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Chance and Assignable Causes of Variation

» A process is operating with only chance causes of variation present is said to
be in statistical control.

» A process that is operating in the presence of assignable causes is said to be
out of control.

Assignable cause three 0-1 >
is present; process is
out of control.

Assignable cause two t3 —~ Hp<po -~
is present; process is
out of control. i

. t
Assignable cause one 2
is present; process is
out of control.

Op—>
|

Only chance causes of

variation present;

process is in Op—>

control.

M1 > Uy

LSL  u,  USL
Process quality characteristic, x

BFIGURE 5.1 Chance and assignable causes of variation.
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A control chart contains
— Acenter line
— An upper control limit
— Alower control limit
A point that plots within the

control limits indicates the
process is in control

— No action is necessary

A point that plots outside the

control limits is evidence that the

process is out of control

— Investigation and corrective

action are required to find and
eliminate assignable cause(s)

There is a close connection

between control charts and

hypothesis testing

Sample quality characteristic

Statistical Basis of the Control Chart

Upper control limit

Center line

Lower control limit

Sample number or time

BFIGURE 5.2 A wpical control chart.
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Shewhart Control Chart Model

We may give a general model for a control chart. Let w be a sample statistic that mea-
sures some quality characteristic of interest, and suppose that the mean of w is U,, and the
standard deviation of w is 0,,. Then the center line, the upper control limit, and the lower con-
trol limit become

UCL=u, +Lo,,
Center line = 1, (5.1)
LCL=u, - Lo,

where L is the “distance” of the control limits from the center line, expressed in standard devia-
tion units. This general theory of control charts was first proposed by Walter A. Shewhart, and
control charts developed according to these principles are often called Shewhart control charts.

Chapter 5 Introduction to Statistical Quality Control, 7th Edition by Douglas C. Montgomery.
Copyright (c) 2012 John Wiley & Sons, Inc.



How the Shewhart Control Chart Works

Distribution of
individual
measurements x:
Normal
with mean
u=1.5and
o=0.15

Distribution
of x:
Normal with
mean u=1.5
and
o, =0.0671

Sample:
n=>5

BFIGURE 5.4 How the control chart works.

Chapter 5 Introduction to Statistical Quality Control, 7th Edition by Douglas C. Montgomery.

Copyright (c) 2012 John Wiley & Sons, Inc.

UCL =1.7013

Center _ 1 5
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Reasons for Popularity
of Control Charts

1. Control charts are a proven technique for improving
productivity.

2. Control charts are effective in defect prevention.

3. Control charts prevent unnecessary process
adjustment.

4. Control charts provide diagnostic information.

5. Control charts provide information about process
capability.

Chapter 5 Introduction to Statistical Quality Control, 7th Edition by Douglas C. Montgomery. 9
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Phase | and Phase Il of Control Chart Application

* Phase | Is a retrospective analysis of process
data to construct trial control limits

— Charts are effective at detecting large, sustained
shifts in process parameters, outliers, measurement
errors, data entry errors, etc.

— Facilitates identification and removal of assignable
causes

 In phase Il, the control chart is used to monitor
the process
— Process Is assumed to be reasonably stable

— Emphasis Is on process monitoring, not on bringing
an unruly process into control

Chapter 5 Introduction to Statistical Quality Control, 7th Edition by Douglas C. Montgomery. 10
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o

A 7

1st obs 2nd obs 3rd obs 4th obs 5th obs
987,50 987,10 985,00 989,00 987,20
987,80 990,10 990,80 989,20 990,50
994,60 989,90 988,80 990,20 990,60
991,30 985,30 984,50 990,90 989,20
988,80 988,80 990,90 990,50 988,70
993,10 985,10 987,30 991,90 989,70
987,90 991,90 985,60 988,40 991,00
990,40 989,80 993,40 991,40 993,70
992,80 987,10 991,20 986,00 987,30
995,80 991,50 987,10 991,90 988,20
11 991,70 987,50 991,50 987,30 991,60
12 989,20 992,70 990,00 990,10 993,20
13 990,60 992,20 985,80 993,60 986,20
14 995,10 993,60 982,50 987,40 987,10
15 989,40 995,90 987,80 990,70 986,40
16 986,10 991,30 991,50 991,40 985,50

NN

=
N\
\\]

.

