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1. Introduction

A process capability index is a numerical summary that compares the behavior of a product
or processcharacteristic to engineeringpecifications. These measura® also often called
capability or performance indices or ratios; wee capability index as the generterm. A
capability index relates the voice of the customer (specification limits) to the voice potess.

A large value of the index indicates that the current process is capable of producing parts that, in all
likelihood, will meet or exceed theustomer’'s requirements. @apability index is convenient
because it reduces complex information aboutptioeess to a singleumber. Capability indices
have several applications, thoudfe use of the indices is driven mostly by monitoring
requirements specified byustomers. Many customers askheir suppliers to recorctapability
indices for all special product characteristics on a reglasis. The indices areused to
communicatehow well the process has performed. Fstable or predictabl@rocesses, it is
assumedhat these indicealsoindicate expecteduture performance. Suppliersay also use
capability indicesfor different characteristics to establish priorities improvement activities.
Similarly, the effect of a process change can be assessed by comparing capabilitgahciksed
before and after the change.

Despite thewidespread use ofapability indices inindustry, and some goodeview
articles, such as Gunter (1989abcd), there is much confusion and misunderstanding régarding
interpretation and appropriatese. This problem is magnified because many quagitggrams,
such as, forexample,the automotiveindustry standard QS-900@andate theuse of capability

indices, butstate the capability requirements in an overly complex @using way. The



following three excerpts from the QS-9000 reference manuals illustrapgablem. The process
capability requirements given in SectidrB.3. ofthe manual “QualitySystemsRequirements”

(Automotive Industry Action Group (AIAG), 1995) state, in part:

“Ongoing processperformance requirements are defined by dhstomer. If no
such requirements have been established, the following default values apply:

+ For stable processes andrmally distributeddata, aC, value= 1.33 should
be achieved.

* For chronically unstablgrocesses with outpuheeting specificatiorand a
predictable pattern, B, value= 1.67 should be achieved.”

In the AdvancedProductQuality Planning (APQP)mManual (AIAG, 1995), the Ford Powertrain

specific requirements for dynamic control plans (DCP, Appendix G) say, in part:

“All processes must produedl characteristics to specification on a production
basis.... Significant Characteristic6sSCs)must be in a state ddtatistical control
with P, = 1.67 andC_, = 1.33.”

pk = pk =

Finally, within the Production Part ApprovaProcess (PPAP)manual (AIAG, 1995), the

requirements that relate to process capability are given as follows:

“Calculate theP, index and take the following actions:

For Processes that Appear Stable
Results Interpretation

P,andP, > 1.67 The process probablyneets customerequirements. After
approval, begin production and followthe Approved
Control plan.

1.33< P, <1.67 The processmay notmeet customer requirements After
partapproval,begin production with additionalttention to
the characteristic until an ongoirtg, > 1.33 is achieved.

P, <1.33 The process is substandard fomeeting customer
requirements. Processiprovements must be given high
priority and documented in a corrective actigiian.
Increased inspection or testing is normally required until an
ongoing C,, of 1.33 is demonstrated. Fevised control
plan for these interim actionsust be reviewed with and
approved by the customer.

[Processes that appear unstable at the time PPAP approval is reouget special
attention] ... until ongoing stability and &), of 1.33 is demonstrated.”



These excerpts from QS-9000 illustrate that often important decisions aboatqegtance
and themeeting ofongoing customer requiremeraee based orthe value of a capabilitjndex.
However, the excerpts also suggest many questions. For example,

Why does the standard refer to different indices?

How should the data used in the calculations be collected?

What is a chronically unstable, yet predictable process?

What is the importance of process stability?

Are capability indices comparable across processes?

The goal ofthis article is answer such questions by providing #lostration of the
important issues related to capability indices. In addition,aitiide makessuggestions regarding
the processinformation necessary tmake appropriataise of capability indices. Inthe next
section,the question of whichcapability index touse is addressed by contrastiting various
common indices. Itis shown that the index is always preferableThe third sectiordiscusses
important issues such #se role of data collectioand the importance of stability associated with
the calculationand interpretation of a capabiliipdex. Finally, Section Four propose<lear

guidelines for the appropriate use of process capability indices.

