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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards bodies

(ISO member bodies). The work of preparing International Standards is normally carried out through IS

0]

technical comm|ttees Each member body interested in a subject for WhICh a technlcal committee has been

established_hz

Internatignal Electrotechnical Commission (IEC) on all matters of electrotechmcal standardization.
International Standards are drafted in accordance with the rules given in the ISO/IEC Directives, Part 2.

The main task of technical committees is to prepare International Standards. Draft International Standarg
adopted py the technical committees are circulated to the member bodies for voting.‘Publication as 3
International Standard requires approval by at least 75 % of the member bodies casting-a vote.

In other [circumstances, particularly when there is an urgent market requirement, for such documents,
technical|committee may decide to publish other types of normative document:

— anl
an |

O Publicly Available Specification (ISO/PAS) represents an agreement between technical experts
O working group and is accepted for publication if it is approveddy more than 50 % of the membe|

5O Technical Specification (ISO/TS) represents an agreement between the members of a technid
ittee and is accepted for publication if it is approved by 2/3 of the members of the committee castir

An ISO/RAS or ISO/TS is reviewed after three years_in, order to decide whether it will be confirmed for
further thfee years, revised to become an International Standard, or withdrawn. If the ISO/PAS or ISO/TS
confirmed, it is reviewed again after a further three‘years, at which time it must either be transformed into ¢
Internatignal Standard or be withdrawn.

Attention|is drawn to the possibility that some of the elements of this document may be the subject of pate
rights. ISQ shall not be held responsiblefor-identifying any or all such patent rights.

ISO/TS 1
specifica

65530-4 was prepared by~Technical Committee ISO/TC 213, Dimensional and geometrical prody
jons and verification.

ISO/TS 16530 consists of -the” following parts, under the general tite Geometrical Product Specificatio
(GPS) —| Coordinate measuring machines (CMM): Technique for determining the uncertainty
measurement:

— Part 3: Use ofcalibrated workpieces or standards [Technical Specification]

— PartH: Bvaluating task-specific measurement uncertainty using simulation [Technical Specification]
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The followingpartis under preparation:
— Part 2: Use of multiple measurements strategies in calibration artefacts [Technical Specification]
The following part is planned:

— Part 1: Overview and general issues
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Introduction

This part of ISO 15530 is a Geometrical Product Specification (GPS) Technical Specification and is to be
regarded as a general GPS document (see ISO/TR 14638). It influences the chain link 6 of the chain of
standards on size, distance, radius, angle, form, orientation, location, run-out and datums.

Fpr more detailed information of the relation of this part of ISO 15530 to the GPS matrix model, see_Annex H.

Fpr coordinate measuring machines (CMMs) used to inspect tolerances according to 1SO,14253-1,(the task-
pecific uncertainties of measurement are taken into account when tests for conformity/rion-confgrmity are
arried out. While knowledge of the uncertainty of measurement is important, up to, the-present, there have
ben only a few procedures that allow the task-specific uncertainty of measurementtd.be stated.

o 0w

Fpr simple measuring devices, this uncertainty can be evaluated by an uncertainty budget according to the
rgcommendations of the Guide to the expression of uncertainty in measuremeht (GUM). However, ir| the case
of a CMM, the formulation of a classical uncertainty budget is impractical for the majority of the megsurement
tgsks due to the complexity of the measuring process.

Alternate methods that are consistent with the GUM can be used<to determine the task-specific uncertainty of
copordinate measurements. One such method that evaluates the’ uncertainty by numerical simulation of the
nmeasuring process allowing for uncertainty influences is described in this part of ISO 15530.

Tp allow CMM users to easily create uncertainty statements, CMM suppliers and other third party companies
have developed uncertainty evaluating software (UES). UES is based on a computer-aided mathematical
model of the measuring process. In this model, the\measuring process is represented from the measurand to
the measurement result, taking important influenée quantities into account.

In the simulation, these influences are varied within their possible or assumed range of values (described by
probability distributions), and the measuring process is repeatedly simulated, using possible combipations of
the influence quantities. The uncertainty is determined from the variation of the final result.

This procedure is compatible. with the fundamental principles of the internationally valid Guide fo the
ekpression of uncertainty i measurement (GUM). The details of the UES are often hidden in [compiled
computer code making it difficult for the user to assess the reliability of the calculated uncertainty statements.
This part of ISO 15530 sets forth terminology and testing procedures for both the UES supplier and the CMM
user to communicate.and quantify the capabilities of UES.

This part of 1IS@)15530 begins by considering the declaration of influence quantities. The declarations identify
which influence* quantities, along with their ranges of values, the UES can account for in its upcertainty
eyaluationf For example, some UES can include the effects of using multiple styli duringl a CMM
nmeasurement, while others cannot.

Sjmilarly, some UES can include the effects of spatial temperature gradients or variations of temperature over
time, while others cannot. The purpose of the declaration section is to clearly identify to the CMM user what
influence quantities, and their ranges of values, the UES will consider in its uncertainty evaluation.

