol limits), the’operator will immediately alert the
supg¢rvisor for further instructions.

The lower control limit for the two-point micrometer
meaFurement will be used to control the ALS diameter.
Thelupper control limit on the two-point micrometer

will meet the ALS specification. For convenience} the con-
trol chart is plotted directly in the high-accuraeymicrom-
eter display reading values (this avoids the compjlications
of correcting for the +2.0-um bias associated with the
reporting ALS value), hence the lower” control [limit for
the micrometer reading is 24.9930 'mm; the assurance
that the risk probabilities are‘meét follow diredtly from
the ALS acceptance limit case/If a micrometer easure-
ment value is obtained ®éléw this value the process is
out of control and thepint'is not acceptable, production is
stopped, and the stipervisor is immediately alerfed.

A-2.2.41.2 Upper Process Control Limit. To
establish\the upper control limit, an undertainty
evaluation of estimating the AMS using the high-
accuracy micrometer is needed. Similar to fhe ALS
case, the two-point micrometer measuremgnt does
niot directly measure the measurand becausg it fails
to detect the three-lobed form error and will under-
estimate the diameter by the peak-to-valley form
error amount. Hence a 2-pum correction will[need to
be added to the micrometer measurement fesult to
estimate the AMS.

The uncertainty evaluation of the estimate of
duction pin AMS using the high-accuracy mi
proceeds as follows:

(a) Form: u, . = 030 wm (same evaluation as the
ALS case)

(b) Temperature: u
in the ALS case)

the pro-
rrometer

temp = 0.41 pm (same evaltiation as

(c) High-Accuracy Micrometer Calibration: | u_, =
0.2 wm (same evaluation as in the ALS case)
(d) Pin Measurement Operator Effects: u . =0.17 pm

. . oper
(same evaluation as in the ALS case)

— 2 2 2 2
UAMS two—point — \/uform + Utemp g Uoper

= J(030) + (041 +(020) + (D.17)?

measurements will be used to control the AMS diam-
eter. Both control limits are set to assure the risk analysis
is satisfied.

Additionally, a pin will be removed once per day
and sent to the metrology laboratory for high-accuracy
measurements to ensure that the form of the pin is stable
in shape (three-lobed) and amplitude.

The ring gage cannot be used for process control, as
it is a binary (go/no-go) gage and does not produce an

13

=0.57 pm

With k = 2 expanded uncertainty, U, =1.14 pm.

MS two-point
A-2.2.11.3 AMS Control Limit Using a High-
Accuracy Micrometer
(a) The process distribution without process control
is a Gaussian PDF [see eq. (D-3)], with mean value, x, =
24.997 mm and standard deviation, u, = 0.0018 mm:.
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(b) The measuring system (high-accuracy micro-
meter) distribution is a Gaussian PDF [see eq. (D-4)],
with standard uncertainty, u, = u AMS two-point = 0.57 pm.

(c) The AMS tolerance limits are given by the pin
specification. The gaging limits are determined by com-
puting the integrals below and adjusting the limits so
that the probability of a pass error = 0.001 is fulfilled.

(h) Plant Location: Process control at grinder; process
qualification and acceptance at inspection department
location ZZZ7.

(i) Measuring Equipment and Gages: Ring gage S/N
#HH, 24.9995 mm *0.19 pm diameter by 75 mm long for
AMS acceptance; high-accuracy micrometer and mas-
ter pin gage S/N ##H# (24.995 mm *0.15 um) for ALS
acceptance and control and AMS control.

and

G, = 0mm
G, = 24.9992 mm Do(i)7 Eecmgnstrizilortz 0]]: Metrologzcal Tmceabzltfy Per ASME
T —[0mm B89-75-Satisty-thefoHowingrequirementsfor-meagure-
L ments of locating pin diameter:
T,; = [25.0000 mm
(1) clear definition of the measurand;\AMS
To conjfirm the risk analysis, the risk calculations are A1 g per ASME Y14.5/Y14.5.1

shown below.
(d) Upper limit pass error based on the AMS specifi-

cation (¢; = X, = G and X > Ty)
24.9992 0
R|(upper)= _[ Jf (x,x,,)dx dx,, = 0.09%
0 25
Using| the method of Nonmandatory Appendix
D, the IIMP determines that an upper gaging limit of

24.9992 mm for the AMS will meet the risk analysis
requiremients (less than 0.1% consumer’s risk). For con-
veniencd, the control chart is plotted directly in the high-
accuracy micrometer display reading values (this avoids
the complications of correcting for the —2-um bias asso-
ciated with reporting the AMS), hence the upper con-
trol limif for the micrometer reading is 24.9972 mm. If
a micrometer measurement value is obtained above
this threphold and the pin fails to pass through the ring;
gage, the process is out of control and the pin is not
acceptalle; production is then stopped, and the'super-
visor is fmmediately alerted. If a micrometef measure-
ment value is obtained above this threshold and the pin
passes through the ring gage, the pin.iStacceptable but
the process is out of control and the supervisor is imme-
diately glerted.

A-2.2.12 Review of Plan Sgitability. The DMP deter-
mines the plan to be practical’and applicable.

A-2.2.13 Dimensional Measurement Plan Documen-
tation. |The DMP reviews the minimum requirements
defined |in paxai4:3 and determined this measurement
plan will inélade the following:

(a) Plgn'\Number: XXXX.

(2) identification of gages and equipfment us¢d in
the measurement; see (i)

(3) statement of expanded ‘measurement uipcer-
tainty consistent with the GUM; See para. A-2.2

(4) valid uncertainty biidget; see para. A-2.2

(5) calibration report‘from an ISO/IEC 17025
[10] accredited laboratdry-for length standards used for
high-accuracy micrometer mastering and roundpess
instrument calibration, accredited lab calibration repgorts
accompanying all' master gages, certificates on fil¢ for
ring gage and master pin and micrometer calibration

(6)_statement of company quality assurance policy
regarding ‘gage calibration, operator training, and ¢nvi-
ronmental control: gages recalibrated yearly or ypon
damage; process reviewed semiannually for stability]

(k) Data Evaluation Requirements: Each workpiece
must pass through the ring gage to pass the AMS
requirement. Each measurement with the high-accu-
racy micrometer must not register a reading smpller
than 24.9930 mm for ALS acceptance and control.[The
high-accuracy micrometer must not register a reagling
larger than 24.9972 mm for AMS control. The opetator
will observe the trend and adjust the machine to thq tar-
get diameter after each measurement. If any workpiece
exceeds the limit, call the supervisor who will determine
actions required to ensure acceptable product.
(I) Measurement Uncertainties: For coverage facfor k

= 2 (95% level of confidence), the relevant exparjded
uncertainties are (see para. A-2.2)

(1) ring gage measurement of actual mating
u

AMS ring gage =0.80 pm
(2) high-accuracy micrometer measuremenit of

actual local size: U, ¢ two-point — 1.14 pm

size:

(b) Dimensional Measurement Planner: Name.
(c) Workpiece and Revision Numbers: YYYY.YY.
(d) Workpiece Name: Locating pin.
(e) Properties to Be Measured: Diameter (actual mating
size and actual local size).
(f) Sampling Plan
(1) use historical laboratory measurements to
characterize production process
(2) use process control: 1 piece every 12 min
(g) Output Medium: Paper report.