%)
)

S
®

ol o ~Nlooslwnk 3

17 993,20 990,20 990,00 986,70 988,20
18 991,50 989,60 988,80 985,30 991,00
19 991,00 990,90 990,00 988,00 995,80
20 985,60 990,60 987,10 988,30 987,10
21 992,60 996,80 994,30 986,20 986,30
22 988,80 995,20 988,00 991,10 986,90
23 990,30 986,40 987,00 985,80 990,20
24 993,80 987,60 989,20 987,90 989,80
25 992,00 992,60 984,30 988,20 988,40
26 993,60 992,70 988,30 988,30 994,60
27 990,50 989,40 995,60 989,90 990,50
28 987,20 989,50 987,50 990,30 987,10
986,10 984,80 991,20 982,60 986,70
986,20 990,20 987,50 990,90

A0 0 A A A A







An example

B o o oo s o s saleyen samieso. sanoke
% 2 987,80 990,10 990,80 989,20 990,50 989,680 1,211 3,000
% 3 994,60 989,90 988,80 990,20 990,60 990,820 2,216 5,800
/ 4 991,30 985,30 984,50 990,90 989,20 988,240 3,162 6,800
/ 5 988,80 988,80 990,90 990,50 988,70 989,540 1,069 2,200
% 6 993,10 985,10 987,30 991,90 989,70 989,420 3,276 8,000
% 7 987,90 991,90 985,60 988,40 991,00 988,960 2,526 6,300
8 990,40 989,80 993,40 991,40 993,70 991,740 1,752 3,900
%
9 992,80 987,10 991,20 986,00 987,30 988,880 2,946 6,800
-
% 10 995,80 991,50 987,10 991,90 988,20 990,900 3,431 8,700
% 11 991,70 987,50 991,50 987,30 991,60 989,920 2,303 4,400
12 989,20 992,70 990,00 990,10 993,20 991,040 1,787 4,000
-
% 13 990,60 992,20 985,80 993,60 986,20 989,680 3,526 7,800
% 14 995,10 993,60 982,50 987,40 987,10 989,140 5,165 12,600
% 15 989,40 995,90 987,80 990,70 986,40 990,040 3,656 9,500
16 986,10 991,30 991,50 991,40 985,50 989,160 3,075 6,000
%
17 993,20 990,20 990,00 986,70 988,20 989,660 2,441 6,500
.
% 18 991,50 989,60 988,80 985,30 991,00 989,240 2,452 6,200
% 19 991,00 990,90 990,00 988,00 995,80 991,140 2,870 7,800
% 20 985,60 990,60 987,10 988,30 987,10 987,740 1,864 5,000
% 21 992,60 996,80 994,30 986,20 986,30 991,240 4,794 10,600
% 22 988,80 995,20 988,00 991,10 986,90 990,000 3,290 8,300
% 23 990,30 986,40 987,00 985,80 990,20 987,940 2,151 4,500
/ 24 993,80 987,60 989,20 987,90 989,80 989,660 2,486 6,200
% 25 992,00 992,60 984,30 988,20 988,40 989,100 3,354 8,300
/ 26 993,60 992,70 988,30 988,30 994,60 991,500 2,997 6,300
27 990,50 989,40 995,60 989,90 990,50 991,180 2,513 6,200
28 987,20 989,50 987,50 990,30 987,10 988,320 1,477 3,200

