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ABSTRACT

Standard control charts with control limits determined by the mean and standard error of
the mean are constructed based on the assumption that the distribution of the quality
characteristic being monitored follows a normal distribution. However, this assumption is
not always valid. It is proposed to use a chart based on computing the control limits using
the process mean and the standard error of the least absolute deviation for the case where
the process quality characteristics follow a heavy tailed t distribution. Such a control chart
is more effective than the normal distribution based chart since it has a low out-of-control
average run length for both small and large values of process shift.

OPSOMMING

‘n Kontrolekaart wat gebruik maak van kontrolelimiete gebaseer op die standaardafwyking
van die geringste absolute limiet word ontwerp vir 'n t-verdeling met 'n betekenisvolle
stert. Simulasietoetse vir vergelyking van die voorgestelde kontrolekaart met
normaalverdeelde kontrolekaarte toon dat korter gemiddelde looplengtes voor diagnose van
beheerverlies uitgewys word, bereik word.

South African Journal of Industrial Engineering November 2009 Vol 20(2): 107-115



1. INTRODUCTION

Statistical process control charts such as the Shewhart control chart (Shewhart [8]), the
cumulative sum control chart (Page [5]), and the exponentially weighted moving average
control chart (Roberts [6]), are used to monitor product quality and detect special events
that may be indicators of out-of-control situations. Such charts are designed on the
assumption that a process being monitored will produce measurements that can be
modeled with an independent and identically distributed normal distribution, when only the
inherent sources of variability are present in the system. However, in certain applications
the process may produce measurements that can be represented with heavy tailed
distributions. In this case, the standard control charts based on normality assumptions will
not rapidly detect out-of-control situations, since the control limits will be stretched -
particularly when the nature of the products is such that one cannot take large samples to
be able to use the central limit theorem.

Several charts based on outlier resistant statistics have been proposed for use when there
are outliers in the process measurements. These include, among others, the charts whose
control limits are calculated using the median midrange and median range by Ferrell [1].
Langenberg and Iglewicz [4] proposed charts whose control limits are determined by the
trimmed mean of the subgroup means and the trimmed mean of the ranges. White and
Schroeder [11] proposed a chart constructed by plotting subgroup box plots. Such a chart
uses the subgroup median and subgroup interquartile range. Rocke [7] proposed a series of
robust control charts that use combinations of subgroup trimmed and untrimmed mean,
median range and interquartile range.

Most of the charts discussed above use resistant statistics to determine the control limits,
and then monitor the subgroup means for the occurrence of out-of-control signals. The
median charts are less sensitive to process shifts since the median is not affected by
outliers or extreme value. The chart that plots the mean and range with control limits
determined from the subgroup means and the interquartile ranges is more effective in
detecting mean shifts.

For a heavy tailed distribution, the extreme observations are not necessarily outliers or
signs of the presence of assignable causes of variation. Thaga [9] proposed a chart based on
the least absolute deviation that is effective in monitoring the process whose quality
measurement follows a heavy tailed distribution. The chart is effective for monitoring
processes with quality characteristics that are autocorrelated.

It is proposed and shown in this article that, for independent processes, when process
variables follow a heavy tailed distribution, a chart where control limits are determined
using the standard errors of the least absolute deviation estimators performs better than
the chart where control limits are calculated using the standard errors of the ordinary least
squares estimators. It is also proposed that the ratio of mean deviation to standard
deviation should be used to determine the appropriateness of this chart in relation to the
standard normal distribution based control chart.

2. LEAST ABSOLUTE DEVIATIONS ESTIMATORS

Consider a regression model of the form

Y =h(X,,0)+¢, (™)

The &s are assumed to be independent for i = 1, 2,..., n and have a symmetric

distribution. A least absolute deviation (LAD) estimator of @ is a solution to the problem
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Here the discrepancy between the response variable Y; and its approximation h(Xi,H)

provided by the model is measured by the L, distance instead of the usual L, distance, when
studying the least squares estimate. A difficulty with the least absolute deviation method
arises from the nondifferentiability of the objective function in equation (2). This function,
however, is continuous and continuously differentiable at every point except at zero, where
left and right derivatives exist. Because of such properties, an approach similar to that of
Thavaneswaran and Heyde [10] can be followed, provided that the derivative at every point
is replaced by the right derivative. This derivative is given by

Gl ;
E 20 Lo (3)

i.e. the least absolute deviation estimating function is given by

ah(X,,é?)
gLAD(Y, 6) Z Y U(H(Xf,é,,)zm_I(Y[—h(xi,én><o> “)

i=1
Let f be the conditional density function of Y/X such that f(0)>0. Under suitable regularity

conditions (Gourieroux and Monfort [2]), it can be shown that the information associated
with the estimating function is

&
41%(0)
Where

/o ZE ah(X,,e )ah(gfe 6.

