RC 21357 (log # 94477) 10DEC98 Engineering and Technology 10 pages

Research Report

Role of Statistics in Achieving

Global Consistency of Tolerances

Vijay Sr inivasan

IBM Research Divisio n

T.J. Watson Research Center

P.O. Box 218

Yorktown Heights, NY 10598

LIMITED DISTRIBUTION NOTICE

This report ha s been su bmitted for publication outside of IBM and will proba bly be copyrighted if a ccepted for publication. It has been issu ed a s a Research Report for early dissemination of its contents. In view of the transfer of copyright to the outside publisher, its distribution outside of IBM prior to publication should be limited to peer commu nications and specific requests. After outside publication, requ ests should be filled only by reprints or legally obtained copies of the article (e.g., payment of roya lties).

Research Division

Almaden T.J. Watson Tokyo Zurich Austin

Role of Statistics in Achieving

Global Consistency of Tolerances

Vijay Srinivasan

IBM Research &Columbia University

Room 2-150, IBM T. J. Watson Research Center

P. O. Box 218, Yorktown Heights

NY 10598, U.S.A.

vasan@us.ibm.com

Abstract : This paper proposes and defends a thesis that globalconsistency o ftolerances is achievable onlyby consistent use ofstatist ics across specificat ion, production, and inspection. It starts with a globalview ofvar iat ion in a product ofan engineer ing enterprise, embodied in two major axio ms: imprecis io n in manufactur ing and uncertaint y in measurements. It traces the successfulevo lut ion ofstatist ical pract ices in production and inspect ion to dealwit h these var iat ions. Finally, designer specified tolerances are brought into the globalpicture. Challenges that still lie ahead are summar ized at the end.

Keywords: tolerances, statist ics, consistency.

^T he concept ion ofstatist ics as the studyofvar iation is the natural outcome ofviewing the subject as the studyofpopulat ions; for a populat ion ofindividuals in allrespects identicalis co mpletely descr ibed bya descr iption ofany one individual, together with the number in the group. The populat ions which are the object ofstatist ical studyalways display var iat ion in one or more aspects.~

R. A. Fisher, Statistical Methods for Research Workers

1. INTRODUCTION

The main theme ofthis 6 th CIRP Internat ionalSeminar on Computer Aided Tolerancing is global consistency of tolerances . Let´s start with the hypothesis that global consistency warrants a unifor mit y ofpr inciples and practices applied across an enterprise - a set of engineer ing fir ms in our case - and that it doesn´t exist today. Obser vat ion indicates that industr ystruggles with this problem, and has developed islands ofpractices that achieve local consistencyby ad hoc means. Theoryand pr inciples to unifythese practices are still evo lving.

This paper advances a thesis that global consistency o ftolerances is achievable only byconsistent use ofstatist ics across the engineer ing enterprise. To put it simply, this is because the only thing that is global is variation , and statist ics is the appropriate discipline for studying var iat ion as obser ved byRonald Fisher [Fisher, 1950]. The rest of the paper provides supporting evidence for this thesis.

We start with a globalview ofvar iation in Section 2, and argue that inevitable var iat ions in production and inspection influence product specificat ion. Section 3 descr ibes how industr yuses statist icaltools to dealwith var iations in production. Section

4 addresses the same issue for var iations in inspectio n. Statist ical metrics to characterize var iat ions in design are discussed in Sect ion 5. The paper concludes wit h a summar yo f challenges ahead.

2. A GLOBAL VIEW OF VARIATION

We begin with a basic quest ion: Whydo engineers tolerance industrial artifacts? The answer lies in the fact that we can never manufacture exact parts, and even ifwe do we can never tell bymeasurement that theyare exact ly t he same This inevitabilit yo f var iabilit yis embodied in the fo llowing two axio ms:

1. Axiom of manufacturing imprecision : Allmanufactur ing and assembly processes are inherent ly imprecise and produce partsand products that var y.

2. Axiom of measurement uncertainty : Allmeasurement systems and measur ing instruments contain inherent sources oferror, and the result ofa measurement is always subjected to some uncertaint y.

The axio m ofmanufacturing imprecisio n implies that no two manufactured objects are exactly the same, and theyare definitely not the same as the idealshape the designer had envisio ned. The axio mo fmeasurement uncertainty implies that measurements can never guarantee with certaint ythat the manufactured object has confor med to the design specification ˘ at best, we can only assure conformance with a high degree ofconfidence.

It may be argued that these two axio ms are provable facts fro mbasic laws ofphysics; we willnot succumb to this temptation here and leave themas axio ms wit hout proof. There is ample industrial evidence to suggest that these axio ms have never been vio lated.