14

(3) high-accuracy micrometer measurement of
actual mating size: U, ,q two-point — 114 pm

(m) Probabilities of Pass and Fail Errors
(1) AMS upper limit pass: = 0.1%
(2) ALS lower limit pass: = 0.05%
(n) Special Instructions: Coolant to keep workpieces
within 20°C * 3°C; room controlled to 20°C =+ 1°C.
(0) Disposition of Workpieces: Combine all accept-
able measured workpieces with all unmeasured work-
pieces obtained between two acceptable process control
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measurements and forward to production facility. All
rejected workpieces are to be submitted for disposition;
production is halted when a rejected workpiece is meas-
ured and any production pins produced after the last
acceptable workpiece are rejected.

(p) Disposition of Report: File report in file XXXX by lot
number. Forward copies to YY and ZZ.

The DMP submits the plan for approval as required
by company policy.

ThebMPAfesa—ee ot
development, including evaluation of uncertainties,
probabilities of pass and fail errors, gaging limits, and
othgr information deemed to be useful for modifying
the plan for other applications.

NOTJE: From a technical and business perspective, it is important
to urjderstand that once an inspection plan and associated uncer-
tainty analysis have been completed for a particular measurand,
then|they will not have to be newly created for similar measur-
ands| They will only need to be suitably modified to account for
changes in the relative importance and numerical values of the
releviant input quantities, which will take considerably less time.

A-3| POTENTIAL PROBLEMS WITH THE LOCATING
PIN MEASUREMENT PLAN

A-3.f1 Understanding the Drawing

Iny the example of section A-2, the DMP will refer to
the pppropriate revision of the relevant dimensioning
and|tolerancing standard (e.g., ASME Y14.5 or other),to
detgrmine the exact meaning of each specification on the
draying, and obtain help as required in understanding
that|standard.

If[ the drawing appears to be faulty (e.g., incom-
plet, inconsistent, or not in agreement with perceived
reqyirements), the DMP will confact the designer to
obtdin clarification. If the drawing is faulty, correc-
tionp will be documented, e:g., by a revised drawing,
merho, or record of conversation. The documentation
willlbe kept with the record of plan development.
Planning will always‘be based on a clear and unam-
bigyous specification of requirements, and never on
guegses of design.intent or user application.

A{3.1.1.Understanding Process Control Constraints.
The| DMP)will work with the manufacturing engineer
to establish the measurement requirements and con-

approval, that acceptance of oversize pins at a 0.1%
level was permissible. If, however, the pins are to be
used as spare workpieces, acceptance of occasional
oversize pins might not be permissible, and the DMP
would set the probability of a pass error for the ring
gage measurement at very close to zero. The same cri-
teria would be applied to the ALS for pins at risk of
being too small locally, which could impact function.
The decision of risk is a business decision and should
be—discussed—at-orbefore—the—tormal—design review,
as the mechanical designer would have had to take
such risks into consideration in their tolerarjce stack
up analysis. This decision is probably not mgde on a
workpiece-by-workpiece basis but more as a|broader
business level practice.

A-3.3 Gage Selection

The DMP might conchide that a special l¢gng ring
gage is too expensive)and that a standard shiort gage
should be used.cDépending on process charafteristics
some additional measurements of straightness might be
required.

A-3.4-Location

If the environment for any measurement is unsatisfac-
tory, the options are to improve the environmenjt and /or
to accept a larger uncertainty.

A-3.5 Skill Level and Time Available

If the sampling interval were shorter, the prinding
machine operator might not have time to perf¢rm pro-
cess control and plot the process control measufements.
It might then be necessary to assign an additignal per-
son to do this work, or to automate the process

A-3.6 Uncorrected Systematic Error

An instrument may be encountered that has p known
systematic error (bias); that is, it reads incorfectly by
a known amount. It is recommended, and the GUM
assumes, that measurement results be corrected for
known systematic errors if such errors are significant
compared with the expanded uncertainty.

If, for economic or other reasons, it is decid¢d not to
make such corrections, approaches to combining known

straints in support of the manufacturing process. The
process control limits must be discussed with the manu-
facturing engineer for consideration to determine the
level of manufacturing constraints required to maintain
the manufacturing process.

A-3.2 Dimensional Measurement Planning
Constraints

As discussed in para. A-2.1.3, the DMP determined
from assembly considerations and subject to plan

bias wittruncertainty compornentsare discussed in refer-
ence [11]. Such a decision is acceptable for accept/reject
measurements, but not for calibrations.

A-3.7 Probabilities of Pass and Fail Errors

If requirements for probabilities of pass and fail errors
(i.e., consumer’s and producer’s risks) cannot be met,
then either the requirements must be rethought or the
realized probabilities must be improved via changes in
the process and/or the measuring system.
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If one of the probabilities (pass error or fail error) is
greater than the requirement and the other one smaller,
the remedy may be to adjust the gaging limits. Moving
the limits closer together will decrease the probability of
a pass error and increase the probability of a fail error.
Moving them apart will have the opposite effect.

If the probabilities of pass and fail errors are both too
high, they can both be reduced by reducing the meas-
urement uncertainty via improved gaging, or by modi-

The best approach is identified by considering the
most significant influence quantities that contribute
to the calculated uncertainty, constrained by issues of
cost.

(b) The process distribution can be changed by

(1) using a different manufacturing process

(2) adjusting the process more frequently

(3) changing machine settings to better center the
process (i.e., reduce drift) with respect to the tolerance

1. e
TITITITS

fying the
workpiege variability.

£ L M o ) dos 4 1
HTAITUTaC U I TS PTOCTSSUIS T IDUTIOIT TUITUUCT

(1) Mpasurement uncertainty can be reduced by
(1) using more accurate measuring instruments
(2) improving the environment
(3] improving the skill level of operators
(4) reducing process variability specifically
related tp workpiece form, waviness and roughness

A-3.8 Review of Plan Suitability

If the plan is unsuitable in any respect))the sourge of
the unsuitability must be identified.”It is then ngces-
sary to go back to the step where tHe'source was deter-
mined, revise that step, and therprevise the subseqpent
steps.

16
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NONMANDATORY APPENDIX B
GAGE SELECTION

B-1| PURPOSE

Chndidate instruments and gages for a measuring
task|are chosen by comparing requirements of the task
with) capabilities of available instrumentation. The pur-
pos¢ of this Nonmandatory Appendix is to clarify such
comparisons. The approach to comparison is illustrated
by means of a simple example.

