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Control Charts

> A control chart:
= Plots a statistic versus time.

= Contains control limits to detect unusual
values.

» Used for 2 primary purposes:

* To determine whether a process is in a state
of statistical control. (Phase 1 or initial study)

* To monitor that process to detect deviations
from pre-established parameters. (Phase 2 or
control to standard)
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Common Control Charts

 For variable data:
— X-bar and R, X-bar and S, X and MR
— Median and MR
— Moving average and EWMA
— Cumulative sum charts
* [or attribute data:
— P or NP for binomial proportions and counts
— C or U for Poisson rates and counts

— P-prime and U-prime charts for overdispersed
data
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Special Purpose Control Charts

ARIMA charts
Acceptance charts
Toolwear charts
Charts for rare events
Cuscore charts
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Usual Model for Variable Data

Let X, be measurement made at time t. Then
Xe= U+ &

where u 1s the process mean and the deviations g are
assumed to be NID(0,c?).

Assumptions:
— Stationarity of mean and variance.
— Independence of successive measurements.
— Normal distribution for deviations from mean.
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ARIMA Control Charts

« Used for data that are serially correlated
(successive observations are not independent).

* Very common when measurements are taken
close together in time from a continuous
process.
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Example: Chemical concentration

Plot of Concentration vs Time
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Standard Phase 1 X Chart

X Chart for Concentration
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ARIMA Charts Model

* Relax the assumption that successive
observations are independent.

* Instead, assume that the process can be
described by an autoregressive moving average
model.
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Autoregressive Models

. AR(1)
Xe = u+ d1(Xemq1—p) + &
. AR(2)

Xe = u+ o1 (Xemq—p) + po(Xp—p—p) + &
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Moving Average Models

. MA(L)
Xe=ut+e — 0164
. MA(2)

Xe = pté& — 0161 — 026
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ARMA Models

- ARMA(1,1)

Xe = u+ ¢y (Xemq—u) +& — 01604
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Selecting the Best ARIMA Model

Time Drata:

Concentration ’ Concentration
[Time Indices:)
ar  —Sampling [nterval

Once Ewveny: I'I

 Yeads) fdighl € Houls] Starting A
ear(s) [4-digi IE

™ Quarter(z) 7 Minutefz] |1'I:I

™ Month(z) " Secondz]

= Dayz] f* Other

[Seazanality:] I

[Trading 0 ays Adjustrent: ]

[T Sart column names | r\\

MHumber of Forecasts: Wweithhald for 3 alidation:
IEEI IEI
(] Cancel | Delete | Transform... | Help |
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Selecting the Best ARIMA Model

— kMuodels to Include -
aFk.
[~ Random walk
Cancel |
[~ Bandom walk with Diift ¥ Optimize Parameters

[ Mean ¥ Optimize Parameters &l

[™ Linear Trend ¥ Optimize Parameters

] o — Method Selection Criterion
[ Quadratic Trend ¥ COptimize Parameters

@ ) ) L

[” Exponential Trend [¥ Optimize Parameters Akaike Information Criterion (AIC)
[T S-Curve ¥ Optimize Parameters " Hannan-uinn Criterion [HAC)
[~ Maoving Average [¥ Optimize Parameters " Schwarz Bayesian Inf. Criterion [SEIC]
[~ Simple Exp. Smoathing ¥ Optimize Parameters " Mean Squared Ermor [MSE]
™ Brown's Linear Exp. Smoathing ¥ Optimize Parameters " Mean Absolute Erar [MAE]
[ Hol's Linear Exp. Smoothing ¥ COptimize Parameters " Mean &bs. Percentage Eror [MAPE]
[7 Quadratic Exp. Smoothing ¥ Optimize Parameters
[T winters' Exp. Smoothing ¥ Optimize Parameters

Adjustments. ..
v ARIMa W Optimize Model Order ¥ Optimize Parameters

AR Tems [p) M Terms [q) Differencing [d) FParameters...

MHonzeazonal: |2 MHonzeazonal: |2 Monzeazonal: IEI E ztimatiar. .
Seasonal: ID Seasonal: ID Seazonal ID Input series...