The designer now has the challenge ofdealing with the inevitable var iations in the parts ofthe product he develops. Fortunately, the finalfunct ionalit yo fhis product is not adverselyaffected bythe var iat ions in its const ituent parts as long as theycan be kept within so me bounds. So he consciouslyacco mmodates these var iat ions in his design and documents thembyspecifying tolerances. In fact, a product specificat ion is incomplete ˘ indeed, the product is not manufacturable ˘ without explicit infor mat ion about allowable var iat ions in the for moftolerances. The connect ion between product specificat ion, production, and inspect ion is emphasized in S hewhart´s qualit y controlcycle [ Shewhart,

1986] shown in Figure 1.

It is instructive to note that Shewhart viewed the specificat ion-production-inspection process as a cycle, highlight ing the iterative nature ofthe problem. Tolerance specification is not an iso lated activit y; it strongly affects the production and inspection phases and, in turn, is affected bythem. Because ofthis we will first examine how var iat ions in production and inspection are handled in Sections 3 and 4, respectively.

Figure 1 . Shewhart´s quality control cycle of specification, production, and inspection.

3. VARATION IN PRODUCTION

Controlling var iat ion in the output ofmanufacturing processes is the chiefconcer n ofany qualit yconscious production operation. The output is the effect ofseveralcauses ˘ namely the input, production systemparameters, and the environment ˘ and the goalin manufactur ing process controlis to reduce var iat ions in these causes to the minimum while operating wit hin econo mic constraints. The onlysuccessfulpract ical so lutio n known to date to this problemis provided by statistical process control (SPC).

3.1 Process cont rol

A basic premise in SPC is that the causes ofvar iat ion can be grouped under two categories: assignable causes and chance causes. Var iat ion due to assignable causes can be reduced to vanishingly smalllevel, but this is not possible for chance causes owing to economic reasons. A manufactur ing process is in a ^state ofstatist icalcontrol~ if it is onlyunder the influence ofchance causes. In practice, controlcharts as shown in

Figure 2 provide simple graphicalmethods for evaluat ing whether or not the process has attained, or continues in, a ^state ofstatist ical control~ [ISO7870, 1993]. So current SPC practices, as codified by ISO, are based on an operationaldefinit io n ofa state of statist icalcontroland are dominated bycontrolchart methodology.

Is there a more precise definit ion ofbeing in a ^state ofstatist icalcontrol~? It can be argued that being in a state ofstatisticalcontrolis the same as a randomprocess being stationar y [ Voelcker, 1996]. Intuitively a stationary rando mprocess is one whose

P R O D U C T I O N

S P E C I F I C A T I O N

I N S P E C T I O N

Figure 2 . Examples of X-bar and R control charts used widely in statistical process

control. UCL = upper control limit, LCL = lower control limit.

distr ibut ion remains the same as time progresses, because the under lying mechanism does

not change with t ime [ Parzen, 1962]. One can then view controlcharts as practicalmeans

ofensur ing that a given process is indeed stationary.

An important characterist ic ofSPC is that the concept ofstatist icalcontrolis

intrinsic to the process. The upper and lower controllimit s established for controlcharts

are derived fro mthe output ofthe process itself. Therefore, it is per fectly reasonable to

conclude that an old milling machine is operating in a state ofstatist icalcontroleven

though parts machined in it have large var iations co mpared to, say, a modern CNC

milling machine. This br ings us to the second quest ion on var iabilit y in production: Is the

process capable ofproducing good parts? This leads us to process capabilit y.

3.2 Process capability

The notion ofprocess capabilit y is relat ively o ld. Table I is an extract froma product

design handbook list ing ofvar iat ions that can be expected fromt ypicalmanufactur ing

processes to produce rounded holes [ Bralla, 1986]. This shows that even if a process is in

control, it mayor maynot be capable ofachieving the accuracywe want.

Table I characterizes capabilit yby the range o fvariat io n. This is a simple statist ical

metr ic that is easy to measure and understand. It is also intrinsic to the process. Modern

approach to process capabilit yrelies on other statist icalmetrics, such as the mean and the

standard deviat ion, to characterize the var iation. These are captured as non-dimensional

ratios in var ious process capabilit y indices (PCI) [ Kotz et al., 1993], such as

