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Abstract: For the most part, metrology software is currentlyclosed integration domain which is perfectly addgdte the

based on the measurement of distances or angleediet calculation of interference probability.

geometrical elements. If this method of verificatis well
adapted to geometrical specification without audttstate

modifier, this is not appropriate for specificatibased on
envelop zone such as in maximal matter conditiam, f
example, for the 1S02692 standard. Usually the tlea

squares best fit method is used to estimate desuefdces,
but the statistical information contained in thegaiced
coordinates remains under-used. The aim of thipapto
present a new approach for the verification of &, gmsed
on a virtual gauge and using a statistical criterio

virtual
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interference probability map.

1. INTRODUCTION

The guiding principle of most verification processs

an assembly test between a set of points or iteeter
surface and a tolerance zone built from geometrical

specifications. Hence the geometrical verificatida
articulated around three important points: the mesEment
process, part characterization and geometricalifspson
interpretation.

The measurement process has been the source of

numerous research projects for the last decade eknyyvit
will be assumed that the verification process wi#lrt with

gauge

2. THE ISSUE OF GEOMETRICAL VERIFICATION

As mentioned in the introduction, the geometrical

erifications issue could be summarized in threéntgo
figure 1). First, the measurement of the realae$ (here
done on with CMM) will provide a set of digitizedipts.

Secondly, the part characterization is achievedutyin a
best fitting to obtain derived features or integrakociated
surfaces. Finally, the geometrical specifications ahe
building of tolerance zones (TZ) must be analyzedrder
to perform a conformance test between the bestdfitt

"surfaces or the set of measured points, and trezatude

zones.

| Part measurement process | | Part characterization ‘

verification

f

Geometrical specification

Fig.1. Geometrical verification issue

one or a set of real surfaces measurements takea on

classical coordinate measuring machine (CMM). Gurre
metrology software is based on the measurement
distances or angles between geometrical elemesiglly,
the least squares best fit method is used to adeoe
perfect feature to the acquired coordinates. Howethe

02f1' Part measurement process and part characterization

Several research projects have been carried out on
measurement processes. First kind of work has been
performed on the improvement of the use of measeineém

statistical information contained in the set of nisi is
generally not put to use.

In this paper, a geometrical verification by viltgauge
using a statistical criterion is presented. Thetistical
information contained in a set of points representhe real
surface, permits through uncertainty propagatiordéfine
the probability density of the position of the neathround
the mean associated surface. Through
propagation method, the probability density functaf the
position of the matter around the mean associatefhce
can be defined by the statistical information corgd in a
set of points. On the other hand, a gauge moderofa

instruments [1]. This improvement could be madéwibre
efficient methods of calibration [2]; other workomoses
methods to decrease measurement errors [3]. Thenhas
been done sampling strategy [4].

Nowadays measurements by CMM are widely used in

manufacturing industries. The data supplied by Clslidet
of acquired coordinates. To estimate an associsteidhce

uncertaintgpresenting the real part surface, a best fitimgst be

done. This association is made by optimizing aedoh like
least squares, infinite norm or likelihood funcsofb] [6].
Part characterization can be sorted into two categoa
best fit of a complex surface including classidase error,
or best fit of a simple feature and an estimatibatatistical



data. A method based on a likelihood function pegsoa
non-linear optimization association [7].

Nevertheless, it is well known in measurement that
sampling of the real surface and hence the béisigfiimply
that the estimation of the surface
uncertainties.