[~ Fixgatpl ¥ Include constant

i
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Automatic Forecasting - Concentration

Selecting the Best ARIMA Model

Automatic Forecasting - Concentration

Data variable: Concentration

Mumber of observations = 120
Start index = 1.0
Sampling interval=1.10

Forecast Summary
Forecast model selected: ARIMAJL0,1) with constant
MNumber of forecasts generated: §0

MNumber of periods withheld for validation: 0

oo e |

Estimation Validation
Statistic Feriod Feriod
EMEE 033137
MAE 0261400
MAFPE 1.53646
ME 0.0107133
MPE 0.0264271
ARIMA Model Summary
Farameter |Estimaite Stnd Error ¢ Foyvalue
AR 0 960203 00371823 238266 0.000000
MA(L) 0718416 00861372 834037 0000000
Mean 16,9061 0164186 102 969 0.000000
Constant 0671254

EBaclforecasting: ves

Estimated white noise varance = 0.100014 with 117 degrees of freedom

Estimated white noise standard deviation = 0331333
Mumber of iterations: &

<
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Concentration

Selected Model

Time Sequence Plot for Concentration
ARIMA(1,0,1) with constant
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ARIMA Chart — Data Input

Dzt

Concentration
I\\ Concentration

[Date/TimesLabels:]
’ Tirme

[LSL:] [Mominal:] [USL]:

™ ™~ ™

[Select:]

™

[T Sart column names

(] I Cancel Delete Tranzform... Help
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ARIMA Chart — Analysis Options

— Type of Study — Cottral ta Standard
= |nitial Study b ean: I
i~ Control to Standard Sigma: I
—ARIMA Control Limitz | — MR[Z] Control Limitz —
. . smy |0 ey |
W Upper: V¥ Upper:
Ii iams Ii iams BRIZ) |E' M[2]: |
v Lower: v Lower: R3] I AL I
-3.0 Sigra -3.0 Sigra LR I P &[4]; I
— Model E stimate sigma from— — Chart type
AR I 5 P &+ MR[2) Chart ' Data with long-term limits
L VR | 0 . .
&1 1 & 1 " Model M5SE ™ Data with one-step limits
c2 O ooz " Residual:
3 [ Constant € 3 . .
1 4 " Momalized Reziduals
Cancel Tranzfarm... | Help |
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Data with Long-Term Limits

ARIMA Chart for Concentration
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Data with One-Step Limits

ARIMA Chart for Concentration
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Chart of Residuals

ARIMA Residual Chart for Concentration
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MR(2) Chart for Residuals

MR(2) Chart for Residuals
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Acceptance Control Charts

« Used to insure that product remains within
specification limits.

* Position control limits with respect to the
specifications rather than the process mean.

» Useful for high C,, processes which can tolerate
some wandering of the process mean.
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Sample Data

Plot of strength vs time
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X Chart for strength
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Acceptance Charts

* Begin by specifying f, the maximum allowable
fraction of nonconforming items.

* Find most extreme values of process mean that
would yield no more than f nonconformities:

Largest allowable mean: p, = USL - Z;o
Smallest allowable mean: n, = LSL + Z;o

* Position control limits with respect to these
extremes.

statgraphics’

centurion



Positioning Limits

Sigma multiple method: add “3-sigma” to the extreme values
for the mean.

UCL = p,+ 30

Note: Montgomery calls these “modified control limits™.

Beta risk method: specify B, probability of not generating an
out of control signal. Position control limits at:

UCL = p,—Zgo
LCL = p +Z40
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Acceptance Chart — Data Input

strength Observations:

time
F strength

[DateTimeabels:]

I\ tirne:

[L5L:] [Marminal:] [USL]:
[~ Iznn |D IEED \t |3nn
[Select:]

™~

[ Sart calumn names

k. Cancel Delete Transform... | Help |
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Acceptance Chart — Analysis Options

Type af Study Specify — Control ko Standard

* Iritial Study * Sigma Multiple tear: |254.653

" Control to Standard " BetaRizk Std. Dew.: |7.62501
—# Contral Limnits — MR[Z] Control Limitz —

Fraction Monconforming: v Upper:

0.0007 3.0 Sz

Sigma rultiple: W Lower.

3.0 -3.0 Sigma

] Cancel | Euclude... Transform... Help
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Based on Sigma Multiple

Acceptance Chart for strength
LsSL = 200.0, Nominal = 250.0, USL = 300.0

E‘DD | 1 ' ' " | " " " | ' " " | " ' ' | " " " I_]
- | 294.52
280 — —
260 |
i % | 254.65
- i
240 |-
220 - .
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zuu' [ i | | ] ] ] ] ] ] | ] ] ] ] | | ] ] ] ] 1]
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Based on Beta Risk

Acceptance Chart for strength
LSL = 200.0, Nominal = 250.0, USL = 300.0
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Toolwear Control Charts

e Used for data that do not have a constant mean,
such as measurements affected by wear on a
tool.

« Used to determine whether mean is changing at
a constant or expected rate.