5

Process Usualmater ial

Normal

dimensio nal

accuracyo f

25mmho le, in

mm

Surface finish,

in m m

Maximum

depth-to-

diameter ratio

Dr illing All machinable +0.2,-0.05 1.6-6.6 8:1

Reaming All machinable ± 0.025 0.8-3.2 8:1

Boring All machinable ± 0.04 0.4-6.3 5:1

Gun dr illing All machinable ± 0.05 0.8-2.5 300:1

Sand cast ing Grayiron,

aluminum

± 1.50 6.3-25 1.5:1

Die casting Aluminum,

zinc

± 0.10 0.8-1.6 4:1

Inject ion

mo lding

Ther moplast ics ± 0.10 0.2-3.2 2:1 (blind)

4:1 (through)

Punching Sheet metal ± 0.15 0.8-1.6 1:1

Power metal Iron, steel,

bronze

± 0.06 0.2-1.6 1.35:1 (blind)

4:1 (through)

Table I . Capabilities of manufacturing processes that produce rounded holes.

s 6

LSL USL C p

- = ,

)

3

,

3

min( s

m s

m LSL USL C pk

- - = , and

2 2 ) ( 6 s t m + -

- = LSL USL C pm where USL is the upper specificat ion limit, LSL is the lower specification limit, t is the target value, m is the mean, and s is the standard deviat ion.

Modern approach to process capabilit ydiffers from the old approach in two major aspects. First is the use ofstatist ical metrics other than just the range to characterize var iat ion. Second, in defining PCIs as non-dimensional ratios it introduces the specification limit s LSL and USL that are extraneous to the process itself. Thus the PCIs do not provide metr ics intr insic to the capabilit y ofa process itself; they indicate how capable a particular process is in staying within some externallyspecified limits.

We can now examine the relationship between process capabilit yand process control. A popular view is that a process capabilit y studyis used to choose or qualify a particular process before mass production begins, and then process controlis imposed to make sure that it stays capable. This maysuggest that there is no role for process capabilit y studies once mass production begins, but, in practice, the PCIs are computed in parallelwit h plotting controlcharts to keep a dynamic account ofthe capabilit y. In fact, many researchers view PCIs computed in the absence ofa state ofstatist icalcontrolas meaningless. Modern SPC practice includes both controlcharts and PCIs, thereby mo nitoring statist icalcontrolas well as statisticalcapabilit y o fthe manufacturing process.

4. VARIATION IN INSPECTION

Partsare inspected to ensure that theyconfor mto design specifications or to ascertain the qualit yo f their manufacturing processes. As noted in Section 2, measurements made dur ing the inspect ion process are always subject to some uncertaint y. Moreover, it is not always possible to measure and inspect ever ypart that is produced. Shortcuts, such as inspecting onlya sample, are often used which then introduce an addit ionallevel of uncertaint yabout the final result. Let´s look at these in so me detail.

4.1 Estimation by sampling

The goalofacceptance sampling is to come up with an inspection plan requir ing only a small number ofparts froma populat ion to be inspected to draw a conclusio n about the acceptance ofthe whole lot [ISO8550, 1994; Duncan, 1986]. First popular ized by militar yin its procurement operations, such sampling plans are now routine in industr y.

Literature on this topic is quite vast and the reader should consult the references quoted above for details. A scient ific basis for acceptance sampling is provided by the statist ical estimat ion theory.

The quant it ythat is estimated can differ fromapplicat ion to applicat ion. In so me sampling plans, called inspect ion by attributes, the quantit ythat is estimated is the fraction o fthe population that does not conformto specificat ion limits. Other sampling plans that dealwith inspect ion byvar iables estimate the populat ion mean, standard deviat ion, or some ratios ofthese two.

In all these plans a probabilist ic statement ofthe degree ofconfidence that theyare indeed good estimates ofthe correct values for the populat ion acco mpanies the estimated values. In fact, one can design a sampling plan based on an acceptable degree of confidence (e.g., acceptable qualit ylevel( AQL)) for the consumer.

4.2 Measurement uncertainty

In spite ofour earlier assertion in Sect ion 2 about the inevitabilit yo fmeasurement uncertaint ies, only recent lythis problemhas received much attention. One plausible reason is the increasing demand for high precision in mass produced goods. When uncertaint ies in measurements were an order ofmagnitude smaller than the var iat ions theywere expected to detect (the infamous 10:1 rule), it was possible to ignore themin practice. As we move to high precisio n world, however, the margin has narrowed to as low as 4:1 or worse, forcing us to paygreater attention to measurements.

The internat ionalauthorit yon measurement uncertaint yis the ISO´s ^Guide to the expressio n ofuncertaint yin measurement~ [GUM, 1993]. It defines an expanded uncertaint y U as a ^quant it ydefining an intervalabout the result ofa measurement that may be expected to encompass a large fract ion ofthe distribut ion ofvalues that could reasonablybe attributed~ to the particular quant it ysubject to measurement. Figure 3 illustrates how the expanded uncertaint y U shr inks the specificat ion zone for the purpose ofconfor mance assessment. Onlythose parts whose measurements fall wit hin the conformance zone can be accepted as satisfying the specificat ion wit h high degree of confidence.