This will allow the user to be able to make informed decisions. Purchasing a UES product with limited
capabilities that do not include some influence quantities present during the CMM measurements requires the
CMM user to independently evaluate these unaccounted-for influence quantities and combine them
appropriately with those that are evaluated by the UES in order to produce a GUM compliant uncertainty
statement.

This part of ISO 15530 then goes on to identify four possible methods of testing, recognizing that no single

method is comprehensive in a practical sense. For each method, a description is given along with its
considerations, advantages and disadvantages. A descriptive example is also included for each method.

© 1SO 2008 — All rights reserved Vv
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Geometrical Product Specifications (GPS) — Coordinate

measuring machines (CMM): Technique for determining the

uncertainty of measurement —

Hart 4:
tvaluating task-specific measurement uncertainty using
imulation

i m

1 Scope

This part of 1ISO 15530 specifies requirements (for the manufacturer .and’ the user) for the appl
imulation-based) uncertainty evaluating software (UES) to measureménts made with CMMs, 4

-~
[¢))

=]

irthermore, it describes testing methods for such simulation software, along with advantg
sadvantages of various testing methods.

Q Tl

Flnally, it describes various testing procedures for the evaluation of task specific uncertainty determ
simulation for specific measurement tasks carried out'onh CMMs, taking into account the measuring d

wjthout restricting the possibilities of the technical realization. Guidelines for verification and evalua
simulation package are included.

The document is not aimed at defining-new parameters for the general evaluation of the accuracy
measurements.

2| Normative references

The following referenced documents are indispensable for the application of this document. H

o =

bcument (including-any amendments) applies.

80 10360-1.2000, Geometrical Product Specifications (GPS) — Acceptance and reverification
coordinatésmeasuring machines (CMM) — Part 1: Vocabulary

ISOAEC Guide 99:2007, International vocabulary of metrology — Basic and general concepts and a

cation of
nd gives

formative descriptions of simulation techniques used for evaluating task-specific measurement uncegrtainty.

ges and

nation by
bvice, the

ehvironment, the measurement strategy and thesabject. This document describes the general p;locedures

on of the

of CMM

for dated

gferences, only the\edition cited applies. For undated references, the latest edition of the re¢ferenced

tests for

ssociated

tdrms (\/IA/l)

Guide to the expression of uncertainty in measurement (GUM). BIPM, IEC, IFCC, ISO, IUPAC, IUPAP, OIML,

1st edition, 1993, corrected and reprinted in 1995

3 Terms and definitions

For the purpose of this document, the terms and definitions given in ISO 10360-1, VIM and GUM apply.

© 1SO 2008 — All rights reserved
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4 Abbreviations

CVE
UES

NOTE
phrases s

Computer-aided Verification and Evaluation

Uncertainty Evaluating Software

Definitions beyond the words of these abbreviations are not given. The abbreviations and their associated

hould be meaningful in the contexts of their use in this document.

5 Requirements concerning uncertainty evaluating software (UES)

5.1 Specification of the claimed scope of the UES

The mangfacturer of the UES shall explicitly declare the claimed scope of the software. This, declaration sh

include s

becifying:

— the types of CMMs for which the software is applicable;

— any

CMM accessories allowed;

— which CMM errors are accounted for;

— the gonsidered environmental conditions of both CMM and workpieCe;

— the
— the
— the
— the
— the

— any

pplicable probe types and accessories;
ssociated features included;

eometric tolerancing allowed;

easuring procedures and strategies covered;
perator effects covered;

ther influence factors affecting the tincertainty of measurement covered by the UES.

In particylar, the manufacturer shall specify, by means of the checklist (see Annex A), which uncertain
contributgrs the software claims to'take into account.

NOTE 1

NOTE 2

It is expected that the.UES account for only some of the influence factors listed here and in Annex A.

The checklist/in"Annex A includes the categories listed above.

EXAMPLH 1 An‘example of UES might take into account:

1— #the geometrical deviations of the CMM,;

12

ty

— deviations of the probing sysitem;

— influences of temporal and spatial temperature gradients on the workpiece and CMM.

For each influence factor claimed on the checklist of Annex A, the manufacturer shall specify the ranges of
validity when applicable. The ranges to be specified include (when claimed) but are not limited to:

a) permissible part spectrum (e.g. exclusion of flexible sheet-metal parts, a minimum arc length for circles,

max

imum cone apex angles, etc.);

b) permissible task spectrum (e.g. exclusion of scanning or form measurement);

© 1SO 2008 — All rights reserved
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c) permissible temperature range;
d) permissible temporal temperature gradients d7/ds;
e) permissible spatial temperature gradients d7/dx;

f) other permissible environmental conditions.