2.2. Geometrical Dimensioning & Tolerancing

A geometrical specification describes a set
geometrical conditions which must be met by a $etal
surfaces composing the workpiece. The geometricalyzt
specification system (GPS) provides a set of effititools
for univocal specification descriptions and veation

globalization and subcontractors management. Thigiés
the fact that product manufacturing must always tmus
continue to accelerate with a higher level of gyalHence
verification should be fast and reliable. As samtlier,

is provided withtolerance zone can be seen as a space boundaggjadisp

when modifiers of the envelope condition, maximum
least material condition, are specified. Conseduegauges
are actually a good solution to this issue. Theyare of the
most reliable tools for geometrical verificatiorghey can

ofdirectly validate the largest part of assembly antttional

requirements. There are two kinds of gauges: \ligaages
and physical gauges. Physical gauges have beenfarsa
century. They permit extremely fast and reliablédedion
of functional requirements, such as assembly reqénts.

processes [8]. These tools are based on the comfept They are involved in specification verifying [1119] but

tolerance zone, i.e. a domain of the 3D spaceeetlat not
to a datum reference surface and where the refalceumust

be contained. However if international standard€ IS comparison between the real part and a model of

provide accurate definitions for geometrical speatfons, it
is necessary to perform a mathematical translatiothis

also in machine tools and CMM [2] calibration. Artuil
gauge is a set of ideal virtual features. It pesmi#
the
nominal design. The goal of virtual gauge is tadkéned as
soon as possible in the conception process of duptpthe

requirement adapted to the measurement data. Aimirgroduct's verifier gauge and then to compare itthe
toward coherence between geometrical specifying andbtained real part. With the improvement of CADta@ie

verifying, several mathematical-based models
specifications have been proposed. One approachvas a

ofand CMM, virtual gauges are showing all their ptitdn

classification of symmetry groups and its impact or3. CLASSICAL & STATISTICAL POINTS OF VIEW

functional feature taxonomy, datum definition
geometrical boundaries, it is possible to descrihe
permissible geometrical variations of the parts viryual
gauges with internal mobility [10]. Still

geometrical limit, the concept of Virtual

Condition (MMC) and Least Material Condition (LM}
now widely used.

2.3. Conformance test

The conformance test is a test which will validdtat
the specified surface of the part meets the gedsaétr
requirement. The pre-condition of a conformance ieshe
characterization of the part and the interpretatidnthe
geometrical specifications. In practical terms,
conformance test will determine if the estimatioh tbe
derived feature or the set of points can be coathin the
tolerance zone. Most measurement software, in aggee
with normalized specifications (ISO standard), &sdd on
the measurement of distances or angles betweenafecah
elements. These geometrical quantities can beitdedcas
the following types:

- point/point distance,

- point/plane distance,

- point/line distance,

- line/line angle,

- line/plane angle,

- plane/plane angle.

This will result in a set of inequations represegtthe
tolerance zone, which must be satisfied. With therent
industrial landscape, the competition in
manufacturing is becoming stiffer and stiffer due the

based on
Boundary
Requirement (VBR), generalized with Maximum Matkria

the

produc ¢

and
parameterization [9]. As tolerance zone can be s&en

If the concept of physical and virtual gauge idl stie
same, i.e., testing if the matter is completelyde&utside a
spatial boundary, there is, however, different wags
perform it. The first method is to work directly olne real
part with a material gauge. The second works ons#teof
digitized points without any kind of best fittingr @n a
derived feature element given by the best fit mgtho

3.1. Verification by virtual gauge without best fit

The aim of this method is to find the position bkt
virtual gauge where it will include all the set pbints
(figure 2.). Of course, this position shall be igreement
with the degrees of freedom given by the geomdtrica
specifications.

Virtual gauge Digitized points

Datum reference

Fig.2. Cloud of point verification

From a mathematical point of view, an algebraic
distance dwill be calculated between each digitized point
M; and the surface of the virtual gauge. The confomea
test will be to check if the whole distancesatke positive or
negative, i.e. if the points are inside or outsikde virtual
tJauge, according to geometrical specifications. Tian
advantage of this kind of conformance test is t@iGv



geometrical construction and hence to avoid unicgigs
propagation.

3.2. Verification with associated feature

be characterized. The main hypothesis of this ntkihahat
the set of digitized points is considered as aissizdl
sample of the real surface population. The firepsf the
statistical characterization process is the bdtindi of a
derived feature and a set of intrinsic parametétis the set

The principle behind this method is to perform anof acquired coordinates. In fact, the derived featis
assembly test between an estimated and/or coretiructexpressed by a random vector representing the matieal

feature and the virtual gauge.