B-2| MEASURING TASK REQUIREMENTS

B-2/1 Interpretation of Drawing: Design Intent

It|is imperative that the DMP fully understand the
meaning represented by each dimension of a drawing;
Thig imperative is discussed below in terms of a specific
dimpnsion and specific gages.

Cpnsider the simple workpiece shown in Fig. B-2.1-1.
Suppose the drawing on which the dimension of the
figufe appears complies with the requirements of ASME
Y1415-2009.

Reference to ASME Y14.5 shews' that within the
unc¢rtainties discussed in Nonmandatory Appendix C,
the ¢liameter of a workpiece is within specifications if
(a) the workpiece can pass-through a ring gage hav-
ing p diameter of 20.1 Mim and a length at least as long
as the workpiece
(b) the actual localsize of the cylinder, as defined by
the Hiameter of\the largest inscribed sphere of perfect
formp at any¢point along the axes of the cylinder, is no
less than 20\nYm
For clafification, see Fig. 2-6 of ASME Y14.5-2009 and
parq. 23 and Fig. 2-2 of ASME Y14.5.1M-1994.

(b) check compliance with the .maximum g¢iameter
specification (20.1 mm) with a‘¥ing gage shorter|than the
workpiece

(c) check compliance.With the minimum ¢iameter
specification (20 mmy)-with a no-go ring gage

These practices iay be usable if the shape and proba-
ble magnitudes of.the form errors are known fr¢m expe-
rience or from the nature of the manufacturing|process,
and if thedihcertainties that include the effects| of these
form erfers are acceptable.

B-2.3'Form Errors

Possible form errors for the workpiece of Fig. B-2.1-1
are noncircular cross section, nonstraightness, and non-
uniform diameter along the length of the w¢rkpiece.
Such form errors are generally illustrated in Figl B-2.3-1.

Figure B-2.3-1 schematically illustrates four gpometric
features of the locating pin

(a) “1” indicates the diameter of the largest inscribed
sphere, which relates directly to the actual lpcal size
(ALS). The smallest value must be no less than 20 mm
for the workpiece in Fig. B-2.1-1.

(b) "2” indicates a two-point measurement, thade, for
example, with a micrometer.

(c) “3” indicates the diameter of the smallest circum-
scribed circle for a particular cross section.

(d) “4” indicates the diameter of the smallest per-
fect cylinder that encloses all points on the wprkpiece
surface. This relates directly to the actual mating size
(AMS), which must be no greater than 20.1 mrp for the
workpiece in Fig. B-2.1-1.

Suppose that the DMP chooses a micrometer as the

B-2.2 Common Practices

The capabilities of a measuring instrument often do
not correspond exactly to the definitions of drawing
specifications and hence do not directly measure the
measurand.

Referring to Fig. B-2.1-1, some common practices are

(1) make all diameter measurements with a
micrometer

Of l}y gage tobetsedfordiametermeastirerments. Clearly,
additional information, e.g., form error, is needed before
assessing conformity to either the AMS or ALS specifi-
cations, even if measurements are performed at all pos-
sible locations (an infinite number of measurements).
Thus an uncertainty component is included in the data
analysis that depends on the number and locations of
the two-point diameter measurements. This uncertainty
component can be evaluated through knowledge of the
probable form errors.
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Fig. B-2.1-1

20.1
20.0

< >

GENERAL NOTE: Drawing per ASME Y14.5-2009 and ASME Y14.5.1-1994; all dimensions are in millimeters.

Fig. B-2.3-1

w

End View

GENERAL NOTE: Possible form errors of the workpiece of Fig. B-2.1-1.
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GENHRAL NOTE: Out-of-straightness cannot be detected by two-point diameter measurements.

GENHRAL NOTE: A micrometer will detect a two-lobe form error.

If[the workpiece is.net’straight, a micrometer cannot
detect this conditien;-see Fig. B-2.3-2. Note that a short
ring] gage also cannot detect 100% of the form error. In
either case, an tncertainty component must be intro-
ducgd in assessing conformity with the maximum diam-
eter[speCifieation.

If[the~workpiece cross section is not round, a micro-

may not be detected and an uncertainty compohent will
be introduced.

If the diameter is not constant along the length of the
workpiece (for example, a tapered workpiece, s shown
in Fig. B-2.3-5), the condition will be detected.|It might
be difficult, however, to determine the smallest yalue for
the ALS, so that an uncertainty component wopld need

meter may or may not be able to detect the condition.
If the cross section has an even number of lobes (for
example, two, as shown in Fig. B-2.3-3), the error will be
detected. If the cross section has an odd number of lobes
(for example, three, as shown in Fig. B-2.3-4), the condi-
tion will not be detected and an uncertainty component
must be introduced into the assessment of conformity
with the actual local size specification.

Some workpieces have spiral lobes (so-called “barber
poling”). If the pitch of the spiral is short, such lobing
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to be introduced.

Many form errors are possible; Fig. B-2.3-6 shows
some typical examples. Knowledge of likely form
errors based on properties of the manufacturing
process can help to guide the design of the measur-
ing procedure to detect and remove nonconforming
workpieces.

Similar analyses may be made for other types of
measuring instruments and for other types of dimen-
sional features.
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Fig. B-2.3-4
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GENERAL NIOTE: A three-lobe form error will not be detected.

O

GENERAL NOTE: A micrometer will det@,@iémeter variation.

Fig. B-2.3-5
W
JQ\
®
xP
N
Fig. B-2.3-6

{al Lobimg — Even or Odd

{b) Straightness - Axes Versus Surface

GENERAL NOTE: Some possible form errors of cylindrical workpieces.
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(el Taper

(d) Twist
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NONMANDATORY APPENDIX C
DIMENSIONAL MEASUREMENT UNCERTAINTY

C-1| PURPOSE

The purpose of this Nonmandatory Appendix is to
assigt the DMP in evaluating and applying measure-
merft uncertainty.

C-2| BACKGROUND

Eyery dimensional measurement of a workpiece is
charjacterized by two numbers: the measured value and
its apsociated measurement uncertainty. The uncertainty
is an indicator of measurement quality; in general,
redycing the uncertainty will decrease the risks of pass
and|fail errors, for some increase in measurement cost.

The measured value is the result of the measurement.
According to the GUM, the measurement is corrected
for Jall recognized significant systematic errors; the
measured value is then an (unbiased) estimate ot the
meajsurand. The expanded uncertainty is a measure of
the Interval about the estimate that is likely'to contain
the frue value of the measurand. In_the common case
where the probability distribution.for the measured
quantity is Gaussian with a best(estimate value, y, the
true|value lies in the interval [\2 U, _,, v + U, _,] with
a prpbability of about 95%, where U, _, is the expanded
unc¢rtainty with coveragefactor k = 2.
The authoritative guide’to the evaluation and expres-
sion| of measurement tincertainty is ANSI/NCSL Z540.2
[4], which is the(U'S. Standard version of the GUM [2].
A cqndensed, version is NIST Technical Note 1297 [12].
An Introdugtory version of this document is provided
by ASME.B89.7.3.2 [13].