:2008(E)

EXAMPLE 2 If “non 20 °C temperature” is claimed on the checklist, the range of validity might be defined as:
Homogenous temperature in space and time, within the limits of 15 °C to 30 °C. This range might also vary depending on

the CIvive:

5|2 Specification of input to the UES

The UES manufacturer shall specify in detail (or reference appropriate documents that\do the sa

me) what

input quantities are required to characterize the measurement system and how theseuantities are dbtained.

NOTE 1 These are the values that are used by the UES to characterize the CMM, the environment, opera
efc.

tor effects,

EKAMPLE 1 For example, a requirement of the UES might be to first measure.calibrated artefacts in certair) positions.

The software can then use this information to characterize some of the CMM behaviour.

EKAMPLE 2 Another example of how UES could characterize some/of the CMM behaviour could includ
c¢rtain specified MPE values.

EXAMPLE 3 An example of how operator effects might be assessed is from gauge repeatability and rep,
studies (i.e. GR&R), analysis of variance (i.e. ANOVA), and/or.from expert judgment (i.e. “type B evaluation”).

NOTE 2  Any other required information (e.g. the CMM\type) is included in this specification requirement.

5|3 Additional UES documentation

The following requirements provide aclevel of transparency in the fundamental nature of the |
manufacturer of the UES shall provide;

— documentation describingshow the influence quantities are varied (as a rule, the probability d
should be documented);

—t+ documentation deseribing how the uncertainties are derived from the simulated samples;

—+ documentation describing the essential features of the model.

Transparency/of the model increases the user's confidence in the statement of the un
Dpcumentation of the model and procedure should be sufficient to enable the user to furnish ¢

fatement of uncertainty in compliance with this requirement. This is important in particular in conne
0-9000, which requires documentation of the procedure used for the uncertainty determination.

n L@

b requiring

roducibility

JES. The

stribution

certainty.
roof of a
ction with

5.4 GUM compliance

The manufacturer shall ensure that the statement of the uncertainty complies with the internationally valid

principles of the expression of uncertainty (GUM). This includes the statement of a confidence |
coverage factor.

The combined standard uncertainty may be indicated in addition to the expanded uncertainty.

© 1SO 2008 — All rights reserved
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5.5 Use of results from UES

An uncertainty reported from UES is applicable only as consistent with the scope of the software (5.1). In
particular, when using UES, the uncertainty of a measurement shall be composed of the uncertainty evaluated
by the UES and the uncertainties from the other influence quantities that have not been taken into account in
the UES, which have been evaluated by other appropriate means. These uncertainties shall be combined in a
GUM compliant manner.

NOTE Some informative content dealing with this matter appears in Annex B.

4 © 1SO 2008 — Al rights reserved
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Annex A
(normative)

Checklist — Declaration of influence quantities

No reasonable checklist can be comprehensive. However, this checklist should serve to identify several key

| 'Flllanna fonl'nro ey |Aanhf\nnn H'\Q scobe n'F ||nr\ar+a|n+\l Q\IOIII’)"IY\I‘ et\ﬂ'\uora \/’!I‘IQI‘I ||ohnno ara. r;|or\ s r\luded |n
HHRgHEe-566pe-6uree Y-SVt 195 1gS—ate—at

130 15530-1 1) and 1ISO 14253-1. The CMM types listed below are extracted from ISO 10360-1.

Check box Influence factor Additional‘information

CMM types (see ISO 10360-1)
moving bridge

fixed bridge

column

moving table cantilever
fixed table cantilever
moving ram horizontal arm
moving table horizontal arm
fixed table horizontal arm
L-shaped bridge

gantry

dual ram

CMM accessories
rotary table

CMM errors

rigid-body errors

static, nonrigid-body geametry errors
dynamic machine geometry errors
part loading effects

CMM environmental conditions

non 20° € temperature Range:
thermal.compensation applied to CMM Range:
spatial gradients Up to:
thermal variations in time Up to:
algorithm software accuracy

hysteresis

Probing system accessories
multiple styli Maximum lengths:
multiple probe

articulated probing system
styli changing

probe changing

1) Planned.

© 1SO 2008 — Al rights reserved 5
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Check box

Influence factor

Additional information

Geometric tolerancing

datum reference frames

form

size

location

orientation

orientation with maximum/least material condition

position with maximum/least material condition

Workpiece environment and conditions

non 20° C temperature (same as CMM)

non 20° C temperature (independent of CMM)

Range:

thermal compensation applied to workpiece

spatial thermal gradients (e.g. up to 2°C/m)

Up to:

thermal variations in time (e.g. up to 1°C/hr)

Up to:

contamination

vibration effects

Up to:

surface roughness

Up to;

surface waviness

Up to:

form

Up to:

fixturing

material composition (CTE, etc.)