Virtual gauge Integral associated surface

Feature virtual state

Datum reference

Fig.3. Verification with virtual state of the matter

expectation of the surface parameters. To compietdest
fitting, the maximization of the likelihood methadsill be
used.

Two sets of values are expressed:

- The first moment order representing the meanevalu
the derived feature and intrinsic parameter values.

- The second moment representing the variance and
covariance of the random vector parameters andhsntr
parameters. These values will be provided on the fof a
covariance matrix.

The second step is the uncertainties propagatictheo
complete associated feature. This feature can bstreted
from the first moment order values, i.e. the meatues
obtained at the best fitting. The aim of this sigpto
calculate the uncertainties directly on the comgplet

In order to perform the conformance test, a surfac@ssociated surface. This is done via the propagaifoa

representing the virtual state of the feature isstricted.
The estimation of the virtual state results frora #ddition
of the perpendicularity error, and the estimateatision of
the extreme fit. Then, to be accepted, the virtsiate
dimension must be inferior or superior to the \attgauge
dimension, i.e. it must be inside or outside thettena
according to the geometrical specifications.

The virtual gauge could also have a fitter behajAiay.
In this case, an extreme fitting will be done witle whole
set of digitized points. This extreme fitting ofettset of
features is done in a particular order defined hge t
geometrical specification. Then the same test avealwill
be applied between the fitter gauge and the linuge
obtained from the geometrical specifications.

3.3. Statistical point of view

However, all the previous kinds of verification dot
take into account measurement uncertainties. I ¢hse,
each point is considered as being a point from reved
surface. Actually it is well known fact that every
measurement is tainted with uncertainties, and éxghe
acquired coordinates are a random sample of tHepo@ats
of the surface.

In the next section, a method taking into accotnig t
statistical aspect is used.

4. STATISTICAL PART CHARACTERIZATION

As shown in the previous section, statistical paatsns
are unused in most of classical geometrical veiion
processes. With the method to be described irsédson, a
three-dimensional scalar field representing thebabdities
of being inside the matter can be expressed.

The real surface to be verified is composed ofréinity
of points which could be seen as the statisticalufation to

covariance matrix which is achieved with the follog
formula (1):
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Where J represents the Jacobean operaforthe
covariance matrix an the distance to the barycenter.

Next, the variance of the best fit residues shadud
added. In practice, the variance at the currenntpM
belonging to the complete associated feature althvy
feature normal has been calculated in the equétipn

This will bring about two important results:

- For a fixed riska, it is possible to express the statistical
envelop containing the whole real surface of thet @fimgure
4).
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Fig.4. Statistical limit of the matter

- It is possible to calculate the probability ayqoint to
be inside the matter. This can be done by an iategr of
the normal law along the normal of the complet®cissed



feature. The utilization of this result in a ver#tion process Thirdly, the virtual gauge is made according to the

will be developed in the next section. constraints of the geometrical specification. Gelgr the
initial position and the dimension of an elementsiryual
5. STUDYING A SIMPLE CASE gauge should be raised from 3D part's design. Afsetf

operation from nominal geometry is performed. For
complex geometrical specification, a global virtugluge
could be made with an assembly of a set of elemgenta
virtual gauges. According to the virtual gauge dem
degrees, a matrix representing the set of allowelitl s
displacements is generated for each elementaryegdtig
will represent degrees of freedom defined in thengetrical
specification. This matrix will be used in the opization
5.1. Envelop zone specification: problem. As demonstrated in section 4, it is gwssto
express, for each point of the 3D space, the pibityabf
‘“ being inside the matter. This will be used for the
INtQonformance test. Assuming the fact that the Virgaaige is

a closed surface easily formulated by a parametriation,

a meshing of the gauge should be carried out. Thus,
probability of interference can be calculated facke node
of the mesh. The result is given in a matrix petingt via
linear interpolation the calculation of interferenc
probability according to the curvilinear coordinaié the
dgauge.