Figure 3 . Influence of uncertainty U on the assessment of measurement results. USL = upper specification limit, LSL = lower specification limit. [ Weckenmann et al., 1998]

The next naturalquestion is how measurement uncertaint yaffects the assessment of a collect ion ofparts. It clear lyhas an impact on sampling plans for inspect ion. It also affects process capabilit y analysis [ Weckenmann et al., 1998] because PCIs are calculated using measured values that are sampled froma population. These important issues are st ill under invest igat ion.

5. BACK TO TOLERANCING

Based on the evidence presented in Sections 3 and 4, it is clear that statist ics plays a centralrole in dealing wit h var iat ions in production and inspection. We will now see what is the role ofstatist ics in tolerancing. First a few words about tolerancing.

Tolerancing is a specificat ion. Formally, it is a representation that has a syntax and associated semantics. Therefore, it is treated like a language. ISO/TC 213 is the ISO technicalco mmittee charged with standardizing the language, and it calls this the

^geo metr ical product specificat ion~ (GPS) language. GPS replaces the older acronym

U S L

L S L

I n c r e a s i n g u n c e r t a i n t y U

2 U s p e c i f i c a t i o n z o n e c o n f o r m a n c e z o n e

GD&T (geometricaldimensio ning and tolerancing) due to the recognit ion that we are indeed dealing with product specification. ISO/TC 213´s charter includes specificat ion as well as ver ificat ion (particular ly, metrologyofinspection) and is expected to har monize these practices. Alt hough the goalofISO/TC 213 is to define a product specificat ion language, it deals mainlywit h defining a language for specifying features. Why is this the case?

5.1 From product to features

Figure 4 shows a simple hierarchy oftaxono mythat willbe usefulin understanding GPS.

A product is recursivelydefined as an assemblyo fsubassemblies and parts. Parts, in turn, are composed of features, which are then subjected to var ious condit ions (or, synonymously, constraints). A couple ofobser vat ions are worth making here.

Fir st, as noted above, the recursive definit ion o fa product ends in parts. It has proven to be remarkably difficult to come up with an acceptable definit io n for parts. A scientific approach is to define a part as that which can be modeled as a so lid, say, as a regular set. Industry, however, is used to calling anyt hing that has a ^part number~ as a part. This has so me practical appeal because it is more in line wit h the wayan engineer ing organization, as opposed to an individualengineer, views a product. A second obser vat ion is that the condit ions, or constraints, on features come in two types:

fir st is intr insic, such as size and for m, and these are on the features themselves; second is relat ional, such as posit ion, and these are defined for two or more features.

Product part _i feature _j condition _k

Figure 4 . A hierarchy of taxonomy in ISO´s GPS language.

It turns out that the difficult yin arr iving at a good definit io n ofparts to end the recursion on the product definit io n is not a showstopper. A keyto overcoming this difficult y is to focus on features, for the relationships amo ng features can be defined irrespect ive ofwhether the features belo ng to the same part or to different parts. This is an important observat ion because it allows standards to focus exclusively on features and constraints imposed on these features; these can then be co mbined upwards to specify parts or productsas needed. This is the conclusio n ofa recent studyconducted byan advisor ygroup ISO/TC 213/AG 10 ofinternational experts that looked into the needs of assembly- level tolerancing.

5.2 Risk at the product level

In tolerance analysis we start with var iat ions at the feature-leveland propagate it up to the product-level (see Figure 4). In tolerance synthesis (also called tolerance allocat ion) we start with var iation at the product-leveland flow this down the hierarchyto the feature-level. In eit her case, var iat ion at the product-levelis associated with so me r isk and this r isk is minimized subject to some econo mic constraints. Risk, whether in tolerancing or in any other endeavor, is best character ized using the language and methods ofstatist ics.

To be specific, let´s assume a funct ionalrelat ionship between product-level character ist ic vector y and feature-level character ist ic vector x as y = f ( x ) . At this stage, these characteristics are not restricted to geometry. For example, a component of y can ver ywell be the stress at a crit icalpo int in the product. There are severalstatistical metr ics that can be used to characterize the var iation in y at the product-level, such as:

1. Range . This is the simplest statist icalmetric. It is closely related to the fo llowing metr ic, which is more popular.