Measuring procedure and strategy

sampling strategies

number of points

Range:

location of points on the workpiece coordinate system

Restrictions:

workpiece location and orientation in the (machine coordinate
system

filtration / outlier removal

probing speed

probing acceleration

Operator effects

operator effects (specify)

Other effects

(specify)

Probe types (check boxes):

Discrete point sampling Offline scanning

Online scanning

contact tquch trigger

contact apalog

noncontagt

Associatpd-features (check boxes):

Least-squares Minimum-zone Maximume-inscribed

Minimum-
circumscribed

lines

circles

planes

spheres

cylinders

cones

tori

splines (specify)

other (specify)

© 1SO 2008 — All rights reserved
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Annex B
(informative)

Elements of the uncertainty evaluating software (UES)

B.1 General

The simulation can be integrated into a control and evaluation software of a CMM (on-line) or implemented as
ah independent system on an external computer (off-line). This document applies to both variants:

B.2 UES Model

The model of the measuring process employed by the UES describes the mathematical relationshig between
the input quantities (comprised of the measurand and influence quantities) and the output measurement
rgsult. The UES does not require that the model be described by a—closed mathematical exXpression.
Numerical algorithms, such as the calculation of associated features orfiltering of measurement pgints can,
therefore, be included in the model. This makes UES particularly suitable for complex measuring processes
like coordinate measurements.

The model used by some UES of the measurement on a CMNDcan be described by a flow chart, in which the
gtiantities influencing the measuring process are plotted. Figure B.1 shows a typical flow chart.

I ] o -] [ geometric, | ]

temperature random errors ge temperaturg
form errors systematic hysteresis scale facto
clamping errorsources dynamic effects non-linearifes
contamination temperature

gradients

task

Ej Workpiece Probing Geometry Scales —|

[N .. o] [ scoritm, ]

number of points algorithm,
distribution, precision
probing direction

—— ernfngy ion —P Pogult |

Figure B.1 — Measurement on a CMM represented in the form of a flow chart

Usually not all possible uncertainty influences are taken into account in the model. Influence quantities that
have not been considered are to be evaluated by other procedures and added to the total uncertainty
(see B.3).

© 1SO 2008 — Al rights reserved 7
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B.3 Determination of the task-specific uncertainty of measurement

The parameters of the simulated measurement, which are important from the metrological point of view,

should be as similar as possible to those of the real measurement. The standard uncertainty of
measurement result y is composed of

— the uncertainty ug;,, determined by the simulation, and

a

— the uncertainties u; from the influence quantities that have not been taken into account in the simulation

and have been evaluated by other appropriate means.

The cothined standard uncertainty, u, is then calculated (assuming the «; are uncorrelated) by:

2 2
U =l Usim +Z”i

With the pid of coverage factors, this standard uncertainty can be brought to the desired confidence level. A
a rule, th¢ following is valid:

U 52xu

for a confidence level of 95 %. If the uncertainty stated by the simulation already is an expanded uncertain
Usim» the [simulated uncertainty ug;, is to be calculated by division with the‘appropriate coverage factor.

\S

ty
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Annex C
(informative)

Methods of testing uncertainty evaluating software (UES)

C.1 General

The UES shall account for all effects that are specified in the declaration of influence factors accerdi
When testing UES, one attempts to verify that, when all influence quantities that are identifig
declaration section are varied within their permitted ranges, the expanded uncertainty calculated by
(qombined with uncertainty evaluations of other influence factors) contains a large fraction“(typically
tHe measurement errors. Given the very large number of significantly different measurands and con
of influence factors that can occur in CMM measurements, each one of which) leads to a
nmeasurement error that is to be compared to the expanded uncertainty as calculated by the UES, t
tgsting UES is enormous.

N an ideal test, for each measurand, all possible permitted influence~quantities are varied over
prmitted extent. To illustrate the magnitude of this task, consider the’ diameter of a cylinder
easurand. Ideally, to test the ability of UES for this measurand, ene would want to measure a
linder on a very large number of metrologically different CMNs, each having a different comb
bometrical and probing errors, and under various thermal conditions, etc. as permitted by the d
ction. On each of these CMMs, one would want to measure‘many different cylinders having differi

nQ Q3o

ng to 5.1.
ed in the
the UES
95 %) of
binations
particular
he task of

their full
o be the
calibrated
nation of
pclaration
Ng aspect

rgtios and form errors, and for each cylinder one would wantto measure in many locations, orientafjons, with

different probes, sampling strategies, etc. For each of,these measurements, the observed error
compared to the UES calculated expanded uncertainty. Obviously this example of a single m
olves many thousands of measurements on a.arge number of CMMs and is simply too expen
practical test. Thus, testing UES generally-consists of some combination of tests involving
easurements and software measurements.

Thus, comprehensive testing of UES jis-a generally prohibitively large task. This annex discu
ayailable methods that could be used\io"test UES, seeking to be as comprehensive as reasonably
Np single method of the four discussed below can be practically used as a comprehensive test by i
ile passing one test may not, guarantee always perfect software, failing in a test can be im
rgvealing problems in theWES. Furthermore, passing the multiple tests described below
comprehensive than testing and passing one, and thus increases the user’s confidence in the softwa

These methods are best suited to identify cases when the UES undervalues the uncertainty. It is co
tq assess an overvatuation by the UES, since it is unknown whether a large uncertainty reported by
s due to some.error or due to a correct use of limited information, which could lead to a larger u
value.