The\general approach to the evaluation of measure-
ment UNCertainty cor of the folfowing

Step 1: Define the quantity intended to be measured, i.e.,
the measurand.

Step 2: Identify the significant influence quantities that
can affect the outcome of the measurement.

Step 3: Develop a measurement model that relates the
input quantities (composed of influence quantities) to
the measurand (the output quantity).
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Step 4: Assign probability distsibutions to the input
quantities, yielding best estirhates of their values and
the associated standard uncettainties.

Step 5: Propagate knowledge of the input quantities, via
the measurement model, into knowledge of the output
quantity (the meastfrand).

Step 6: Calcdlate the estimate of the measurpnd, the
associated{ ¢ombined standard uncertainty, pnd the
expanded uncertainty with stated coverage factor.

Foro>many dimensional measurements, tHe num-
ber; of influence quantities is small and the problem of
uncertainty evaluation can be simplified with respect
to the general approach of the GUM. Such a simplified
approach is described in ASME B89.7.3.2 [13], which is
recommended as a basic guide for the DMP in designing
and analyzing dimensional measurement procgdures.

The following sections of this Nonmdndatory
Appendix discuss some of the influence quantities fre-
quently encountered in dimensional measuremfents and
approaches to dealing with them.

C-3 INFLUENCE QUANTITIES RELATED TO

MEASURING PROCEDURE

C-3.1 Dimensional Measurement Planner Related

This section relates to discrepancies between| require-
ments of the measurement task and charactetistics of
the chosen gaging method. Perhaps the most sipnificant
DMP-related source of error results from indomplete
i i ¥14.5 or

other GD&T standard.

Generally, the definition of a measurand suggests a
gaging method. The DMP may choose a gaging method
that does not fully comply with this principle either
because no corresponding gage exists or because of
nontechnical factors such as cost, time required, gage
availability, or operator skill requirement. Such choice is
permissible if the resultant measurement uncertainty is
within acceptable limits.
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C-3.2 Attributes Measurements and Workpieces With
Burrs

Measurements of features with burrs can cause
some otherwise conforming workpieces to be rejected
and some otherwise nonconforming workpieces to
be accepted. Unless otherwise specified, the effects of
burrs must be considered in all dimensional measure-
ments and associated measurement uncertainties. If the
manufacturing engineer desires to have burrs removed

C-3.4 Aliasing in Point Data Sets

When a surface has a cyclic error, the distribution of
sampled points can interact with the form error to give
highly misleading results. Two particular examples are

(a) if the surface is sampled at intervals slightly dif-
ferent from the wavelength of the form error, the result-
ing data set can suggest a cyclic error very different from
the actual form error.

(b) if the measured points are uniformly distributed

from thd workpiece, it should be explicitly stated to the
DMP to|be included in the measurement plan, and if
it is not|stated, then all burrs must be included in the
measurement.

C-3.3 Coordinate Data Sets and Measurements
Involving Form: Sampling Strategy

There|are three areas of difficulty in accessing form
from mdasured point data sets, such as those obtained
using a doordinate measuring machine: estimating what
happend between measured points, smoothing the data
to reducp the effects of noise associated with the meas-
urement] process, and dealing with data judged to be
invalid (putliers).

Three Japproaches are discussed as follows:

(a) The first approach is to fit a surface of perfect form
(e.g., a gerfect cylinder to represent a reamed hole) by
the leasf-squares method. The least-squares method
is a diff¢grent measurand than that specified by ASME
Y14.5, bfat it may be relatively accurate depending on
the amofint of measurement error relative to form error,
Since a gingle measured value is used to represent both
the AMP and ALS, uncertainty components- can be
assigned by considering plausible deviation$ of meas-
ured points from the fitted surface.

(b) The second approach is to fit a susface of perfect
form to [the extreme points of a data‘set. For example,
to evalupte a drilled hole, a maximum inscribed cylin-
der fit is|typically used; there are\two obvious problems
with thi§ approach. First, if there'are outliers in the data
set, thes¢ are likely to be thepoints to which the cylinder
is fitted.[Second, no attémpt is made to predict whether
there ar¢ unmeasuréd Jpoints that lie inside the fitted
cylinder

(c) THe thirdvapproach involves further work on the
data points.@eatures of this approach might include

(1) setting aside points with unusually large

with a period equal to the period of the form exnror (or
a submultiple of this period), the resulting fitted|fea-
ture can look perfect (neglecting measurement.noise). A
cylindrical bore with a pure eight-lobed form erroy, for
example, will appear to have zero form\error if sampled
at eight points (or four points) urliformly distribfited
around the circumference. The diameter of the repult-
ing fitted circle will depend on the’phase of the sampled
point distribution with respectto the actual form erfor.
The DMP must devise-a point sampling plan [that
avoids these interaction”problems, or assign a compo-
nent of measurement uncertainty associated with $uch
interactions.
For cylindrieal surfaces, useful information regard-
ing the interaction of measured point distributions with
cyclic form errors, with a focus on measurement uncer-
tainty,cah be found in reference [14].

C-3.5 Workpiece Distortion

Clamping and/or gravitational forces can distqrt a
workpiece. If such problems are judged to be significant
and cannot be avoided, estimates of their effects|and
associated uncertainty components must be assigned.

C-3.6 Operator (Metrologist) Effects

The person performing the measurements shpuld
check gages and test setups for stability and prpper
functioning, read gage outputs accurately and objec-
tively, and generally avoid problems that could signifi-
cantly affect the quality of the measurements.

Particular attention should be given to avoiding
allax errors, applying gaging forces, the effects of b
temperature on workpieces and measuring instrum
etc. An uncertainty component associated with oper
related measurement variation must be assigned if
variation is judged to be significant.

par-
ody
bnts,
htor-
such

deviations as possible outliers

(2) analyzing residuals from the fitted surface
for systematic content, and modeling the systematic
deviations

(3) analyzing the possible outliers to determine if
they can plausibly be considered to be valid data

(4) analyzing the model with systematic devia-
tions for compliance with specifications

(5) assigning uncertainty components
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C-4 GAGE-RELATED INFLUENCE QUANTITIES
C-4.1 Attributes Gages

The uncertainty component associated with the gage
is typically assigned based on the supplier’s specifica-
tions or from calibration data. The condition of the gage
relative to its condition at its last calibration will contrib-
ute to the associated uncertainty.
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Where mastering of a gage is required, uncertainty
components associated with the master and the master-
ing process must be assigned.

C-4.2 Variables Gages

C-4.2.1 One-Dimensional Gages. This classification
includes micrometers, vernier and electronic calipers,
height gages, air gages, displacement-measuring inter-

for differences between the workpiece and performance
test measurements.

An informative discussion of the problem of task-
specific evaluation of measurement uncertainty using
CMMs is given by reference [15].

