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An ANOVA method of evaluating the
specification uncertainty in roughness
measur ement

Hao Ding QunfenQi, Paul J. Scottand XanggianJiang
EPSRC Centre for Innovative Manufacturing in Advanced Metrology,
University of Huddersfield, Queensgate, Haddield, HD1 3DH, UK

Abstract

The specifications of roughness used in industry are normally inetamand

the incompleteness can induce a significant uncertainty, called speaificatio
uncertainty. It's important to know the magnituated effectof this uncertainty,

but there are yet no standard methods of evaluating the specification ungertaint
In this paper,we propose @ ANOVA method to estimate the specification
uncertainty. In this method, ANOVA is used to separapecification
uncertainty frommeasurement uncertaintgnd the sampling method of GR&R
(gauge repeatability and reproducibilitis applied. A case study is given to
demonstrate how to use this method to evaluate the specification urtyeofai
measuringroughness with PGIRhase Giing Interferometer) when the filter
type is not specified.

1 Introduction
11 Specification uncertainty

Specificationuncertainty isone of the important uncertainties in gr@ometrical
product specifications and verificatiofGPS) system It is the uncertainty
inherent in a specification when applied to a feaf{paént/ line/ plane)which
quantifies the ambiguity in the specificatigh]. In ISO/TS 174562 it is
distinguished from measuremteuncertainty and defined abke uncertainty
arises from the incompleteness of the specification. In pragctimost of
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specifications used in engineering drawings are incomplete. For exahmple,
specificdion of a shaft10+0.1 is incomplete, sincthe association criteria
(such as largest twpoint diameter, minimum circumscribed sphere, least
square sphere) isot specified. Due to this incompleteness, the measurement
results can be different when the interpretation of the specificatiogsyaven

if the measurement uncertainty was zero.

It is important to understand andantify the effect of the incompleteness of
specification. A specification is designed to achieve some functional
requirement. If the interprafon of the specification is largelyiased from the
original intention of the designer, the functional requiremerty not be
achievedby the parts controlled by the biased specificatleor instancethe
difference of the measured values @10+0.1 between two possible
interpretations, surc as largest twepoint diameter and smallest tvpmint
diameter can be even larger than the tolerance interval (depends on the
roundness of the shaft), which means the measurement resultsheind t
conformity (accept or reject) can be totally differemben the ambiguity of the
specification is too large. Moreover, it is necessarily to know how large th
ambiguity is, since it is not feasible to make each specification camdietce
we need to quantify the anguity in terms ofspecification uncertainfywhich
should be of the same nature as measurement uncertainty, so that it can be
compared with the size of tolerance andtttal variationto revealhow large it
is. If the specification uncertain is too large the specification should be
revised tabe more complete.

The problem is how to evaluate the specification uncertairtigre is no
standard method given IBO/TS 174502. Only an example is give(fil], p.9})

If a specification for aphere is $30+0.1,...The specification uncertainty is
derived from the range of values that can be obtained when different
association criteria (such as minimum circumscribed sphere, smallest two
point diameter, least squares sphere) are applied to data extracted from an
actual workpiece (not perfectly spherical), because the specification does not
prescribe which association criterion is to be used.
This impliesthat specification uncertaintgan be evaluated according tite
measured values o&ll the possible interpretations of the (incomplete)
specification One can then similar to measurement uncertaintyse standard
deviation or variance of the measured valutes quantity the pecification
uncertainty.This method is applied in the paper of ({8], p.5)to evaluate the
specification uncertainty of the diameter of a shdftiwever there isnevitably
some measurement uncertaimtyolved in the measuredata whichis also a
source of the variance of the measured values. Moreover, the specification
uncertainty obtained by this methmdrelevant to the measured workpiece only.
For another workpiece, the evaluated uncertaictiede different. For example,
the specificdon uncertaing of @10+0.1 for a shaftwith good roundnesss
small, but for a shaft with poor roundness is much laigemanufacturing, we
normally need to find out thgpecificationuncertaintywith regards taa whole
lot of workpiecesthusthe varidion of the workpieces should also be considered.
Therefore specification certainty should be evaluated accordingeganeasured
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values of a set ofvorkpiecesusing a measuringequipmentbase on all the
possibleinterpretations of the specification.