In a simple linear regression model, A(x,,8)= 6k, and

=tk +¢, (6)
Then Var(@LSE) =——and [ = Zx
xi
i1
- 1 .
Therefore Var(6) =———————, where € is the ordinary least square (OLS)

af* (O)Z x;

estimator and @ is the least absolute deviation estimator. The least absolute deviation
estimating function is more efficient than the ordinary least squares estimating function if
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the distribution of the error term is such that 4 f*(0) >1/0>, where G is the variance

of the error term. For the case with normally distributed errors, the ordinary least square
estimating function is more efficient than the least absolute deviation estimating function.

When the errors have a Cauchy distribution, it can be shown that 4f7(0)>0

(Gourieroux and Monfort [2]), and the least absolute deviation estimating function is more
efficient than the least squares estimating function.

3. THE NEW CONTROL CHART

When the observations are independent identically distributed normal random variables,
the observation at time t can be represented as y, = @ + &,. The Shewhart control chart
for the process mean is developed with the following control limits:

A (o)
LCL=0-3—
Jn

CL=0 (7)
UCL=6+3-2>

\/H,

(o)
where @ is the process mean and — is the standard error of the ordinary least square

Jn

estimator @ .

As mentioned earlier, when the process measurements follow a heavy tailed distribution,
the ordinary least square estimator has a greater standard error than the least absolute
deviation estimator. Therefore a control chart based on the standard error of the ordinary
least square estimator has wide control limits. A chart based on the least absolute deviation
estimator is proposed as follows: The control limits for the chart are given as:

A c
LCL=06-3— >

27 (0)/n
CL=0 (8)
UCL=60+3

_ %
2f(0Wn’

where is the standard error of the least absolute deviation estimator. The

1
2/ (On
chart may be constructed by plotting the subgroup means against time or sample number
with control limits given in equation (8). If the process measurements have a t distribution
with v degrees of freedom, then

(C((v+1)/2))*

470 =4 V(C(v/2))?
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The variance of the error term is finite for V>3 and is given by 1/0> = (v—2)/v. It
can be shown that for V= 1, the variance is infinite and 4 £ >(0) = 4/77. Similarly, for

v = 2 the variance is infinite and 4f2(0) = 0.5 (Thavaneswaran and Heyde [10]). This
shows that for heavy tailed t distributions with infinite variance, the least absolute

deviation approach is superior. It can also be shown that for v= 3, 4 f(0) = 0.54 and

for v =4, 6. In these cases, the least absolute deviation estimating function provides more
information than the ordinary least squares estimating function. For a t distribution with

v 2 5 with thin tails the least squares estimating function provides more information.

Table 1 shows the control limits for data simulated for a process that follows a t
distribution with various degrees of freedom. 15,000 subgroups of three observations each

have been simulated. The statistic X is the sample ordinary least square estimator, and X
is the sample least absolute deviation estimator. It can be seen that the least absolute
deviation estimator has a small standard error when the process produces measurements
that follow a heavy tailed t distribution, while the ordinary least square estimator has a
small standard error for a t distribution with five or more degrees of freedom. Therefore,
for heavy tailed data, the control limits for charts based on the normality assumption are
wider than those computed using the least absolute deviation estimator. Wider control
limits result in the control chart not being able to detect process shifts rapidly - particularly
small shifts. Therefore the chart based on ordinary least square estimators is not
recommended for heavy tailed distributions.

oLS LAD

df. X % | se(X) | se(@) | LCL ucL LCL ucL
1] 219 1.13 1.24 0.71 0 5.91 0.06 4.32
2| 250 | 1.17 0.86 0.63 0 5.08 0.61 4.39
3 1.26 | 1.02 0.73 0.61 0 3.45 0 3.09
4| 1.26 | 0.91 0.61 0.60 0 3.09 0 3.06
5| 1.06 | 0.84 0.45 0.59 0| 2.4 0 2.83
6| 1.04 | 0.82 0.40 0.58 0| 224 0 2.78
71 082 072 0.30 0.58 0 1.72 0 2.56

Table 1: Control limits for the charts based on OLS and LAD estimators for a
process following t distributions.

To decide which procedure to use, it is recommended that one should first calculate the
ratio of the mean absolute deviation to the standard deviation. When the process quality
characteristic follows a normal distribution, one expects this ratio to be 0.707. However,
since the least absolute deviation estimator performs better than the ordinary least square
estimator for a t distribution with four or less degrees of freedom, it is recommended that
the chart based on the least absolute deviation estimator be used when the ratio is 0.707 or
less. When the quality characteristic follows a t distribution with four degrees of freedom,
the ratio of the mean deviation to the standard deviation is 0.707. For a t distribution with
three degrees of freedom, the ratio is 0.637 (Johnson and Kotz [3]).