Fourthly, the optimization of the virtual gauge pios is

performed aiming to minimize the highest interfexen

In order to highlight this statistical approachsianple
case will be studied. In the next two subsectitims,case of
a geometrical verification problem of a bore in a
parallelepiped will be considered. Two differennhds of
specifications will be seen: firstly, envelop regument
specifications, and then, orientation specificaticging the
maximum material condition.

As shown in figure 5, the case of a bore geomélyica
specified by an envelop requirement is taken
consideration. According to standards (ISO 801985),
the principle of envelop requirement implies thenmally
cylindrical real surface of the bore must be owsadperfect
cylinder at the state of maximal material (figurg. 6n the
case under consideration the envelop diameter.B33Gim
(figure 6). Moreover, every distance between twan{soin
opposition must be inferior to the maximum allowe
distance 30.97 mm, in this case (ISO 14 660-1). ¢l
only the constraint of the envelop zone will berakged in

this sample. probability.
Finally, the drawing of an interference probabilibap
#3153 @ (IPM) is generated for each elementary virtual gafog the

optimal position. Using a grey scale, an IPM reen¢s the
interference probability according to the curvikine
coordinate of the gauge. This should be seen amfmided
texture of the gauge.

Before seeing the statistical geometrical verifarat
result, a classical verification process basedeastl square
and shape default has been made. In the case of6he

20+0.10®

Fig.5. Nominal design and geometrical tolerance

— 1\ points, a diameter of 30.987 mm and a shape detdult
0.021mm have been found. Hence the estimation ef th
30.93 mm diameter of the smallest envelop tangent to thetemas

30.987-0.021=30.966 mm, which is large enough t®pt
the part. In the case of the 32 points, a diamefe30.988
mm and a shape default of 0.018mm have been folungs
the part should be declared good with an estimatiotne
Fig.6.Conformance test diameter of the smallest envelop tangent to thetemaf
30.970 mm. It must be noted that these resultsaldake

Basically, the virtual gauge will be a perfect ogder into account the measurement uncertainties.

with 6 degrees of freedom. Thus, the optimizatidrnthe In the case where the part is characterized fransét of
gauge position will be gained on the 3 rotationd #re 3 16 points, the following IPM is obtained after apiZation
translations. (figure 7.):

The first step of the verification process is the
measurement of the real part. For this case, it been =1
carried out on a classic CMM. In order to show the e
influence of the number of digitized points on utamties,
two sets of coordinate points have been acquiredhen
same bore: first with 16 points and then with 32n{m
Acquired coordinates are provided by the CMM progsan B
a classic ASCII file of points. a

The second part is the best fitting which is dorith the s | @] e | m |
maximization of the likelihood function. This stepill
provide the mean associated surface parameterstigpos Fig.7.Interference probability map for 16 points
and intrinsic dimension) and their covariance matri




This IPM shows three different zones. The centenss
is the well-known zone of the part; here the pradligbof
interference between real surface and virtual gasigearly
null (below 2%). This zone is located around theybanter
of the digitized point. Next, there are the twdremity
zones where the knowledge of the part is the wdretn
2% to 18.2% at edges); here uncertainty on the rmedace
increases proportionally with the distance to theybenter
of acquired coordinates.

An obvious fact is the symmetry around the plane

perpendicular to the cylinder axis. This shows thatresult
of gauge position optimization is that the gaugés ds
collinear to the mean associated surface axis. dllgament
seems foreseeable due to the envelop

position.

Revolution symmetry is notable. This is a particula

case. Indeed the covariance matrix is symmetriccefiched
positively. With propagation calculation using thecobian
operator, the theoretical form of a statistical elop is a
hyperboloid with an elliptic base. At the momentyofirst
and second moment order are used for part chaizatten.
Moreover, for the best fit, the hypothesis thatrgvgoint
has the same standard deviation is made forwarmtetdre,
this symmetry is actually showing that the positioh
digitized points is symmetric.