2. Definition of the Capability Indices

A capability index relates the engineering specification (determined by the customer) to the
observed behaviour dhe process. The capability of gorocess isdefined as the ratio of the
distance fromthe processcenter to the nearest specificatiomit divided by a measure of the
process variability. The idea is illustrated graphically Figure 1thatshows ahistogram of the

process output along with the specification limits.
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Figure 1: Graphical lllustration of Process Capability

In more mathematical terms,
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Process Capability =min , '
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whereUSLandLSL are the uppeand lower specificatiotimits respectively, anqu and o are
the processmean and standard deviation respectiveigr individual measurements of the

characteristic ointerest. Calculating theprocesscapability requires knowledge ahe process
meanand standard deviatiopy and o. These values are usually estimabexin data collected
from the process.

Often theprocessdata is collected irsubgroups. Let X;, i=1...m and j=1...,n
represent the process data collected fronjtthenit in theith subgroup. Herem equals theotal
number ofsubgroups,and n equals thesubgroupsamplesize. The two most widely used

capability indices are defined as:
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where X, the overallaverage, is used testimate theprocessmean i, and g, and o

R/d, are



different estimates of the process standard deviation

The estimate g, is the samplestandard deviation\/ zr;:lz"ll(xj - )=()2 /(nm—l),

whereasg_,, = R/d, is an estimate derivedsing the subgroup range}, i =1...,m. The

R/d,
parameterd, is an adjustment factor needed to estimateptioeess standardeviation from the
average sample range. Sintgis also used in the derivation of control limits férandR control

charts it is tabulated in standard references on statistical process control, sulQaae® SPC
manual (AIAG, 1995) or Montgomery (1991). Large value€gfand P, should correspond to

a capable process that produces the vast majority of units within the specification limits.

The indexP,, and the related inde&,, are similar toC, and P, . However,P, and C,

ignore the currengstimate of thggrocessmeanand relate the specificatiorange directly to the

process variation. In effec, and P, can be considered measutleat suggest hovcapable the
process could be if the process mean were centered midway béfwespecificatiodimits. The
indices P, and C, are not recommendefbr reporting purposes,since the information they
provide to supplemenC, and P, is also easily obtained from a histogram tbé data.

Histogramsare preferable since theyso provide other usefplrocess information. As a result,

only the indicesC,, and P, are considered in more detail in this artickar more information on

other process capability measures see Kotz (1993).

To illustrate the calculation of the estimated capability indiCgsand P, we present a
simple example. In this examplealled thePilot OD examplethe diameter of the pilot on an
output shaft is a special characteristic. The upper and lower specification limits for the diameter are
USL = 25 and_SL = -25 respectively, when the measured quantity is the number of microns from
nominal. A previous studyerified that the measuremesystemutilized introduces venyittle
measurement error. As part of a PPdémonstratiorstudy, 300units were producedThe data
were classified into 25 subgroups of four observations each by measuring the diantbésiissof
four units in each batch of twelve units. Table 1 gives the 100 recdad@observations. Figure
2 is a histogram of th&00 data points, and shows anapproximately normal shape with no

observations outside the specification limits.



Table 1. Pilot OD Data
subgroup 1 2 3 4 X R

1 -10 -6 0 0: 40 10
2 -14 -4 -6 4 -5.0 18
3 -2 12 2 8 4.0 14
4 -4 -6 6 -2 -45 4
5 12 6 2 2 5.5 10
6 0 0 -6 -8 -3.5 8
7 2 —6 8 —-6i -0.5 14
8 0 6 4 8 4.5 8
9 2 4 6 8 5.0 6
10 -8 0 -4 2i -25 10
11 4 2 2 6 3.5 4
12 -8 4 -14 6i -3.0 20
13 -10 2 -10 4 -35 14
14 -8 2 -4 4: -15 12
15 6 16 10 18 125 12
16 2 2 0 2 1.5 2
17 12 6 0 2 5.0 12
18 2 2 0 -8 -1.0 10
19 -6 -4 2 0: -2.0 8
20 -2 4 0 4 1.5 6
21 2 4 2 6 3.5 4
22 0 4 2 4 2.5 4
23 -2 4 -2 4 1.0 6
24 -10 4 -12 4; 35 16
25 6 8 —4 2 3.0 12
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Figure 2: Histogram of Pilot OD data