C-5 ENVIRONMENT-RELATED INFLUENCE
QUANTITIES

ferO llClClD, C.lL,. ADDULiC{i.CL‘l Uuriccr Il.clll li..y k,UllllJUl ICT li.D Cdalt
be apsigned based on manufacturer’s specifications and
on galibration reports. Where mastering is required,
gagée resolution may contribute to the uncertainty of
both} mastering and measuring. Wear and corrosion
of masters may require the assignment of additional
unce¢rtainty components.

C44.2.2 Two-Dimensional and Three-Dimensional
Gagps. This classification pertains to CMMs and other
gaging systems that produce point data sets.
Eyaluation of measurement uncertainty for such sys-
temg, particularly CMMs, is an area under active devel-
opmjent. A number of approaches have been taken;
amdng them are the following:

(a) The first approach is based on the comparator
prinjiple. A calibrated master artifact that is similar to
the workpiece is measured by the gaging system (e.g.,
a CMM). Differences between results of the measure-
merts (performed under a variety of conditions) and
calibrated values are used to estimate the CMM system-
atic prror and the associated measurement uncertainty.

(b) A second approach realizes a virtual measuring
systpm and is based on Monte Carlo sampling. A math-
ematical model is developed such that measurement
errofs may be calculated in terms of.measured paramet-
ric grrors (e.g., linear displacemefit errors, straightness,
pitch, roll, yaw, and squareness, efrors). Probability dis-
triblitions are assigned to the patametric errors, together
with probing and dynamic errors, assumed workpiece
form errors, etc. Workpiece measurement is simulated
by fepeated random“draws from the probability dis-
triblitions, yieldifig a numerical approximation for the
probability disttibution of the measurand. The com-
bindd standatd uncertainty is calculated as a sample
standard-deviation.

(c) Acthird approach is evaluation of uncertainty

C-5.1 General

For measurements of small workpieces with hoderate
tolerances under reasonable conditions, ‘the ¢ontribu-
tion to measurement uncertainty duie, to environmen-
tal influences is usually negligiblé.\For large gages and
workpieces, or for small workpieces made to tight toler-
ances, environmentally related uncertainty conmpponents
can be significant. The fellowing discussion pdrtains to
such cases.

C-5.2 Temperature: General Considerations

The general effects of temperature in dimensiosal meas-
urement afe)discussed in detail in ASME B896.2 [16].
Howeveér/since the objectives of ASME B89.6.2 arjd ASME
B89.72.are different, some interpretation is necegdsary. For
example, ASME B89.6.2 advocates use of a thermal error
index as a means for judging acceptability of g thermal
uncertainty, while ASME B89.7.2 recommends ¢ombina-
tion of temperature-related uncertainty compongnts with
other contributors in order to determine the propabilities
of pass and fail errors (consumer’s and producer s risks).

By international agreement, dimensions arjd forms
of workpieces are defined at the standard reference
temperature of 20°C [17]. Thus if both a gage and a
workpiece to be measured could be maintpined at
exactly 20°C, there would be no thermally| related
component of measurement uncertainty. Usuplly it is
impractical to adequately approximate this cgndition.
For temperatures other than 20°C, one must fonsider
the effects of thermal expansion on both the gage and
the workpiece.

Thermal effects in dimensional measuremehts, par-
ticularly differential expansion, are discussed [in detail
inISO 16015:2003 [18] and in Nonmandatory Ajppendix
D of ASME B89.7.3.2-2007 [13]. The basic ifleas are
briefly reviewed below.

COrrllJUl T ltD Laacd UIT data lCLUldCd dulil 16 D)’ Dtclll t}Cl
formance tests. Such tests are designed to be sensitive to
components of the measuring system that can cause sys-
tematic errors and are thus sources of uncertainty. Thus,
in principle, uncertainty components can be evaluated
by working backwards form test results.

Repeatability and reproducibility test results can be
part of this process. The general approach is to relate
each workpiece measurement to a similar performance
test measurement, and to adjust performance test results
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C-5.2.1 Constant Temperature: Differential Expansion.
Consider the basic two-point measurement shown in
Fig. C-5.2.1-1, where a micrometer is used to measure
the length of a simple workpiece. Assume that both the
micrometer and the workpiece are at a uniform temper-
ature, T, other than 20°C.

The measurand is the length, L , of the workpiece at
20°C; at temperature T, the length is

L1+ a,AT) (C-1)
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Fig. C-5.2.1-1

GENERAL NOTE: A micrometer measures the length of a workpiece at a constant temperature, T.

where af, is the workpiece coefficient of thermal expan-
sion (CT[E) and AT = T — 20°C.

The mjficrometer reads L,,, which, for a well calibrated
instrum¢nt, would be the spacing between the anvils at
20°C; at femperature T the anvil spacing is
L, + a,AT)

m

(C-2)
where of is the micrometer CTE.

In the|length measurement, the micrometer anvils are
in contaft with the ends of the workpiece so that egs.
(C-1) andl (C-2) are equal. Thus

L1+ a,AT) =L (1 + a, AT) (C-3)

Solvinfg for L, and neglecting terms of second order
(see ASME B89.7.3.2, Nonmandatory Appendix D), the

desired length is
L,=L,+L, (a,— a)AT (C-4)

The s¢cond term on the right side of this equation is
a correctiion for differential expansion between the gage

correctidn for differential expansion will be zero for any
constant| temperature, T,

On the other hand,-if the gage and workpiece have
differenf CTEs or different temperatures, and if a correc-
tion is ngt calculdted and applied to account for the dif-
ference, fthen the'\systematic error (bias) due to thermal
effects will béjust the difference in thermal expansion
over thellength, [, as given by the correction term in

of uncertainty as described in the GUM with the mjeas-
urement model given by eq. (€-4). The component u4(L, )
arising from micrometer «calibration will be ignpred
in the following, in order)to focus on the compohent
u2(L,) arising from thexmal effects (see Nonmandatory
Appendix D of ASMEB89.7.3.2).

Setting u*(L, )& 0 and defining A = a,, — a,| the
result is

o| (AT [0 (e ) 1% (@)

(-5)
+(Aa)’u?(AT)

4 (L) = (L)

Coefficients of thermal expansion typically exhibit
variations of *10% about their nominal values| An
uncertainty component such as u*(a,) is then evalu-
ated by assigning a uniform probability distribytion
of appropriate width. The temperature-related qom-
ponent u*(AT) = u*(T) is evaluated based on available
information about the thermal environment during the
measurement.

C-5.2.1.2 Special Case: Equal CTEs and T = 20°C.
If the gage and workpiece have the same CTE (eg., a
steel micrometer used to measure a steel workpigce),
and the best estimate of the temperature is 20°C [e.g.,
measurement lab kept at (20 * 1)°C], then Aa = AT =
0, and from eq. (C-5) it is seen that u(L,) = 0. It sqems
reasonable that no correction need be applied for differ-
ential expansion when a, = «,, but it does not seem|rea-
sonable that the associated standard uncertainty should

eq. (C-4).