The difficulties of evaluating specification uncertaintgnsist in(i) listing
all the possible interpretations, (i) removing the effect of measumeme
uncertainty, and (iiiymaking it compatible to the vatian of workpieces The
method of finding all theossible interpretations is discadsn [3]. The aim of
this paper is to proposen &asly applicableevaluation method of specification
uncertaitly, whichcan solvethe second and third difficulties

12 Specification of roughness measurement
Ground®
U “G”0.0025-0.8/Rz8max 3.3
® @ ®@ ®66 O
Xa
(DIndication of upper (U) or lower (L) specification limit
@Filter type

(®Transmission band

@ Profile parameter

(® Evaluation length as the number of sampling length
(® Comparison rule

@ Limit value in micrometres

(®Type of manufacturing process

®Surface texture lay

@9 Manufacturing process

Figure 1:Control elements in the specification of surface roughne

Surface roughness is a good example tife complexty of a complete
specification which shows why specifications are normally incomplete. It is
well known that a specification of roughness normally denotebarfdrm as

v3.0 or YRa3.0. But in ISO 1302002 [4], a complete specification of
roughness consists of ten control elements, see figuf@el speciftations of
roughness given in a engineering drawing are normally incompletejt'and
usually not necessary to specify all the ten cohielements.Some of those
elementsaffect the cordrmity with specification (accept/rejectyhich arethe
element 1), (6) and (7)n figure 1, and some of those control the machining
process andhe appearance of the surface textuvkich are (8),(9) and (10,
Others,i.e. (2), (3)(4) and §), affect the measured valuér the measurement
of workpieces, only the control elemerf® to (5) could affect the measured
values. For the evaluation of specification uncertainty, all the possétiegs
of elementq2) to (5) should be considered. This does not imply that therot
elements are not importantctally elements (7) and (8) are compulsory to be
specified. When element (1) is not specifiby,default,it should be understood
as a upper tolerance linfi#]. 16%rule is the default setting of element (6) in
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ISO 132. And if elements (9), (10) are not specified, it means any surface
texture lay and machining process are acceptable.

2 Principle of the method

In industry, thousands of parts (workpieces) are manufactured in one lot
according to the specifications. The features of these parts are simlar, but
certainly not the same. Each feature varies among different parts with a certai
variation, calledpart variation. This variationcan be estimated by thariance

of the measured values of some amount (e.g. 32 pieces) of randomly selected
samplesBut, in the measured valuethere are two sources of variations: the
variation from different parts and the variation frone theasurement error of

the measurement systetifithe latteris significant, it is not reliable to estimated
part variation directly from thgariance of measured valudshe measurement
error of a measurement systeoan normallyarise fromtwo sources: th
measuringequipmentand the opetorsor inspectottaking the measuremerin
measurement system analysis, traiation in measurements caused by the
random error of arequipmentis named agsepeatability and the variation
caused bydifferent operatos is namel asreproducibility, they bothcontribute

to the measurement uncertaif5}. A standardized and commonised method

to sudy the repeatability and reproducibility Gauge R&R(gaugerepeatability

& reproducibility). Gauge R&R can be used to distinguish the part variation and
the variation from the measurenmteuncertainty,which is similar tothe 2nd
difficulty mentioned inchapter 1hence the principle ofayige R&R should be
useful for evaluating specification uncertainty

There are two different statistical approaches to condaog€R&R study.

One is called average & range method, the oth&N®VA(analysis of variare)
method The former is simpler in term of calculation, but it's not suitable for the
situation when some interaction variance (such as the interactiopecdtors

and parts) occurs in the measured values. According to MSA64ththe
ANOVA-method is preferred; the average & range method should only be used
if no PC is available for the calculations.

ANOVA is a statistical tol used to analyzing the observed data affected by
severalfactors The observed data varies with each factor, and each factor has
different factor levels When the levels of each factor changes, some variance
can be observed from the data. ANOVA can be used to partition the observed
variance intocomponents attributablto different factorgnd their interactions
(covariances).The processe®f conductingANOVA can be found irthe text
booksof Montgomery[7]. And it can be implemented Lstatisticalsoftware,
such as Minitab, SPSS, aRdcel.

In gauge R&R,the parts, theequipment and theoperators are the three
factors contribute to the varceof the measured value$o conduct agauge
R&R study, a set of sampldgsormally ten or twelve pieces) arerandomly
selected to be measured two or threeoperatorswith an equipment Each
sample is measured by each operadpetitivelytwo or three timego test the
repeatabity. So a set & measured values, sd@x3x3, can be obtainedThe
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twelve sample arenumbered from 1 to 12ach one corresponding to one factor
level ofthe ‘part factor. Similarly, the three operators are the three levelhef
‘operatot factor, and the threeepetitive measuremest(called trials) are the
three levels of théequipnent factor. The measured values can be indexed as

d; ;i » wherei, j, k are the indees of the levels of the three factors, and

organizedn atable(see table 1)With the data (measured values) properly input
into the table, the vance of the dataan be partitioned intdhrre parts:
repeatility, o>, reproducibility o, and parwariation o, by using ANOVA.