Figure 3 showshe correspondingX andR control charts. There is one out-of-control

point on theX chart corresponding to subgroup 15.
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Figure 3: X and R control charts from Pilot OD example

Based on the data in Table 1 we calculatefdhewing quantities: X =0.74,R = 9.76,

and g, = 6.11. Since, in this example, the subgroup size equalsdpur,2.059and thuséﬁ/dz

= 4.74. Usingthe definitions(1) and (2) yieldsC, = min(1.81, 1.71) = 1.7land P, =
min(1.40, 1.32) = 1.32. In this casg, and P, are quite different, and, in fadie on different

sides of the key cutoff values 1.33 and 1.67 given in QS-9000. Which capability inoettersin
this example?

As shown in (1)and (2), the measuresC, and P, differ only in the estimate of the
process standardeviationused inthe denominator. As a result, mompare théwo capability
measures we need to compare the two standard deviation estﬁgfgzt&tnd o..

There is one important differences betwefeﬁ[/]dz and 0,. Since theange-basedstimate

A

Ogp, is calculated based on subgroup ranges, it usesttomlyariability withineachsubgroup to
estimate the process standard deviation. The sample standard deviatioesbasgdd,, on the

otherhand,combinesall the datatogether, and thusses botlthe within subgroupand between

subgroup variability. The total variation in the Pilot OD process is the sum of the sutignoup
and betweersubgroupvariability. As aresult, g, estimates the total variatiooresent in the

process whiled,

e estimates only the within subgroup variation.

The question of which estimate provides a more appropriate meagui@cessvariability



to use in processapability calculations can benswered bytaking a customer perspective.
Customers are concerned about all the variation in the process output, regardlesswtéds As

a result, the capability of a process should be basede@rocess'total variation,i.e. we should

usethe capability indexP, . C, seriously underestimatele total variation if the between

subgroupvariability is substantial. This iglustrated in the Pilot OD exampighere the lack of
stability, shown bythe out-of-control point on theX chart, isevidence of substantial between
subgroupvariability. Themain purpose of usingapability indices igor customer reporting, as

such it makes sense to consider the indices in terms of what the customer wants to know.

Note that in allcases ofpractical interest the estimaig, is larger thanﬁﬁ/ 4,0 Since 0,

includes the between subgrouariability in the calculationsThus, P, tends to besmaller than

C., and usingP, rather thanC, makes theprocess’look worse.” Forthis reason, suppliers

pk?

may be reluctant to use,, rather thanC,. However, it isbeneficialfor both parties to obtain a

realistic view of the capability of the process to produce parts within specification.
To further illustrate the differences and similarities betw€gnand P, we consider the
is

Pilot OD data with some small changes. By definitionsiiegroup range-baseear.‘ttimate(Ajﬁ/dz

unaffected by changes to the individu@servations so long abe subgroup ranges do not

change. For example, subtracting 12.5 from all observations in the 15th subgtbagPdbt OD

example has no effect dR,, and thus has neffect onag.,, = R/d,. If, in addition,the global

R/d,
average)z( is unchanged, the capability ind€, given by (2) will be unaffected. Figure 4 shows
the resultingX andR control chartsvhen 12.5 issubtracted fronall observations in subgroup
15, and 6.25 is added to all observations in subgroups 1 amtlecontrol charteow suggest a

stable process.
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Figure 4: X and R control charts from altered Pilot OD data

With the suggested changes ttte data, X is still 0.74, &

R/d,

still equals4.74, and thus

C, is unchanged at 1.71. However, now= 5.45, and thu$, equals 1.48.C, and P, are

closer since the betweanbgroupvariability has beenreduced. The small amount of between
subgroupvariation is alsoshown bythe in-control X control chart. In general, fostable
processesC, and P, will be similar. However,evenfor stable processes,P, is a better
measure of capability since the small amount of between subgroup variability still contributes to the

total variability in the process output.