Fpr eachrmethod, a description is given along with key considerations and the advantages and disad
of thelparticular testing method. Descriptive examples of each testing method are given in Annexes [

would be
leasurand
Sive as a

physical

sses four
possible.
tself. Yet,
portant in
is more
e.

mplicated
the UES
hcertainty

vantages
to G.

C.2 Physical testing on an individual CMM

C.2.1 General

This technique involves making several measurements using a calibrated artefact in order to statistically
compare the observed deviations from the calibrated value with the uncertainties reported by the uncertainty
evaluating software. Any object permitted according to 5.1 may be used. The object shall have been
calibrated by an independent procedure. In the descriptive example in Annex D, a cylinder is used with a

procedure that shows a number of measurement tasks to be evaluated by the UES and which ca

n also be

calibrated with sufficient accuracy by independent procedures. For the measurement of such an object, it is

© 1SO 2008 — All rights reserved
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recommended to also vary the measurement strategy (position and orientation of the test object, distribution of
measurement points) in order to check the influence on the measurement uncertainty stated.

Any object that falls within the claimed scope of the UES could be used and might include gauge blocks, step
gauges, ball plates, ball bars, form error standards, and other standards. However any specific object is only
suited to a limited extent to test the statements of task-specific uncertainty.

The measurements on the calibrated test objects are carried out on the real CMM for which the uncertainty of
measurement is to be determined. The real measurement results, y, are calculated and the related task-

specific u

ncertainties of measurement U are determined by simulation.

Performir
checked.
k=2); thi

A reason

g a number of measurements on calibrated objects, the coverage of the uncertainty ranges
The plausibility criterion should be satisfied for an appropriate percentage of the time (95)% f|
5 criterion is that a statement of uncertainty is plausible if:

/1’U§a|+U2 < 1

cal

is the measurement result (see Figure C.1);
is the calibrated value (see Figure C.1);
is the expanded uncertainty of calibrated artefact (see Figufe €.1);

is the task specific expanded uncertainty of the measurement (see Figure C.1).

Yeal

i A
\
|
y

A
A
A

Figure C.1 — Combining uncertainties

able\relationship between the uncertainty of the calibration and the uncertainty of the individu

is

measurement is the goal. As a rule, the following should be valid: U, < U. The higher the calibratig

n

uncertainty U, of the test object, the less meaningful the test.

Here and elsewhere in this part of ISO 15530, whenever U appears (an expanded uncertainty with or without
a subscript), a uniform level of confidence is assumed (e.g. 95 %).

10
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C.2.2 Re-testing

Since this method tests the UES in conjunction with a particular CMM, re-testing at regular intervals can be
important even if the UES has not been modified. Re-testing is to be carried out:

— when the coordinate measuring machine has been modified;
— when one or several input parameters of the UES model have been changed;

— when, in addition, the environmental conditions have changed beyond the specified range;

— when, for other reasons, there are doubts about the uncertainties determined.

After the first installation on the CMM concerned, short intervals (< 3 months) should be selected for the re-
tgsting. The positions of the test object in the measurement volume should, if possible,’be varied for each
termediate test to guarantee as high a number of independent samples as possible.JThe intervals may be
prolonged when sufficient experience has been gained regarding the stability of theimeasurements.

5

C.2.3 Interim check of the input quantities

the course of the intermediate test it is to be determined to what.extent the present state of the CMM
pmplies with the assumptions. The procedure has to state whethef.or not the evaluation of the|influence
Lantities is still valid. The following influence quantities should in particular be monitored:

95

fe]

— scale factors;

—+ rectangularities;

—t probing errors;

—t temperature and temperature gradients.

The input quantities should preferably. be monitored by the procedures appropriate in goordinate
nmeasurement technology (as in ISO_10360 parts 2-5).

C.2.4 Considerations

Usually the uncertainty evaluating software only reports the uncertainty for some but not all influenge factors.
The uncertainty of the_measurement is actually the combination of the reported uncertainty from thg software
with evaluations of theZuncertainties from other influence quantities, as shown in the equation (assuming the u;
afe uncorrelated);

2 2
U = ytgim + Z”i

Il orderinot to obscure the validity of the value of u,,, all other quantities, u;, shall be known to be small in
comparison to ug;,.

C.2.5 Advantages and disadvantages of the method

The advantages are that:

— this testing matches what the uncertainty evaluating software will actually be used for;
— testing is performed on a real-world CMM, typically the CMM of interest;

— testing includes the gathering of the input data from the machine, so possible mistakes made during that
process could be revealed during this testing.
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The disadvantages are that:

— physical measurements are time consuming and costly. Several measurements are needed to establish
reliable, statistical comparisons. The testing of several combinations of even only a few influence factors
can be a very large undertaking;

— testing a wide variety of measurands requires many calibrated artefacts (for example, just using cones
one might need a variety of apex angles, sizes, and aspect ratios);

— testing on one CMM does not guarantee that the UES will work on other CMMs, since their error sources
might he different

C.2.6 Descriptive example

See Anngx D for a descriptive example.