2. Maximum deviation from the target . This can be either one-sided deviat ion (e.g., y £ 0.05 , target for y is 0.00 ) or two-sided deviat ion (e.g., 9.95 £ y £ 10.05 , target for y is 10.00 ). Sometimes the two-sided var iat ion is split asymmetrically (e.g.,

9.92 £ y £ 10.04 , target for y is 10.00).

This is the familiar Chebyschev metr ic for var iat ion and fo llows the commo n practice ofworst-case tolerancing. Its power lies in its simplicit y, but it br ings wit h it a false sense ofdeterminism (e.g., 100 % interchangeabilit y, zero defect). As we saw in Sections 3 and 4, we can never assure in down-streamact ivit ies in production and inspection that the character ist ic in quest ion is within specified bound(s). We can onlymake statist icalstatements about the confidence we have in making such conformance assessment.

3. Root-Mean-Square (RMS) deviation from the target . This is the familiar Gaussian metr ic for var iat ion. It is also the metr ic used to controlvar iat ion in Taguchi´s quadratic loss function approach [Sr inivasan, 1997].

4. Fraction of the population of products falling outside a limit . This is a better statist icalmetr ic than the maximum deviat ion fromthe target. It is used in the sixsigma approach to design for qualit y.

Ifthese are some ofthe popular metrics for the product-level character ist ics y , what are then the appropriate metr ics for feature-level character ist ics x ? A litt le reflect ion on our discussio n in Sect ion 5.1 tells us that the issues are the same, for what is a part to a customer is a product to a supplier due to the recursive nature ofthe problem. So, to maintain consistency, relationship between features, whether theybelo ng to the same part or to different parts, will be specified using the same t ypes ofstatist icalmetr ics descr ibed above. In fact, there are compelling econo mic pressures that favor the use ofstatist ical metr ics to specify feature-levelvar iat ions. Fo llowing this reasoning, ISO/TC 213/WG 13 on StatisticalTo lerancing ofMechanicalParts is working towards defining a statist ical extensio n to the GPS language using severalstatisticalmetr ics similar to those ment ioned above [Sr inivasan, 1997].

6. CHALLENGE AHEAD

In spite ofpast and recent developments in the applicat ion ofstatist ics to specificat ion, production, and inspect ion, severalchallenges lie ahead. As noted in the bodyofthe paper, research and standards organizat ions are working on issues in each ofthese three areas. A sharper definit io n ofa ^state ofstatist icalco ntrol~, better understanding and definit ion o f PCIs, quantifying measurement uncertaint yand its influence on sampling plans and PCIs, and statist ical tolerancing are some ofthe issues that are receiving attention. To a lesser extent, efforts are underwayto integrate these developments to maintain consistencyacross them.

REFERENCES

[ Bralla, 1986] J. G. Bralla, Handbook of Product Design for Manufacturing , McGraw -

HillBook Co., New York, 1986.

[Duncan, 1986] A. J. Duncan, Quality Control and Industrial Statistics , 5 th Edition,

Irwin, I llino is, 1986.

[Fisher, 1950] R. A. Fisher, Statistical Methods for Research Workers , 11 th Edit ion,

Hafner Publishing Co mpany, New York, 1950.

[GUM, 1993] Guide to the Expression of Uncertainty in Measurement , International

Organizat ion for Standardizat ion, Geneva, 1993.

[ISO7870, 1993] ISO 7870:1993 Control charts ˘ General guide and introduction ,

InternationalOrganizat ion for Standardizat ion, Geneva.

[ISO8550, 1994] ISO/TR 8550:1994 Guide for the selection of an acceptance sampling system, scheme or plan for inspection of discrete items in lots , International

Organizat ion for Standardizat ion, Geneva.

[ Kotz et al., 1993] S. Kotz and N. L. Johnson, Process Capability Indices , Chapman &

Hall, London, 1993.

[ Parzen, 1962] E. Parzen, Stochastic Processes , Holden-Day, San Francisco, 1962.

[ Shewhart, 1986] W. A. Shewhart, Statistical method from the viewpoint of quality control , Dover, New York, 1986.

[Srinivasan, 1997] V. Srinivasan, ISO Deliberates Statist ical Tolerancing, In:

Proceedings of the 5 th CIRP Seminar on Computer Aided Tolerancing , Toronto,

Canada, 1997.

[ Voelcker, 1996] H. B.Voelcker , private communicat ion, 1996.

[ Weckenmann et al., 1998] A. Weckenmann and M. Knauer, Causes and Consequences ofMeasurement Uncertaint yin Production Metrology, In: Proceedings of the 6 th

IMEKO Symposium on Metrology for Quality Control in Production , Vienna,

Austria, Sept. 8-10, 1998.