C-5.2.1.1 Uncertainty Evaluation for Differential
Expansion. Even for a gage and workpiece with the
same nominal CTE, although the correction for expected
differential expansion is zero, there will still be uncer-
tainty components associated with inexactly known
CTEs and ambient temperature, T.

The standard uncertainty associated with the meas-
ured length, L, of the workpiece follows by propagation

be inHQPanpnf of uncertainties in the CTEs the tem-
perature, and the length of the workpiece.

The GUM propagation of uncertainty approach
is a first-order linear approximation that fails in this
case. The correct solution requires the inclusion of
second-order terms in the expansion of the measure-
ment equation (see GUM, sections 5.1.2 and H.1.7); the
resultant combined standard uncertainty in the pre-
sent example is

up (L) = V2L, () u(AT) (©6)
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where u(a) = u(e,) = u(a,). Because it depends on a
product of standard uncertainties, the resultant ther-
mal component of length uncertainty may be negligible
compared to the effects or other influence quantities, but
it must be considered in case of very tight tolerances or
in the case where no thermal compensation is applied
and, although the average room temperature is 20°C, the

temperature variation is significant.

NOTE: Limitations due to the linear approximation of the GUM

as the time required for the workpiece temperature to
change by 63.2% of the step size AT.

Estimating the temperature of a gage and/or a work-
piece in a time-varying thermal environment can be a
challenging problem. The following discussion presents
some useful information on the thermal behavior of
materials that can aid in such estimation.

The thermal response of a material to a change in tem-
perature is governed by a material parameter, D, called

proppgation of uncertainty approach can be avoided by propaga-
tion ¢f distributions using Monte Carlo sampling; see, for example,
Supplement 1 to the GUM, JCGM 101:2008; also see ASME B89.7.3.2,

sectign D-3 for a simplified method of estimating this effect.

C-5.2.1.3 Other Considerations at Constant
Temperature. If the gage and/or the workpiece is made
up ¢f two or more components having different coeffi-
cienfs of thermal expansion, the structure must be care-
fully analyzed to determine if there will be additional
uncg¢rtainty components due to bending or twisting.

C{5.2.2 Slowly Changing Temperature. Since the
temperature change in a body is caused by heat flow
and| heat flow is caused by temperature gradients,
changes in temperature are always accompanied by
temperature gradients. A slowly changing temperature
is orje for which gradients are small, and thermal expan-
sionf are approximately the same as they would be if the
temperature were uniform at all points in the body ata
particular time.

S;'Tuations where temperature is slowly varying are
chafjacterized by one or more of the following:

| slowly varying environment temperature
| high thermal conductivity

| short heat flow paths

*| low specific heat

*| low density

| low heat transfer to theenvironment

The following equations are approximations that are
useflul for estimatirig gage and/or workpiece tempera-
turep when templerature change is slow.

Cpnsider a workpiece in equilibrium with the ambi-
ent pir at temperature T). At time ¢ = 0, a step change
in t¢mperature, from T, to T, + AT, occurs, perhaps by
moving-~the workpiece to another location. Then the

41 n) 1. LL s P R .1
UTCUTCT I U TITUSTVITy I TO UTTITCUr Oy

p=2X
pc

(C-8)

where « is the thermal conductivity, pthe masd
and c the specific heat capacity.

The steady-state response~of’a semi-infinite|piece of
material exposed to a sinusoidal temperature Yariation
at its boundary is a sintiSoidal function of time with a
phase shift and amplitude that depend on distaphce from
the boundary. The'amiplitude of the temperatufre varia-

density,

tion falls off expdnentially with distance, with ¢ charac-
teristic length.(of penetration length), given by
x.= PP (C-9)
m

where P is the period of the driving temperatjire sinu-
soid. From this result is seen that at any depth in the
material the response scales like the square ropt of the
period (or the reciprocal of the square root of th¢ driving
frequency). Two approximate limits can be iderjtified by
comparing the typical dimensions of a workpiece with
the penetration length, x,.
(a) If the workpiece is large compared with x_, then
the bulk of the workpiece material will not exjperience
a significant temperature oscillation. In this ¢ase, the
workpiece temperature will be approximately |equal to
the average temperature of the environment.
(b) If the workpiece is small compared with x|, then all
points within the workpiece material will essentially fol-
low the sinusoidal temperature oscillation. In this case,
the workpiece temperature will be approximat¢ly equal
to the instantaneous temperature of the enviroryment.
This simple model assumes that the workpi¢ce envi-
ronment can rapidly supply or absorb thermgl energy
from the workpiece with negligible change in the envi-
ronment temperature. This would be a good apjproxima-

temperattre of the wWorkpiece at a later ume, 1, will be
given by

T(H)=Ty+AT(1-¢ /") (C-7)
where 7is a time constant that depends on the work-
piece and the heat transfer environment. The exponen-
tial relaxation form of eq. (C-7) is known as Newton's

law of cooling (or heating, depending on the sign of AT).
The time constant, 7, can be determined experimentally
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tion for a small workpiece in a water bath, but a very
poor approximation for a large workpiece in still air.

If the workpiece temperature is a significant source of
measurement uncertainty, knowledge of the temperature
must be characterized by an appropriate probability dis-
tribution. In (b) above, for example, if all that is known
of the thermal environment are the limits of the tempera-
ture oscillation, a U-shaped distribution can be assigned
to model knowledge of the workpiece temperature (see
Nonmandatory Appendix B of ASME B89.7.3.2).
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Thermal response to air temperature can be modified
by conduction via contact between materials. Consider,
for example, a gage and a workpiece on a steel sur-
face plate. If the surface plate is relatively massive, its
temperature variation with respect to changes in air
temperature will be relatively small. Thus conduction
between the surface plate and the gage and workpiece
will tend to stabilize their temperatures. This can cause
the temperature difference between the gage and the

workpiefe When these are made of poorly thermally
conducting/materials, e.g., granite, or when the object

C-5.2.4 Other Thermal Effects. Radiant energy can
be a significant contributor to measurement uncertainty
with large gages and workpieces. The major sources of
radiant energy are sunlight and artificial lighting. It is
good practice to minimize radiant effects before evaluat-
ing their associated uncertainty components.

Because of its strength and variability, direct sunlight
should be avoided. For artificial lighting, radiant energy
outside the visible spectrum should be minimized.

. 3 1 be
as uniform and indirect as possible to minimize ungven
heating of the gage and workpiece.

Evaluation of the associated uncertainty components
will usually be based on judgment and’ experignce.
Radiant energy can typically cause temperature|dif-
ferences of a fraction of a degree imdifferent parts|of a
gage or workpiece. One of the most common problems
caused by radiant energy is,change in flatness of large
granite surface plates.