C.3 Computer-aided verification and evaluation

C.3.1 Gpneral

This technique uses computer simulation to test and evaluate the UES<The concept is to simulate |a
measuring instance based on the claims in the declarations of 5.1. Sinceche measuring instance is simulated
and thus [the true value is known in the CVE process, the error of the §imulated measurement can be foun
The UES| produces an uncertainty statement for this measurement and a simple comparison can determine|if
the error|of the simulated measurement is contained within the, uncertainty region reported by the softwafe
under tegt. This procedure can be repeated hundreds or thousands of times with varying conditions, and
statistics |can be determined regarding how often the errors“of measurement are contained within their
correspomding reported uncertainty ranges.

=

C.3.2 Explanation of CVE technique

Consider|evaluating the uncertainty of a point-t0-point length measurement of a gauge block using a given
CMM. Urcertainty evaluating software would obviously have to have some knowledge about the performange
of the CNIM (among other things). But what information about the CMM does the software receive, and hgw
good is the software at using that information?

Some examples of the information\used by the UES regarding the performance of the CMM could be (but afte
not limiteg to):

— the maximum permissible error, MPE; 4, of an accepted CMM according to ISO 10360-2;

— the gbove plus MPEy ox, MPEL oy, MPE o7 (specifications of performance measuring along machine
axes));

— the jabove plus the maximum permissible limit, MPL,., (a specification of the repeatability pf
measgurements);

— none of the above, but rather a few measurements with calibrated artefacts as specified by the UES;

— none of the above, but rather a large number of measurements with calibrated artefacts as specified by
the UES.

Any of these examples is a workable means by which information about the CMM is transferred to the
software. It is also clear that these five examples do not all convey the same amount of information about the
CMM. This leads to several questions, such as:

— Does the UES gather enough information from the CMM to compute large enough uncertainty values?

— Does gathering only a little information lead to needlessly large uncertainty values?
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For instance, a CMM might have a much smaller MPE 5 than MPE ;. When considering measuring the
length of a gauge block that is aligned along the X-axis of the CMM, if the UES relies only on MPE ,, it would
likely report a higher value of uncertainty than one that obtained MPE ox as well.

These questions can be answered using a straightforward computer program, as is now described using an
illustrative case of measuring the point-to-point length of a gauge block, along with UES that uses option 1)
above, the MPE value.

It is possible to emulate some of the common behaviour and error sources of a CMM in a computer program.
This emulated CMM can be easily used to produce what an MPE value would be for such a machine. This
v@lue can be used as input for the UES. The same emulated CMM program that produced the MHE can be
used to determine the error from the gauge block measurement under consideration. One can easilyf then ask
if the error of measurement was within the reported uncertainty. Figure C.2 shows this process as a flow chart.
It|should be noted that this method depends on the model used, the fidelity of the parameter,Valueg, and the
s¢lection of the parameters themselves.

Emulate a CMM measurement behavior in a computer, program

Use emulated CMM to infer an
MPEg ( that would be satisfied
by the simulated E |, test

Compute the error, £, in measuring the
gauge block with the emulated CMN

—_—

Supply this MPE £  to obtain from the
UES its reported uncertainty, U, for the
measurement of the gauge block

Compare E with U.
Is| E| <U?
If so, how much greateris U than| E|?

Figure C.2 — A simple CVE flow chart

This straightforward process can be repeated for several measurements using the same emulated CMM. For
eaeh—teration—the—MPE—does—rhot-need—to—be—recomputed—The—compearison—of-the—abselute—erref with the
expanded uncertainty (in the last step of Figure C.2) should be satisfied for an appropriate percentage of the
time (95 % for k = 2).

Furthermore, one can use several emulated CMMs to cover much testing of the UES with little effort. A larger
flow chart including these iterations is given in the example in Annex E.

The CVE technique is useful, as it can be extended to cover many more cases. This simple case was chosen

for clarity of the steps of the method. Extensions can include various geometries, aspect ratios, sampling
strategies, locations and orientations, to name a few.
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C.3.3 Creation of a simulated measuring instance used in CVE

Creating an emulated CMM in a computer program involves creating error vectors (changes in x, y and z)
associated with probing. The error vectors could be programmed to depend on things like the location, probing
direction and time. While it is impossible to account for all real world effects in any computer program, there is
substantial value in testing with carefully modelled error sources combined with otherwise idealized
conditions. For instance, the part being measured could be free of form error in the emulated measurement,
while another test could include emulated form errors in a part.