In the case where the part is characterized franséh of
32 points, the following IPM is obtained after apization
(figure 8.):

ooma
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Fig.8. Interference probability map for 32 points

requirement
verification leaving all degrees of freedom on gaug

cylinder perpendicular to plane A with a diameté/36.93
mm (1SO 2692 - 1988) (figure 10.). The differencithvihe
first case studied is the constraint put on théuslrgauge.
In this case, degrees of freedom are the two téosk
leaving the reference plane A globally invariant.
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Fig.9. Nominal design and geometrical tolerance
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Fig.10.Conformance test

The surfaces characterization is achieved with two
previous sets of digitized points. The datum refeee
surface is built on a cloud of 16 points. Althoughis
wrong, this surface will be admitted without unegémty.
Using the classical least square and shape defaathod,
the following results are obtained:

- In the 16 points case the measured diameter.B330
mm, the shape default is 0.021 mm and the perpeladic
default is 0.029 mm. Hence the diameter of the guérf
cylinder representing the state of the maximum ahatter
is of 30.937 mm. So the part should be acceptedhasda
clearance of um.

- In the 32 points case the measured diameter.8380
mm, the shape default is 0.018 mm and the perpelagic
default is 0.028 mm. Hence the diameter of the guerf

The maximal interference probability is 2.6% at thecyjinder representing the state of the maximum aften is

edge. This great decrease of uncertainties is duéhé

increase in point numbers. However, shape defdsth a

decreases from 0.021 mm with 16 points to 0.018 mm.

An important remark is the highlighting of the inince
of orientation parameters on uncertainty due tdekier arm
effect depending on the distance to barycentehefset of
points. If it is not so important in envelop verificatiothis
will take its entire place in perpendicularity axation.

4.2. Perpendicularity specification:

In this subsection, the case of a perpendicularity
requirement between a bore and a plane is considere

(figure 9.). The plane A is taken as datum refeeesurface.
Once again the case of 16 and 32 points will beiestl
According to geometrical specification standardse t
datum reference surface is defined as the perfeoiep
extreme fitting to the real surface, nominally maf, and
minimizing the highest gap. To be accepted the nalyi
cylindrical real surface of the bore must be owsadperfect

of 30.942 mm. So the part should be accepted asdaha
clearance of 1pm.

In the case where the part is characterized franséh of
16 points, the following IPM is obtained after apization
(figure 11.):
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Fig.11. Interference probability map for 16 points




With this IPM, the two critical zones of the veeidi
cylinder can be spotted. In these two zones, thrimz
probability for the part to be nonconform is of &&. This
high risk is mainly due on the one hand to the uadagties
on cylinder direction and to shape error and on dtier
hand to the mean value showing a high orientagioor.

In the case where the part is characterized franséh of
32 points, the following IPM is obtained after apization
(figure 12.):

Interference Prob:
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Fig.12. Interference probability map for 32 points

With a high number of digitized points, uncertaistion
direction are highly decreased. Here the probabidf
interference decreases to 15.8% at critical zone.

6. CONCLUSION

This paper
characterization based on statistical estimatiorthef real
surface of the part, on the one hand, and, on tther dhand,
a new point of view in geometrical specificationifieation
with the interference probability map. For chardesgion,
the use of first and second order statistical mdsparmits
the expression of the probability at any pointhe space to
be inside the matter. Thus, coupled with the conhadp
virtual gauge, it is possible to have an accursaatistical
point of view of risk of interference between reairface
and tolerance zone. The representation of thefantmrce
probability map permits a fast estimation of thiicefncy of
the measurement process planning and hence tactirfer
critical cases.

However, the verification of complex parts composéd
numerous elementary virtual gauges and a set efiéma
degrees implies complex geometrical
Moreover, due to the type of functions to optimindiich
are continuous but not derivable (non-smooth optitidn),
the optimization problem must be solved with
unconventional algorithms. A solution could be fduim
metric tensors and the perturbation matrix. Thib e the
object of future works.
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