29 986,10 984,80 991,20 982,60 986,70 986,280 3,168 8,600
0,20 987,50 990,90 989,760 3,052 7,800




ple / Minitab

Xbar-S Chart of 1st obs; ...; 5th obs

X =089, 560

LCL=985,695

LCL=X—A(n)-S = 989,569 —1,4273 -2,715 = 985,693

CL = X =989 569
UCL=X +Aln)-5S =989,569 +1,4273-2,715 = 993,444
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Example 6.1 The Hard Bake Process

= TABLE 6.1
Flow Width Measurements (microns) for the Hard-Bake Process

Wafers
Sample
Number 1 2 3 4 5 xX; E;
1 1.3235 1.4128 1.6744 1.4573 1.6914 1.5119 0.3679
& 14314 1.3592 1.6075 1.4666 1.6109 1.4951 0.2517
3 1.4284 1.4871 1.4932 1.4324 1.5674 1.4817 0.1390
4 1.5028 1.6352 1.3841 1.2831 1.5507 1.4712 0.3521
5 1.5604 1.2735 1.5265 1.4363 1.6441 1.4882 0.3706
6 1.5955 1.5451 1.3574 1.3281 1.4198 1.4492 0.2674
7 1.6274 1.5064 1.8366 1.4177 1.5144 1.5805 0.4189
8 1.4190 1.4303 1.6637 1.6067 1.5519 1.5343 0.2447
9 1.3884 1.7277 1.5355 1.5176 1.3688 1.5076 0.3589
10 1.4039 1.6697 1.5089 1.4627 1.5220 1.5134 0.2658
11 1.4158 1.7667 1.4278 1.5928 1.4181 1.5242 0.3509
12 1.5821 1.3355 1.5777 1.3908 1.7559 1.5284 0.4204
13 1.2856 1.4106 1.4447 1.6398 1.1928 1.3947 0.4470
14 1.4951 1.4036 1.5893 1.6458 1.4969 1.5261 0.2422
15 1.3589 1.2863 1.5996 1.2497 1.5471 1.4083 0.3499
16 1.5747 1.5301 1.5171 1.1839 1.8662 1.5344 0.6823
17 1.3680 1.7269 1.3957 1.5014 1.4449 1.4874 0.3589
18 1.4163 1.3864 1.3057 1.6210 1.5573 1.4573 0.3153
19 1.5796 1.4185 1.6541 1.5116 1.7247 1.5777 0.3062
20 1.7106 1.4412 1.2361 1.3820 1.7601 1.5060 0.5240
21 1.4371 1.5051 1.3485 1.5670 1.4880 1.4691 0.2185
22 1.4738 1.5936 1.6583 1.4973 1.4720 1.5390 0.1863
23 1.5917 1.4333 1.5551 1.5295 1.6866 1.5592 0.2533
24 1.6399 1.5243 1.5705 1.5563 1.5530 1.5688 0.1156
25 1.5797 1.3663 1.6240 1.3732 1.6887 1.5264 0.3224
EX; = 37.6400 XR;=8.1302
¥ = 15056 R=0.32521
Chapter 6 Introduction to Statistical Quality Control, 7th Edition by Douglas C. Montgomery.
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and

Chapter 6

R =1 29_1302203252]
25 25
LCL=RD, =0.32521(0)=0
UCL=RD,=0.32521(2.114) = 0.68749
_2.1"_: =
sz 370400 a6
25 25

—
'I‘-‘:I
—
Il

=

T—A,R =1.5056—{0.577)(0.32521) = 1.31795

Introduction to Statistical Quality Control, 7th Edition by Douglas C. Montgomery.
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1.7 E UCL = 1.693
s 1.6
E el /\;\_('_‘ a N /\/,,r"«\-
_E_ . M \/\/ ‘M,i" Mean = 1.506
3 14
13F | | | | LCL = 1.318
Subgroup O 5 10 15 20 25
(a)
0.7 £ UCL = 0.6876
0.6
Fol AA
S o4l
2 g3k A A\ R=0.3252
AV Y
E 0.2} \/
® 0.1
0.0 | | | | LCL=0

(b)

B FIGURE 6.2 Xxand R charts (from Minitab) for flow width in the hard-bake

process.