The standard deviation estimates and 0., also differ in a less fundamental, but also

R/d,
important,way. The subgroup range-basegbproach yields estimatéizat arenot as efficient as
the samplestandard deviation method eventlife betweensubgroupvariation iszero. For
example, in aapabilitystudythat uses 100 observatiorivided into 25subgroupsthe range-
based methotias arefficiency of only approximately6% compared withthe sample standard
deviationmethod. This loss défficiency results mostly from #oss of degrees of freedom, and
means thaitvhen usingthe rangamethod, procesmformation is discardedeedlessly.The less
efficient range-baseéstimate igpopular since it isused incontrol charts and can kmlculated

easily by hand.



3. Issues Relating to Capability Indices
This section provides discussion of variougmportantissuesrelating to the calculation

and interpretation of capability indices.

3.1 Process View (Sampling Scheme)

As shown in (1)and(2), the capability of grocess isstimatedrom collected data that
represents a sample of the total production. Clearly, as a result, the capability @diees P,
are greatly influenced by theay in whichthe processdata are collectedyhat we will call the
process view. A processew is defined bythe timeframe, and samplingnethod (sampling
frequency, sample size, etc.) used to obtain the process data. Using an appropriate process view is
crucial since different views can lead to very differeomclusions. For example, one view the
process may appear stable, while in another the process appears unstable.

To define theprocess viewthe first choice involves the timeframe overwhich process
data will be collected.Often the timgrame is stipulated by the customer as a repottibgyval.
For example, the capability of each important process characteristic may be reporteguastery
In othersituations, such as farharacteristics subject PAP requirementghe timeframe is
restricted to a shorter intervalich asthe production period needed to prodB&® units. To
obtain a reasonable measure of pinecess capabilitythe length of thetime frame should be
chosen so that it is long enough to reflect all the substantial sources of variation in the process.

Defining the sampling method or procedure is also import@he process output should
be sampled in such a way that we obtain a “fair” representation of the process averstmtime
frame. Forthe capabilitycalculations, it is not necessary fttre samples to beollected in
subgroups. Howevessince subgroupscan also be used toreatecontrol chartsthat may be
helpful in managing the process, subgrouping of the data is recommended.

To illustrate the importance of the samplipgbcedure, or process viewpnsider atool
wear example. Figure 5 shows the output of the process eetectedime framefor every part

produced. The tool replacement times are cleargible. Although thisprocess is unstable, we

10



can sample in such a wélyat theprocess appeastable and therocesscapabilityappearsigh.
For exampletaking asubgroup ofsize five fromthe start of each toalycle likely results in a
stable controlchart, since at the start of each toojcle the processmean is close tden.
Calculating P, based orthe datafrom this process view woulkad to a largevalue, since the
processvariation at the start of each tanjcle is small comparedith the distance to thapper

specification limit.
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Figure 5: Tool Wear Example

However, sampling from the process in this wagléarly not a fair representation of the
output of thisprocessand thusP,, calculatedfrom this datadoes notaccurately represent the
process capability. This shown bythe out—of—specificationnits produced ahe end ofeach
tool cycle. In this tool wear example, to obtaiffar” representation of th@rocess we should
sample throughout one or more tooliegreles. Considering this example, itclear that altering
the process viewcan substantially change tlwenclusions abouthe process capability. As a
result, more specific guidelines regarding the time frame tlemdampling methodsed tocollect
the data necessary for calculating capability should be given.

Another important issue related to the process view is the number of data points used in the
estimation. P, is an estimate of therocess capability, thusven if theprocess is unchanged,
taking another sample and recalculating the index is unlikely to yield precisely the same result. The

amount of uncertainty is based on bthile properties of thggrocess andhe number ofdata
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observations used to calculate the capability index. Larger sample sizes provide more information
and thus tend to lead to better estimates of the process capability. We recdhanhanahinimum

of 100 observations be used to estimate the process capability.

3.2 Process Stability

A process is considered stable if all the points oiXitandR control chartdall within the
control limits, andthere are no appareptatterns. The stability of aprocess is anmportant
property since ithe process istable in the curreriime frame it is likely toalso be stable in the
future, assuminghat no majoichanges occur.Thus, the totaloutput of a stablgrocess is, in
somesense,predictable. If the output of process is stablehen theprocess’capability is
predictable from past performance. On the other hand, if the process output is not stadili, it is
possiblethat over time theprocesscapability index isstable. For example, a processhject to
tool wear is notstable, but ifworn tools are replaced well beforaon-conforming units are
produced the process will likely produce no parts out-of-specification, and should be consider very
capability. There are many applications that involve substantial and unavoidableaoplwhere,
if properly managedthe process produces only parntgell within the specificationlimits.
Although not clearly specified in tH@S-9000 standardhe chronicallyunstable,yet predictable
processmentioned in thestandardmay refer to aprocesssubject to tool weawhose output
changes systematically.