To determine whether the R&R of the measurement system is acceptable, the

theratiosof R&R to the totalariation(%R&R), and to the tolerance (%P/de
calcuated as followinfp].

%R&R =(\/0'§ +o? /TV)xlOOO/c 1)
%P/T= ( 6xJo? + o7/ toleranchx  100¢ @)

If both ratios are lower than 10%, the measurement syssemenerally
considered to be acceptable. It may be acceptable for some applications, when
the ratios are betweem 10% to 30%th&wise, it is considered to be
unacceptablgs].

Table 1. Gauge R&Ratasheet

Operator A- B- C-

Sample # | 1st Trial |2nd Trial| 3rd Trial| 1st Trial |2nd Trial| 3rd Trial| 1st Trial |2nd Trial| 3rd Trial
1
2
3

For the situation of evadting specification uncertaintgs mentioned in the
introduction,the data to be analyzesthould bethe measured values of a set of
samplescorresponding to all the possible interpretations of the specification
the part variation anthe random error of theneasuring equipmerdre also
involved in the totalariationof the dataln this evaluationit’s not necessary to
consider the effect of different operators, since the data can be colgcted
single operator. Instead, another source of variatioroistributed by the
different interpretations of the specificationThe effect of different
interpretationgo the measured valugariesfrom part to partwhichis actually
similar with the effect of different operatorsn the sense thaioth effects are
random So the specification can also be taken as a factor (of the variance of
data) with the different interpretations as its factor levelence aexperiment
can be ddagned similarlywith the gauge R&R studyy replacing the ‘operator’
factorin gauge R&R with the ‘specificatiofédctor. The sample size of parts and
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the number ofepetitive measureemts can be the same as gauge R&R, which
areproved to be enough for statisical inferefisg And by using ANOVA, the
specificationuncertainty can then hgartitioned from the totalvariation of the
data. The detail of this evaluation method is discussed in the nexéchapt

3 A case study in roughness measur ement

In this case studye'll evaluate the specification uncertairdf/ the following
specification on the surface of iPad metal cover

v Ral.z

To demonstrate the evaluation method, assume that the metalafa®ad is
manufactured according to this specificatidie Taylor Hobson PG{Phase
Grating Irterferometey is used for measuring the roughness in the way of
contact stylus measurement.

According to 1S0O1302:2002, this specification meatte surfaceto be
machined by removing matial (e.g. milling); unilateral upper specification
limit, maximum poughness averageR® is 1.2um. By 1SO4288:1998 The
default sampling legthof Ra1.2is 0.8mm, thalefaultevaluation length should
be five times the sample length (i.e. 4mnand the cubff long-wave length
shall be chosen equal to the sampling leri§lh And by 1SO3274:1996the
correspondingransmission banghall be0.00250.8mm|[9]. The filter type is
not specifiedand inlISO 1302:2002it states that

The standardized filter is the Gaussian filter (ISO 11562). The former
standardized filter was the 2Rilter. In the future, other filter types may be
standardized. In the transition period it may be convenient émnes
companies to indicate the filter type on drawings.
Hence the Gaussian filter is recomrded, hut other filter types may also
acceptableAccording to those 1SO standards mentioned abowe, can then
derive a much more complete specification fromahginal specification:

guo.oozry 0.8/Ra5 1.

To get this derived specification, the inspector needs to have the knowledge
and understanding dthe four ISO standards, which is actually hard to be
guaranteedThere is normally a knowledge gbptween the ISO standards and
the inspectors. So the ambiguity ofiacomplete specification still exsteven
if the complete specification can be derived base on some standards.

In this evaluationwe assume that the operator has the knowledge of the
relatad standards, and thus the derived specification is obtdtilest. type is the
unspecified control element which affects the measured values. Thereegre thr
options of filter type in the software of PGI: Gaussian, Z&R and ISE2CR,
which can be taken as the three factor levels of specificattn.the
specification uncertainty to be evaluated is the variance of the measured values
caused by the variation of filter types.