For the purposes of CVE, the declarations of 5.1 determine the limits of what influences can be used to define

the error|
emulated

part in the measuring volume. This allows for testing the software’s reported uncertainties without combinir

them with

C.3.4 Creation of input quantities

The declarations section includes the indication of the input quantities required by the JES (5.2). These inp,

quantities
values. A

program gan be used to emulate probings of calibrated artefacts or the generatiornof appropriate MPE valug

Thus the

NOTE
measured

To apply
quantities
value. If 1
regarding

C35C

The technique depends on models — usually~a model for a CMM and possibly also models of effects of oth

influence
influence
influence

C.3.6 A

The advantages are that:

— alar

— alar
used

then the error vector associated with a particular probing would depend on the placement ©f i

other uncertainties.

might arise from measurements of special calibrated artefacts or perhaps” from specified MH
ppropriate input quantities can be obtained as follows: The emulated CMM created in a comput

input quantities needed by the UES can be obtained.

These conditions might be different than the ranges given in the ehecklist (e.g. the input quantities might
close to 20 °C, while the software could allow for measurements over a wider temperature range).

the CVE testing, the UES shall have a means to exchange information needed for creation of inp
. If an MPE value is required by the UES as an input’quantity, there has to be means to enter th

heasurements of certain artefacts are required, then.the UES has to be able to exchange informatig
the error vectors that emulate the probings.

bnsiderations

quantities. The models shall be‘well understood and shall be consistent with the scope of t
quantities claimed to be covered by the software under test. While the CVE testing may model few
factors than the UES claimg™(b.1), it cannot include any that is not claimed.

dvantages and disadvantages of the method

je number.of'simulated measurements can be carried out without excessive time and cost;

je number of metrologically different CMMs can be simulated and several simulated artefacts can |
without needing explicit separate calibration;

vectors. For instance, If part form errors were included In the declarations section and wefe

e
9

*EmE

pe

ut
At
n

[
=

[
=

e

— parameters and influence factors can be isolated and varied with great control allowing the software
testing to be specific in its focus;

— it is easy to obtain a quantitative measure of the extent to which a reported uncertainty is under or over
valued.

14
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The disadvantages are that:
— well-understood models are readily available for only some influence factors and parameters;

— computer-simulated measurement situations do not include all real world effects (Since certain
parameters can be isolated and examined using this method, this can be both an advantage and
disadvantage.);

— the method requires some means to exchange information with the software under test.

C.3.7 Descriptive example

Ske Annex E for a descriptive example.

G.4 Comparison with specific reference results

C.4.1 General

This method involves comparing the reported uncertainty from the software under test with a known feference
rgsult. The reference result may be obtained, for instance, from a program written specifically to feport the
uhcertainty under restricted conditions. It is also possible to obtainr the’reference value from reliable published
rdference results. Under these conditions, the uncertainty reported-by the UES should be no smallef than the
rdference value (see Figure C.3).

It|might also be possible to use another part of the 1ISO 15530 series to obtain a reference result. However,
ohe shall be aware that such comparisons are compléx, since the evaluation of uncertainty is felated to
ayailable information. For instance, two evaluations-'can correctly give different uncertainties dye to one
gathering more information about the CMM than the other. Since both are correct evaluatiops of the
uhcertainty, meaningful information from such.comparisons is limited and shall be done with care.

Specific measuring instance

Reference result for uncertainty
obtained, U

AN Jd

WES calculates uncertainty, u

Straightforward comparison:

IS U 2> U?

Figure C.3 — A simple diagram of the use of reference values
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C.4.2 Considerations

The key consideration of this method is that the reference result shall be known to be correct and to be not
larger than necessary due to lack of knowledge. This is possible, for instance, when the conditions are
restricted to the point that a reference program is simple enough to be easily verified. In some simple cases, a
closed form evaluation might even be possible without the need of software to set a reference value.

An example of a reference program can be seen in evaluating the uncertainty of form, centre location, and
diameter when measuring a three-lobed circle with a perfect CMM using » equispaced points (arbitrarily
rotated with respect to the lobing). In this example, it is seen that matters are simplified by isolating the
componept of uncertainty to simply the form of the workpiece. This simplification makes it possible to know|a
referencq result from a simple program created to do just that. This situation is close to reality in cases Whefe
the form ¢f a three-lobed part dominates all the CMM errors.

C.4.3 Advantages and disadvantages of method

The advantage is that:

— the gomparison is directly between two uncertainty values.
The disadvantage is that:

— the test only applies to very restricted situations covered by the saftware under test due to the limited
availpbility of reference values.

C.4.4 Descriptive example

See Anngx F for a descriptive example.

C.5 Statistical long term investigations

C.5.1 Ggneral

This technique involves a compilation_'of results from a single, well-defined measurement task performed
using theg software under test over @'variety of times, CMMs and conditions. The method is similar to the
physical festing of C.2, but consolidates results from measurements made over a broad range of conditiO}s

and likely over a long time. So(eyen though this method is partially dependant on C.2, it includes additionjal
benefits. [The plausibility criterion of (C.2.1) should be satisfied for an appropriate percentage of the tinpe
(95 % forlk = 2).