A significant source of.error is measurement of wiork-
pieces that have not‘been thermally stabilized (sogked
out) in the inspection environment. The associpted
uncertainty comipenents can be evaluated using the for-
mula for temperature step response, eq. (C-7).

Air froma heating or cooling duct blowing dir¢ctly
on a gage’or workpiece can be a significant sourde of
thermially related measurement error. The effedt is
larger than might be expected because high-velocity air
increases the heat transfer coefficient. It is usually egsier
to eliminate this problem than to model its effect ony the
measurement.

A frequently encountered problem is heating of the
gage and/or workpiece caused by handling. This fopic
falls more under the heading of good metrology praftice
than under thermal uncertainty.

Spatial variations of air temperature can create urpcer-
tainties in the measurement of large workpieces.|The
effects of such variations can be estimated by means of
mathematical models, judgment, and experience.

In some optical gaging systems (such as disp
ment-measuring interferometers), the effects of air fem-
perature, pressure, relative humidity, and composition
on the refractive index of air can be significant. Methods
for evaluating components of measurement uncertginty
associated with such effects are typically provided in
manufacturer’s operating manuals supplied with these
gaging systems.

crre = O O CITC Ve e e ot

ace-

contains numerous internal cavities resulting in a thin-
walled material that cannot internally transport large
amounts of energy. Such gradients can cause bending
and twisting. If such situations cannot be avoided, uncer-
tainty components must be assigned, based on experi-
ence or direct experimental measurements, to account
for the effects of temperature gradients. Theoretical
models to predict these effects are complex and difficult
and can depend on detailed knowledge of issues such as
joint connections and weldments.
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In gages having hydrostatic air bearings, two prob-
lems may arise. First, any variation of supply air temper-
ature may cause a variation in gage temperature. Such
variation is easily avoided by ensuring sufficient length
of air line in the measuring room to ensure that the sup-
ply air comes to room temperature. The second problem
arises from throttling of air through the bearing, which
causes local cooling of the gage via the Joule-Thompson
effect. The effects of such throttling are typically allowed
for in the gage performance specifications.
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Fig. C-6-1

Nominal length

Tolerance interval

Guard bands

Stringent acceptance

interval

GENHRAL NOTE: A stringent acceptance interval, defined by gaging limits inside the tolerance limits, will reduce the probability of a pags error.

C-5.B Vibration

The characteristic of vibration that can cause sys-
temptic measurement error is relative motion between
the page sensing or contacting element and the meas-
ured point on the workpiece. In what follows, such
relafive motion is referred to simply as vibration. A
systematic error can occur, for example, when using a
CMM that records a “snapshot” of workpiece contact
at spme particular instant of time. For probing sys-
temp such as typical LVDT gage heads or capacitance
gages, which have an averaging characteristic, the
uncertainty component associated with vibration:is
usuglly negligible.

C-5.4 Other Environmental Effects

While temperature and vibration are/usually the
major influence quantities associated‘with environmen-
tal gffects, the measurement task should be reviewed to
detgrmine if other effects may confribute significantly to
the pincertainty. Examples of such effects include mag-
neti¢ fields, gravity, acousticnoise, electronic drift, baro-
metftic pressure, humidity) electromagnetic interference,
and|contamination (&g, dirt, oil, etc.).

MEASUREMENT UNCERTAINTY AND ACCEPT/
REJECT DECISIONS

Ap an'example of the role of measurement uncertainty

d cneTrnN-mea
task where a nominal (design) length and a symmetrical
bilateral (plus or minus) tolerance limit are given.
Following a dimensional measurement plan, the
workpiece is measured, yielding a measured length
(the estimate) and an associated standard uncertainty,
evaluated as discussed in the previous sections. A work-
piece having a true length outside the tolerance inter-
val is nonconforming. A decision to accept or reject the
workpiece is based on the measured value in relation to
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an acceptance interval defihed by a pair of gdqging (or
acceptance) limits.

The role of measugement uncertainty in the formulation
of decision rules~and associated documentation| require-
ments are well described in ASME B89.7.3.1 [19]. The most
common_ form of an accept/reject decision rule(is called
simple aceptance, in which a feature of length isjaccepted
as conforming if its measured value lies in the folerance
interval, and is rejected otherwise. Simple acceptance is
typically accompanied by a requirement that the measure-
ment uncertainty be no larger than a stated fractipn of the
tolerance interval (see ASME B89.7.3.1, para. 4.1).

When a measured length is within tolerance put close
to one of the tolerance limits, the probability that the true
length lies outside the tolerance interval can be significant.
Accepting such a nonconforming workpiece is| called a
pass error, and the probability of such an error|is called
consumer’s risk. Figure C-6-1 shows a stringent accept-
ance interval that will reduce pass errors. The gaging limits
are offset from the tolerance limits by guard bandls whose
widths are expressed as fractions of the k = 2 elxpanded
uncertainty, U (see ASME B89.7.3.1, para. 4.2).

When a measured length is out of tolergnce but
close to one of the tolerance limits, the probabijlity that
the true length lies inside the tolerance interval can be
significant. Rejecting such a conforming workpiece is
called a fail error, and the probability of suchan error
is called producer’s risk. Figure C-6-2 shows g relaxed
acceptance interval that will reduce fail error§. In this
ing limits 1i i anice limits

dSe A€ 249119 [1] € OU J
(see ASME B89.7.3.1, para. 4.3).
The gaging limits are set so as to yield acceptable prob-
abilities of pass and fail errors. These probabilities (con-
sumer’s and producer’s risks) form the subject of ASME
B89.7.4.1 [20] and JCGM #106 [27], and are discussed in
Nonmandatory Appendix D. If calculated probabilities
are unsatisfactory, new gaging (acceptance) limits must
be chosen or steps taken to change the process distribu-
tion or the measuring system.
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Fig. C-6-2
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GENERAL NOTE: A relaxed acceptance interval, defined by gaging limits outside of the tolerance limits, will reduce the probability,of a fail er|
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NONMANDATORY APPENDIX D
PROBABILITIES OF PASS AND FAIL ERRORS

D-1| INTRODUCTION

This Nonmandatory Appendix concerns dimensional measurement of workpiece properties. Every meas
has fin associated uncertainty, so that near the limits of acceptability (i.e., tolerance limits)'it is not possible to d
uneqquivocally whether a workpiece property conforms or not. Accept/reject decisiofis‘are thus matters of pro|
Iy such circumstances, when a decision is made to accept or reject a workpiece, there is a possibility of an
decipion (i.e., a pass or fail error). This Nonmandatory Appendix presents niethods for calculating the prol
of stich errors, following the technical approach of ASME B89.7.4.1 [20].
Tyvo cases are considered
(a) two-sided measurements of properties such as length or diameter,'which can fail to conform with spe
becqduse they are too large or too small (see Fig. D-1-1)
(b) one-sided measurements of properties such as flatness oxstraightness, which can fail to conform or]
they| are too large (see Fig D-1-2)
Despite the many possible relationships between the méasured value of a quantity, tolerance limits, gag
its, process distribution, and measurement uncertainty;-determination of the probabilities of pass and fail
a straightforward exercise, once a suitable model of\'the production process and the measuring system h
dev¢loped.
The calculations involve integrations of probability distributions that usually cannot be evaluated i
form. Such integrations, however, are readily performed numerically, to any desired degree of approx
by dommercially available mathematical software. Development of the relevant process and measuremsg
els gnd calculation of the desired probapbilities are illustrated in the following sections.