The expeément is designed in tHellowing steps
1. Mark twelve evenly distributedreasof the size 83mnt on the surface of

the metal coverand take these areas of surface as twelve samphespart
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variation in this case isontributed fromthe surfacénhomogeneity(since
the authors do not have twelve iPads)

2. Set the traveling dtance of the stylus of each measurenebte 6mm, and
set the transmission band to®@80250.8mm in thenterfaceof the PGI.

3. Use the PGI to measuthe Ra of the twelve areas. The measurement of
each area shall repaairee timeslongthe same path.

4. For each measurement, set the filter type to be GaussiarPZCEBnd ISO
2CR in sequence to obtain three valueRaf

5. Record and fill the,08 (12x3x3) measured values in table 2.

6. Input the values into the datasheetS®fSS(or some other softwayeand
obtain specifiation uncertainty from the partitioned varianm@mponerg
(see table 3).

Table 2. Datasheet of roughness measurenefa (um)

Filters Gauss 2CR-PC ISO-2CR

Sample 1st 2nd 3rd 1st 2nd 3rd 1st 2nd 3rd
# Trial Trial Trial Trial Trial Trial Trial Trial Trial
1 0.9621| 0.9635| 0.9621| 0.9627| 0.9649| 0.9642| 0.9732| 0.9767| 0.9765
2 0.9955| 0.9985| 1.0015| 1.0006| 1.0034| 1.0058| 1.0109| 1.0122| 1.0146
3 1.0071| 1.0092| 1.0103|[ 0.9873| 0.9897| 0.9907|( 1.0325| 1.034| 1.035
4 1.0705| 1.0717| 1.0726|( 1.0449| 1.0456| 1.0463 || 1.0861| 1.0873| 1.0882
5 1.0373| 1.0416| 1.0433|( 1.0404| 1.0448| 1.047 | 1.0259| 1.0316| 1.0358
6 0.9799| 0.982| 0.9833| 0.9856| 0.9872| 0.9873| 1.0032| 1.0053| 1.0067
7 1.0951| 1.0984| 1.0998|( 1.0883| 1.0918| 1.0934|( 1.1100 | 1.1123| 1.1126
8 1.0322| 1.0336| 1.0342|( 1.0273| 1.0296 | 1.0309]( 1.0457 | 1.048 | 1.0485
9 1.1127| 1.1207| 1.1255|( 1.1202| 1.1292| 1.135 | 1.0987| 1.1065| 1.1115
10 1.0772| 1.0816| 1.0828|f 1.0642| 1.0687| 1.0695]( 1.0736| 1.0777| 1.0783
11 1.0441| 1.046| 1.0463|[ 1.0419| 1.0438| 1.0443]( 1.0336| 1.035| 1.0358
12 1.0611| 1.0625| 1.0631| 1.0468 | 1.0478| 1.0478]| 1.0386| 1.0399| 1.0411

Table 3. ANOVA results
Component StdDev  Variance % Contribution
Equipment 0.00278 0.0000077 0.37%
Specification 0.003806 0.0000145 0.70%

Parts 0.043726 0.001912 92.59%
Spec*parts  0.011438 0.0001308 6.33%
Total 0.045443 0.002065 100.00%

Table 3 shows the results of the variation components contributed fro
equipment, specification (different filters), different parts, and tteraction of
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specification and parts in terms of standard deviation, variancepeandntage
of contribution in the total variance.

The specification uncertainty tke sum of the variance of specification and
covariance of specification and pafsom heresulsin table 3,it is 0.0001453

in terms of variange o , and it is 0.01205mm in terms of standard
deviation o5 . The specification uncertainty can be compared with the total

variation and the tolerance bgplacing the,/a: +0§ in equation (1) and (2)

with o4 . The results are 26.53% to the total variation, and 6.03% to the

tolerance. Comparing with tolerance it is acceptablg it is significant and
may notbeacceptable comparing with the total variation.

4 Conclusion

An ANOVA methal of evaluating specification uncertaintbased on the
principle of gauge R&Rs demonstrated. This method can be applied not only in
roughness measurement but also for any other incomplete spgamifican the
case study, the specification has threesjides interpretationsin some cases
this numbercan be higherFor example, if the specétion has five control
elements, two of them are not specified, and each of the two has five options
Then there are 25 possible interpretatiofrs. this case, thespecification
uncertainty can still be calculated in the same ANOVA methad,it will be
very time consuming to take so many X22x3) measurements to collect the
data.Although, it takedewer measurements tandyze the twocontrol elements
separately, it is not correct t&¢ombine theiuncertainties together to estimate the
specification uncertainty, unless they are completely independent.
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