As an example, a calibrated check standard might be used daily on a CMM. A history can be kept of the
measured value, the)calibrated value, the measurement error, and the uncertainty reported by the UES. This
history cgn provide an understanding of the performance of the UES over various conditions through months
and yearp. @ne could also use such data that spans over several CMMs, which is an advantage of this
method.

But the example itself also shows a weakness in the method. If the results of such a long term study indicated
that the uncertainty reported by the UES nearly always contained the measurement error, one might conclude
that this shall be true for all measurements of similar objects. But if, in fact, the check standard was measured
at the same time every day (say in the mornings at start-up) certain environmental conditions for measuring
might not be reflected in the long term study. Care shall be taken to document how widely varying the
measurement conditions are over the time period of the documented history.
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C.5.2 Considerations

The measurement situation shall be well defined and in a way that creates an appropriate category for
bundled, comparative results. Care shall be taken to not automatically assume that the large number of
measurements necessarily implies a complete coverage of measuring conditions (as in the example in
Annex E).

C.5.3 Advantages and disadvantages of method

The advantage is that:

—t it allows for testing using a large number of measurements over many parameters.
The disadvantage is that:

— if the measured results are statistically inconsistent with the UES reported uncertainties, it |might be
difficult to determine the source of the problem due to the variations allowed from measufement to

measurement;

—t it is probably unusual to have a large amount of historical data except for possibly some very specific
measurements.

C.5.4 Descriptive example

See Annex G for a descriptive example.
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Annex D
(informative)

Descriptive example — Physical testing on an individual CMM

Here, the statement of the uncertamty is checked by a test covering the whole system composed of CMM
CMM sofw
example,| various measurements are made on a single cyllnder (see Figure D.1) in dlfferent posmons and
orientations and with different probe configurations.

T8 &

¢d

[ distance of end faces

d diameter of a cylinder

r  perpepdicularity of the end faces with respect to a cylinder axis

¢ coaxiglity of the cylinder axes

b referepce length for the measurement of coaxiality and perpendicularity according to ISO 1101 (no feature)

Figure D.1 —£ Test cylinder for verification of the simulation
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Figure D.2 illustrates that during the test, the test cylinder (shown in Figure D.1) could be placed at various
locations and orientations in the measuring volume (positions 1 to 4 are shown in Figure D.1). Furthermore,
various measurements could be taken with different probe configurations. A multiple-stylus system is shown,
and measurements could be taken with various combinations of styli labelled A, B, and C.

Figure D.2 — Positions of the test cylinder in the measurement volume and probe configurations
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Annex E
(informative)

Descriptive example — Computer-aided verification and evaluation

The following flow chart illustrates the use of computer-aided verification and evaluation on a point-to-point
length measurement:

CMM

Select one CMM

Apply UES Create measurement
U given by UES Calculatemeasurement error, £
Compare E, U
"Successful" "Unsuccessful" (E > U)
Success tally.

Repeat process with new length

Are 95 % successful?

Yes = "Pass" this\CMM No = "Fail" this CMM

Pass/fail tally

Repeat/process with new CMM

Report % CMMs pass and
lengths successful

Figure E.1 — Use of CVE on a point-to-point length measuring problem
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The flow chart works as follows: given a CMM, or, more accurately, the vector field defining the simulated
behaviour of a CMM, two tasks are performed:

— a CMM assessment is made taking into account the simulated behaviour of the CMM (this may involve
simulated measurements made to a mathematically generated shape, mimicking a calibrated artefact);
and

— a simulated measurement is made taking into account the simulated behaviour of the CMM (again using
a mathematically generated length).

tg report the uncertainty, U. Additionally, the simulated measurement error is computed. Thisyis| done by
btracting the true value (known by the mathematical generation of the length) from themeasured value
from the simulated measurement, which takes into account the simulated behaviour of the CMM).

(%‘nce the CMM has been assessed, and the measurement task is understood, the UES uses this-information
s

—

Hiving then the measurement uncertainty reported from the UES, and the corresponding measurenient error,
ohe can determine if the magnitude of the measurement error is less than the‘reported uncertginty. The
pfocess can be done repeatedly with other length measurement while a record is kept of the conjparisons.
The statistics can then be documented as described below, and the whole pracess can be started again using
aldifferent simulated CMM.

CVE results consist of the following information:

—t+ the percentage indicating how often the true value lies withif\the uncertainty interval given by|the UES,
e.g. for “good” UES the threshold might be 95 %;

—t+ the average amount of over-valuation of uncertainty,”i.e. when the true value is contained within the
uncertainty interval, on average how far it is from the nearest uncertainty interval limit;

—t the average amount of under-valuation of uncertainty, i.e. when the true value is outside the upcertainty
interval, on average how far it is from the nearest uncertainty interval limit.
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