« Can also add specification limits to help
determine when tool should be changed.
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Sample Data (from Duncan)

Multiple X-Y Plot

u.255 _l T T T T I T T T T | T T T T | T T T T ] variables
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0.259 - " n n -
[ ] [ ] [ [ ]
[ ] [ ] [
0.256 |-= L] _
[ ] [ ]
0.253 |- —
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Time

« Specification: 0.255 to 0.265 inches
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Toolwear Chart Model

Let X;; be measurement on " sample made at
time t. Then

Xt,j = a + ﬁt‘l‘ gt,j

where u =a + ftis the process mean and the
deviations & are assumed to be NID(0,52).
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Toolwear Chart — Data Input

Time —Data

o @ Hhservaton

53 1
x4 | I\‘ 52
% 53

4
bt

" Subgroup Statistics

Means:

™|

Fanges:

™~
]

Date/TimesLabels or Size:
I\‘ ITime

[L5L:] [Morminal:] [USL):

r\ |n.255 |t | |L ID.2EE

Select:)

[~ Saort column names I\\ I

ak I Cancel

Delete | Transfarm... | Help
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Analysis Options

Type of Study—————— ~ Estimate Sigma From— — Contol to Standard
" |pitial Study * R ar5 Chart Intercept;
" Control to Standard " Model MSE 5lope:
I Include Maodel Estimation E rrar Sigrma:
— ¥-bar Control Lirmitz— — A ar 5 Control Liriks —
v Upper v Upper
30 Sigma 30 Sigma
¥ Lower: ¥ Lower:
-3.0 Sigma -3.0 Sigma
ok Cancel | Exclude... Tranzfarm... Help

statgraphics:

centurion



X-bar

Toolwear Chart

Toolwear Chart for X1-X5
LSL = 0.255, USL = 0.265

pRes——— — T~ T T T o0p4g

0.2633

0.262 — 02616
0.259 - .
0.256 |- .
0.253 - .
u- 25 | L 1 | 1 | 1 1 1 1 1]

9:00 10:40 12:20 14:00 15:40
Time
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Charts for Rare Events

« Used for monitoring occurrence of rare events
— Hospital infections
— Factory or mining accidents
— Unexpected shutdowns

* Two primary charts
— t chart: for events recorded in continuous time
— g chart: for events recorded in discrete time
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Examples

e L Date of Col 3
infection
1 1/1/12 8:11 1/4/11
2 1/2/12 5:42 1/5/11
3 1/3/12 21:55  1/7/11
4 1/5/12 5:24 1/8/11
5 1/7/12 10:14  1/10/11
6 1/9/12 11:11  |1/13/11
7 1/12/12 16:56 |1/14/11
8 1/15/12 13:39 |1/14/11
g 1/17/12 14:26 1/20/11
10 |1/18/12 13:26 1/31/11
11 |1/21/12 10:53 |2/2/11
12  |1/22/12 23:58 |2/2/11
13 |1/25/12 €:32  |2/15/11
14 |1/27/12 €:31  |2/18/11
15 |1/28/12 14:18 |2/19/11
16 |1/30/12 16:20 |2/21/11
17 |2/4/12 9:15 2/23/11
18 |2/8/12 23:1%  3/5/11
19 |2/8/12 5:15 3/8/11
20 |2/12/12 13:34 |3/9/11
21 |2/15/12 8:46 |3/9/11
22 |2/18/12 4:37 |3/12/11
4 4 b M| infections B < C
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Time Between Events

When events are rare, standard charts such as a C chart
will have many O’s.

Better approach than plotting counts is to plot the times
between consecutive events.

For a continuous time process, the interevent times are
modeled by a Weibull distribution.

For a discrete time process, the interevent times are
modeled by a geometric distribution.
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Scatterplots

Plot of DIFF(Infection time) vs Infection time
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t Chart Data Input

|nfection time

Drate of infection | ’ |Hfection Hime

— Type of data
" Time of occurence

" Time between occurences

[Labels:]

I\.

[LSL:] [Marminal:] [USL]:

> ™ ™

[Select:)

[~ Sart column names

| ] 4 I Cancel | Delete Tranzform. .. Help
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t Chart Analysis Options

Type of Study————— _ — Control to Standard

I Momalize
& |nitial Study e ¥ Specify Parameters
" Control to Standard | [~ ze Zone Format Shape:

|

Recalculate at: I I I I Scale:

" Specify Control Limits

— t Chart Cantrol Limits ——
v L :
rlﬂ Ilpper: I
3.0 .
5
i Centerline: I
W Lower
Lower: I
-3.0 Sigma
Q. Carnicel Euclude. .. | Help |
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t Chart

t Chart for Infection time
Shape parameter = 1.94302; Scale parameter = 3049.88

(X 1000)

10 ' T T T T T T T T T T T T T T T T T_]

w 8- ~| 8059.90
g ]
= - .
: 6 B y 5
o [ i
E ]

= 1 2525.58
_ | ]

o . . . T T -1 101.75

==
=
=

0 20 40 60 80
Observation
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g Chart Data Input

Infection time Drata:

D ate of infection Date of infection

— Type of data
" Time of occurence

" Time between occurences

[Labels:]

I\.