D-2| TOLERANCE AND CONFORMANCE

Alcentral concept of this Nonmandatory Appendix is that a dimensional property whose true value lies in

urement
btermine
bability.

ncorrect
babilities

ification
ly when
ring lim-
errors is
\ve been
h closed

imation,
nt mod-

he toler-

ancq interval is conforming,.and is nonconforming otherwise. The designations “conforming” and “nonconforming”

are fised with respect to.the definitions of pass and fail errors.

D-3| TRUE VALUES AND MEASURED VALUES

Cpnformanee and nonconformance are attributes of true values of dimensions of interest, which by the

r nature
ons with

cantot be-exactly known. Accept and reject decisions are based on observed measured values and their locati
reséllect to assigned gaging limits (see Figs. D-1-1 and D-1-2). In calculating consumer’s and producer’s rij

ks, true

values and measured values are modeled by random variables, X and X, , with possible values, x and x,,, respectively.

D-3.1 Possible Outcomes of an Accept/Reject Decision

This Nonmandatory Appendix deals with a simple binary decision rule in which there are only two

possible

actions: accept a measured dimension as conforming or reject it as nonconforming. In this case, the possible outcomes

following a measurement are illustrated in Fig. D-3.1-1.

In general, there may be more than two possible actions specified in a decision rule. In particular, when there is a
transition zone between a tolerance limit and an acceptance limit (defined by a guard band), it might be desirable to
have an alternative to simple acceptance or rejection for a measured value lying in such a zone (see ASME B89.7.3.1

[19], section 4.4).

29


https://asmenormdoc.com/api2/?name=ASME B89.7.2 2014.pdf

ASME B89.7.2-2014

Fig. D-1-1

Acceptance interval

Lower guard band—> < —> —<—Upper guard band

TL G L G U TU

Tolerance interval

GENERAL NOTE: A two-sided measurement of a property such as the length of a workpiece. The true length is specified to lie in a tolerance

interval de
gaging lim

fined by limits (T, T,,). The workpiece is accepted as conforming if its measured length lies in an acceptance interval'defined by
ts (G,, G,), and rejected as nonconforming otherwise. Shown is a stringent acceptance interval, per ASME B89.7:3\1.

Fig. D-1-2

| Tolerance interval

Guard band
Acceptance interval

0 G T

GENERAL NIOTE: A one-sided measurement of a measurable.property such as flatness, straightness, sphericity, etc. The tolerance interval is

defined b
a gaging li

a maximum allowed value, T. The property is accepted as conforming if its measured value lies in an acceptance interval defined
it, G, and rejected as nonconforming otherwiseZShown is a stringent acceptance interval, per ASME B89.7.3.1.

D-3.2 Jaint Probability Distribution for Xand X

Consi
piece sul
of the di

Her a workpiece chesen‘at random from the production process, and a dimensional property of the w
bsequently measuredin order to decide conformance with specification. Belief in the possible true value
mension, and pessible measured values, X, , produced by the measuring system are characterized by a

probability density flin¢tion (PDF) f(x, x, ).

Given|
interval

the joint’ PDF f(x, x,,) for the randomly chosen workpiece, the probability that the true value, X, lies i
[a, b] and the measured value, X , lies in the interval [c, d] is given by

m’

Py

ork-
5, X,
oint

the

b
(£l 2 \Vdedx (
\ 7 F{]

-1)

d

Pela=X=bande=%X =D =[

T ) 7
C

Equation (D-1) is the basic formula used in calculating probabilities of pass errors and fail errors, given particular
values for the integration limits. In a two-sided measurement with a measured value within the gaging limits, for
example, c = G, and d = G,

The joint PDF f(x, x,,) depends on knowledge of the production process and the measuring system. The form of

the depe

ndence is written as

f(x/ xm)ZPO(x)p(xm |x) (D'2)
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Fig. D-3.1-1
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The quantity p(x,, | x) characterizes the measuring system; it is a conditional probability density that enc
that might be observed when'measuring a dimension with true value

RAL NOTE: Simple acceptance (G, = T,) decision rule near an upper tolerance limit, with four 95% coverage intervals. Decisions
pct inspected items are based on measured values (triangles); the true values (circles) cannot be known. Illustrations.(b) and (c) |
ect decisions called pass errors and fail errors, respectively.

this equation, p,(x) is the distribution of possible true values of the dimension, wihich depends on the pr
ess and is independent of the measuring system.

reys belief in a possible measured value, x
x, assumed to be known.

m’

E: The form of eq. (D-2) follows from a general result in probability theory called the product rule.

lculation of the probabilities of pass errors and fail errors then requires assigning the distributions p (x) and

ws, together with example calculations.

PROCESS DISTRIBUTION, p,(x)

hese measurements and other relevant information, such as experience with similar processes, a PDI
bned to describe and encode belief in the pessible values of a dimensional property of interest, before pes
basurement. This PDF is called the proc¢ess’distribution.

many cases, the process is well represented by a Gaussian (normal) distribution

re X, is the mean of the distribution (and the most probable value of X) and U, is the standard deviation|

E: Since p,(x) characterizes knowledge of the true value of a dimensional property prior to measurement, it is often referre|
distribution.
the case'where p (x) is assigned based on measurement of a large sample of workpieces, the standard d

vill typically be equal to an experimentally determined sample standard deviation.
r tWossided measurements with upper and lower tolerance limits, the process is often adjusted so that

0 accept
bad to

bduction

des and

p(x,, | x);

hg the gaging limits; and using the basic formula of eq. (D-1) together with eq. (D-2). These steps are discussedl in what

The characteristics of the manufacturing process ate typically studied by measuring a sample of its outpiit. Based

F po(x) is
forming

(D-3)

H to as the
bviation,

he aver-

age

produced dimension, x,, lies at the midpoint of the tolerance interval. In some cases it might be desirab

e to bias

the process toward one of the limits. A process to produce a dimensional spacer, for example, might be biased toward
the upper tolerance limit in order to reduce the number of workpieces that are too short and cannot be reworked. The
DMP is responsible for adjusting the process in order to achieve an acceptable distribution of produced workpieces.

D-5

MEASURING SYSTEM DISTRIBUTION, p(x_|x)

The result of a measurement of a dimension of interest is summarized by a measured value, x,,, and an associated
standard uncertainty, u,,. The measuring system is modeled by considering the distribution of measured values that
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