The average run lengths, which are the average number of points that must be plotted by
the chart before a point falls beyond the control limits, are commonly used statistical
process control measures for comparing the performance of control charts. When a point
falls outside the control limit(s), the chart issues an out-of-control signal, indicating the
possible presence of an assignable cause of variation in the process. It is therefore desirable
for a chart to have a small average run length when the process has shifted, and a large
average run length when the process is in control.
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Figure 1 shows the average run length curves for the control charts for the least absolute
deviation and ordinary least square estimators. These charts are compared by adjusting
their control limits so that the two control charts have the same in-control average run
length of 370. Viewing the out-of-control average run length, it can be concluded that the
chart based on the least absolute deviation estimator is more sensitive than the chart based
on the ordinary least square estimator in detecting both small and large shifts in the

process for heavy tailed processes. For example, to detect a 0.50 shift in the process
mean, the chart based on the least absolute deviation estimator detects this shift on the
270" sample, while the chart based on the ordinary least square estimator signals this shift
on the 295" sample. For a 20 shift in the mean, a chart based on the ordinary least
square estimator detects this shift on the 91 sample, while the chart based on the least
absolute deviation estimator detects this shift on the 39" sample. And for a30 shift in the
mean, a chart based on the ordinary least square estimator detects this shift on the 37

sample, while the chart based on the least absolute deviation estimator detects this shift
on the 14" sample.
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Figure1: The ARL curves for the OSL estimator and the LAD
estimator based control charts.

4. AN EXAMPLE

To provide a picture of how the standard Shewhart chart and the proposed chart respond to
various types of process change, a set of simulated data is used. Specific process changes
are introduced into the data, and the two charts are plotted to monitor these changes.

Sixty samples of size four have been simulated for a process whose quality measurements
follow a t distribution with two degrees of freedom. These data are used to construct the
charts shown in Figures 2 and 3. Figure 2 shows the standard Shewhart chart, and Figure 3
shows the chart constructed using the least absolute deviation estimator. The figures show
that the process is in control.
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Figure 2: Shewhart chart for an in-control heavy tailed distribution
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Figure 3: LAD-based chart for an in-control heavy tailed distribution

To introduce a process change, the next 40 observations were simulated using a t
distribution with three degrees of freedom. This data was added to the data simulated
above; the results are plotted in Figures 4 and 5.

The standard Shewhart chart shown in Figure 4 does not signal a shift in the process
distribution. The chart that uses the least absolute deviation estimator signals a shift in the
distribution for the first time on the 86th observation, as shown in Figure 5. The Shewhart
does not detect this shift because it has wider control limits for heavy tailed data.
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Figure 4: Shewhart chart for an out-of-control heavy tailed distribution
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Figure 5: LAD-based chart for an out-of-control heavy tailed distribution
5. CONCLUSION

A control chart that is more effective than the standard Shewhart chart in detecting shifts
in the process for heavy tailed distributions is proposed. This chart uses the standard error
of the least absolute deviation to estimate the process variability. We use the least
absolute deviation estimator because it provides more information about the process than
the least squares estimator when the process follows heavy tailed distributions.

6. REFERENCES

[1] Ferrell, E.B. 1953. Control charts using midranges and medians. Industrial Quality
Control, 9, 30-34.

[2] Gourieroux, C. and Monfort, A. 1995. Statistics and econometric models, 1.
Cambridge University Press, Cambridge.

114



(3]

(4]

(3]
(6]

[7]
(8]

(9]

[10]

(1]

Johnson, N. L. and Kotz, S. 1970. Continuous univariate distributions, Vols. 1 & 2.
Houghton Mifflin Company, Boston.

Langenberg, P. and Iglewicz, B. 1986. Trimmed mean X andR charts, Journal of
Quality Technology, 18, 152-161.

Page, E.S. 1961. Cumulative sum charts. Technometrics, 3, 1-9.

Roberts, S.W. 1959. Control charts test based on geometric moving averages.
Technometrics, 1, 239-250.

Rocke, D.M. 1989. Robust control charts. Technometrics, 31, 173-184.

Shewhart, W.A. 1931. Economic control of quality of manufactured product. Van
Nortrand Inc., New York.

Thaga, K. 2008. Control chart for autocorrelated processes with heavy tailed
distributions. Economic Quality Control. 23, 1-10.

Thavaneswaran, A. and Heyde, C.C. 1999. Prediction via estimating functions.
Journal of Statistical Planning and Inference, 77, 89-101.

White, E.M. and Schroeder, R. 1987. A simultaneous control chart. Journal of
Quality Technology, 19, 1-10.

115




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