[LSL:] [Marminal:] [USL]:

> ™ ™

[Select:)

™

[~ Sart column names

| ] 4 I Cancel | Delete Tranzform. .. Help
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g Chart Analysis Options

Type of Study——— — Control to Standard
™ Momalize
% |mitial Study I e, e S & Speciy Parameter
" Contralto Standard | [~ Lse Zane Format meart, I
Fecalculate at: I I I I € Specify Contral Limits
— g Chart Control Limits — Upper I—
V¥ Upper
20 Centerline: I
: Sigma
Lower: I
¥ Lower:
-3.0 Sigma
| ] I Cancel Exclude. .. | Help |
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Time between events

g Chart

g Chart for Date of infection
Mean time between events = 3.90909; Event probability = 0.20138%

20
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G Chart — Special Run Test

Extra run test for consecutive zeroes:

i G Chart - Date of infection =R

Runs Tests

Bules

(A) runs above or below centerline of length § or greater.
(B) runs up or down of length & or greater.

(C) sets of 3 subgroups with at least 4 beyond 1.0 sizma.
(D} sets of 3 subgroups with at least 2 beyond 2.0 sigma.
(H) 4 consecutive zeroes (alpha =027%)

Violations
Observation g Chart
39 H
60 H

The StatAdvisor

This table searches for and identifies any unusual patterns in the data. This is often helpful in detecting processes which are slowly
drifting away from target, even though no points may fall outside the control limits. 2 unusual muns have been detected. The table
shows the subgroup or observation at which the unusual pattermn was detected, as well as the particular rule which was violated. For
example, rule H was violated at point 3%, At this location, there were 4 consecutive zeroes.
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Cuscore Charts

« Designed to detect specific types of disturbances:
— Spike
— Ramp
— Bump
— Step change
— Exponential increase
— Sine wave

« Automatically selects the best type of control chart to
detect that pattern
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Example: sine wave plus noise
m

T Hoise Signal Col 4

1 1 -0.298475889641 O
2 2 0.158540526563 0
3 3 2.445921673836 0
4 4 -2.92801552736 0
& 3 1.66838656126 0
[ & 1.25353254413 0
7 7 0.045732200683 0
8 g -1.51840745872 0
g g 0.4707T03738286 0
10 10 0.1623183592636 0
11 11 -0.0911150761078 O
1z 1z 0.156118205884 0
13 13 0.4348193449846 0
14 14 -0.573646766803 O
15 15 -0.56808795381 0
16 1a 0.57247T85593534 0
17 17 -0.13202372842 0
18 18 0.7158853740624 0

M4 4 b | signal plus noise (B o C
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Signal and Noise

Multiple X-Y Plot

3sfr - ' " T T T T T T T ™ |\Variables
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Slgnal+Nolse

Signal Plus Noise

Plot of Signal+Noise vs t

—
n
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T ]
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n mpm % —
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[ 1™ & n
™ - m® - l. _
. [ .‘ - ..l-.
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Q Score Statistic

» Cuscore chart plots a cumulative “Q score”
statistic defined by:

where the r, values come from a “detector”
series specifically designed to detect the
presence of the expected disturbance and the a,
values are the residuals from an ARIMA model.
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Cuscore Chart — Data Input

£

Moize T
Signal ». ighak+Moize

Obzervations:

[CratedTimesLabelz:]
™ I
[LSL:] [Mominal:] [LSLY:

™~ ™~ ™

[ Sort column names

k. Cancel Delete Trangfarm... Help
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Cuscore Chart — Analysis Options

— Cottral ta Standard

— Type of Study E ztimate sigma from
% |nitial Study & MR(Z] Chart bl zar: I-EI.EIME??
" Contral to Standard || © Maodel MSE Sigma: IIJ_EIEEEH‘
— CuScore Contral Limitz — MR[Z] Control Limitz —
% U % U AR I hAs[1]: I
pper: pper: I— I—
|3'|:I Sigma |3'|:I Sigma ARI2): MAL2)
v Lower: v Lower: R3] I AL I
-3.0 Sigra -3.0 Sigra LR I P &[4]; I
— Moize Model — Signal to Detect
AR I 5 P ™ Spike " Ramp ¢ Bump of Duration I2
=0 &q 0
e 1 ™ Step Change ™ Exponertial Increase of I':'-1
[ 2 2 . . .
&% Sine Wave with Period Im':' Phaze I':I
3 [ Constant € 3
4 €4 || € Custom [0 |o [0 [0
o o o o
o |0 o |0
Cancel | Tranzfarm... | Help |
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Cuscore Chart

Cuscore Chart for Signal+noise
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More Information

Go to www.statgraphics.com

— Click on “Learn” and then “Instructional
Videos”.

Go to www.youtube.com
— Search for “Statgraphics control charts”.
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