Chapter 6 Introduction to Statistical Quality Control, 7th Edition by Douglas C. Montgomery.
Copyright (c) 2012 John Wiley & Sons, Inc.
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= TABLE 6.2

Additional Samples for Example 6.1
I ———————

Wafers
Sample
Number 1 2 3 4 3 xX; R;
26 1.4483 1.5458 1.4538 1.4303 1.6206 1.4998 0.1903
27 1.5435 1.6899 1.5830 1.3358 1.4187 1.5142 0.3541
28 1.5175 1.3446 1.4723 1.6657 1.6661 1.5332 0.3215
29 1.5454 1.0931 1.4072 1.5039 1.5264 1.4152 0.4523
30 1.4418 1.5059 1.5124 1.4620 1.6263 1.5097 0.1845
31 1.4301 1.2725 1.5945 1.5397 1.5252 1.4724 0.3220
32 1.4981 1.4506 1.6174 1.5837 1.4962 1.5292 0.1668
33 1.3009 1.5060 1.6231 1.5831 1.6454 1.5317 0.3445
34 1.4132 1.4603 1.5808 1.7111 1.7313 1.5793 0.3181
35 1.3817 1.3135 1.4953 1.4894 1.4596 1.4279 0.1818
36 1.5765 1.7014 1.4026 1.2773 1.4541 1.4824 0.4241
37 1.4936 1.4373 1.5139 1.4808 1.5293 1.4910 0.0920
38 1.5729 1.6738 1.5048 1.5651 1.7473 1.6128 0.2425
39 1.8089 1.5513 1.8250 1.4389 1.6558 1.6560 0.3861
40 1.6236 1.5393 1.6738 1.8698 1.5036 1.6420 0.3662
41 1.4120 1.7931 1.7345 1.6391 1.7791 1.6716 0.3811
42 1.7372 1.5663 1.4910 1.7809 1.5504 1.6252 0.2899
43 1.5971 1.7394 1.6832 1.6677 1.7974 1.6970 0.2003
+4 1.4295 1.6536 1.9134 1.7272 1.4370 1.6321 0.4839
45 1.6217 1.8220 1.7915 1.6744 1.9404 1.7700 0.3187

Chapter 6 Introduction to Statistical Quality Control, 7th Edition by Douglas C. Montgomery.
Copyright (c) 2012 John Wiley & Sons, Inc.



1.8 = : 1; UCL = 1.693
e 1.7E
g 16
LAk
:_é. 1.5 %WWWAV‘ MEE" = 1.5{]5
@ 14

13F | | | | LCL=1.318

Subgroup 0O 10 20 30 40 50

0.7 UCL=0.6876
o 0.b
2 05
S 04 _
= 0.3 R=0.3252
E p2
“ 0.1

0.0 | | | | LCL=0

0 10 20 30 40 50
(b)
B FIGURE 6.4 Continuation of the X and R charts in Example 6.1.
Chapter 6 Introduction to Statistical Quality Control, 7th Edition by Douglas C. Montgomery. 40
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2.0
1.9
1.8
1.7
1.6
1.5
1.4
1.3
1.2
1.1
1.0

Flow width

Upper specification limit 2.00 microns

u = 1.6633 microns

u = 1.5056 microns

bl i P
Ll

— =
X

Lower specification limit 1.00 microns

g 10 15 20 25 30 35 40 45
Sample number

B FIGURE 6.5 Tier chart constructed using the Minitab box plot procedure for the
flow width data.

Chapter 6

Introduction to Statistical Quality Control, 7th Edition by Douglas C. Montgomery.
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Control vs. Specification Limits

e Control limits are derived

LSL

from natural process

variability, or the natural o

tolerance limits of a process o N\ s

35.23.C \, D|st_r|buti0n 30 g '

 Specification limits are L/’ . <

determined externally, for -~

example by customers or |

des I g ne rS iExternaII;JE:termlned)

B FIGURE 6.6 Relationship of natural tolerance limits, control limits,
and specification limits.