To also accountor capableprocessesubject to tool wear moneliable indicators of the
predictability of theprocesscapability can be obtained bgonsideringthe performance of the
process in terms of its process capability over timethdfpast processapability values exhibit a
stable (or increasing if the quality is improving) pattern then weuld have some confidence
predicting future process capability indices.

In any event, setting aside the issue of process stability, we may examooasequences

of usingthe different capability indice€, andP,. As shown irthe example, ifthe process is

stable, C, is approximately equal t&,, since a stablerocess hadittle betweensubgroup

pk?

variability. Thus, if the process is stable, it doesmatter muchwhich measure isised (though

12



P, is still preferred). Orthe otherhand, ifthe process is unstabléere is substantial between
subgroupvariability, andC, is not equal toP,. In this case,C, overestimates thprocess
capability since it does not include the between subgroup variability. The same thing applies if the
process ihronically unstable and yet predictable. A=sult, inall situations, P, provides a

better measure of the process capability tGgn

3.3 Different Distributions

When interpreting and comparing capability inditesn differentprocesses or from the
same process over time we must be careful. Process capability indices calculated from non—normal
processes are not comparable with those from ngonoalesses iterms of theproportionfalling
outside the specification limits. The reason for this difference is illustrated in Figure 6. The figure
showsthe distribution of the output afiwvo processes whichave equalprocessmeans and
standard deviations, and thesjual process capabilities, butield different proportions of
nonconforming units. Ashown, the skewed process produce®re out-of-specification parts
than theprocess whoseutput is normallydistributed. This mearthat the capability indices of
processes whose output distributions are not similar should not be directly comparedesil, a
using capability indices to prioritize improvement efforts without checkingtheess distribution

can lead to poor choices.
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Figure 6: Normal versus Non—-normal Distribution Plot
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This is one reasowhy plotting a histogram of thelataused tocalculate the capability
index, asgiven in Figure 2, is alwayaseful. Ahistogram of thedata will show whether the
normal assumption is reasonable, amaly also provide information regardinghy the capability
index is not higher. For exampleniiay be evident that therocess is not centered, that there

are a few outliers that have a large influence on the index.

4.  Proposal for the Appropriate Use of Capability Indices

Capability indices play an important part in quatigporting. The requirements given in
quality standard, such as QS-9000, are confusing to suppliers and do not focus on all the important
issues. To alleviate this confusion we recommend the following guidelinésefappropriate use
of capability indices.

When reporting capability indices tisepplier requireslata to demonstrateoth stability
and capability of the process. To specify the monitoring schém@éllowing questions must be
considered:

* what is the time frame for the demonstration?

* what is the sampling method?

— what is the appropriate subgrouping?
— when and how often should these subgroups be collected?
— how much data is needed?

* how should the data be reported?

A consistent time frame for monitoring is needed so that data are available to the customer
on a timely basis while keeping tleests reasonableDepending on volumes and p&sstory of
performance, a monthly or quarterly report may be sufficient.

The goal of the sampling method is to prodde& that are representative of performance
of the process ovethe specifiedime frame. Sufficient data areequired to reduce therrors of
estimation. At least00 datapoints should be required aridese pointshould becollected in

subgroups spread out through the time frame in some rational way.
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For variables data, the minimal reporting requirements should be a control chdmnitsth

calculated internally to show the nature of stability over the time frame, a histogsdravtshape

of the process output distribution, arfg|, to compare performance to specificatiofi$ie index

P, is preferable taC, since it captures all the process variation. Achart of P, overall past

reporting periods would also be useful to identifg consistency othe processcapability and/or

show process improvementdMinimal default capability requirement®r most characteristics

could be given in a simple statement suclPgs> 1.33.
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