 There i1s no mathematical or
statistical relationship
between the control limits
and the specification limits

Chapter 6 Introduction to Statistical Quality Control, 7th Edition by Douglas C. Montgomery.
Copyright (c) 2012 John Wiley & Sons, Inc.
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6.2.4 Interpretation of Control Charts

ucL

A NA
AV VI

Chapter 6

Sample number

B FIGURE 6.8 Cycles on a control
chart.

LCL

7\

A
o AAAA
LCL

UCL

AAWATEAY

AWAVEAVAA

Sample number

B FIGURE 6.10 A shift in process level.

Sample number

B FIGURE 6.9 A mixture pattern.

ucL /\/\/L\/
l"‘i
LCL e.f‘/\/

~

Sample number

B FIGURE 6.11 A trend in process

level.

Introduction to Statistical Quality Control, 7th Edition by Douglas C. Montgomery. 43
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 EXAMPLE 6.3

Construct and interpret x and s charts using the piston ring
inside diameter measurements in Table 6.3.

SOLUTION

The grand average and the average standard deviation are

_ 13 1
T= —zx_ {1 850.028) = 74.001
255
and
1 25
5=—7Y5; _—{n2351} 0.0094
250

respectively. Consequently, the parameters for the x chart
are

UCL =T + A,7 = 74.001 +(1.427)(0.0094) =
CL =T = 74.001
LCL =X - A5 = 74.001— (1.427)(0.0094) =

74.014

73.988

Chapter 6

and for the s chart
UCL = B,7 =(2.089)(0.0094) =
CL =5=0.0094
LCL= B,5=(0)(0.0094)=0

0.0196

The control charts are shown in Figure 6.17. There is no indi-
cation that the process is out of control, so those limits could
be adopted for phase Il monitoring of the process.

Introduction to Statistical Quality Control, 7th Edition by Douglas C. Montgomery. 44
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_ EXAMPLE 6.5

The mortgage loan processing unit of a bank monitors the = TABLE 6.6
costs of processing loan applications. The quantity tracked is Costs of Processing Mortgage Loan Applications
the average weekly processing costs, obtained by dividing ]
total weekly costs by the number of loans processed during Weeks Cost x Moving Range MR
the week. The processing costs for the most recent 20 weeks 1 310
are shown in Table 6.6. Set up individual and moving range 2 288 7
control charts for these data.
3 297 9
4 298 1
SDLUTIDN ; 7 i
6 303 4
To set up the control chart for individual observations, note 7 294 9
that the sample average cost of the 20 observations is
X =300.5 and that the average of the moving ranges of two 8 297 3
observations is MR = 7.79. To set up the moving range chart, 9 308 11
we use D3 = 0 and Dy = 3.267 for n = 2. Therefore, the 10 306 2
moving range_ma.r‘c has center line MR = 7.79, LCL = 0, and 1 294 12
UCL = DMR = (3.267)7.79 =2545. The control chart
(from Minitab) is shown in Figure 6.19b. Notice that no points 12 299
are out of control. 13 297
For the control chart for individual measurements, the 14 299
parameters are
15 314 15
MR 16 295 19
UCL=X+3—-
* d; 17 293 2
Center line=X (6.33) 18 306 13
MR 19 301 5
LCL=x- 3E
dy 20 304 3
If 2 moving range of n = 2 observations is used, then d; = T 008 MR T
1.128. For the data in Table 6.6, we have
Chapter 6 Introduction to Statistical Quality Control, 7th Edition by Douglas C. Montgomery.
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UCL=X+ 3E: 3005+ SE: 321.22
d, 1.128
Center line = X = 34.088

LCL=X- 3—R—3005 32—2?9?8
d 128

2
The control chart for individual cost values is shown in
Figure 6.19g. There are no out-of-control observations on
the individuals control chart.

The interpretation of the individuals control chart is very
similar to the interpretation of the ordinary X control chart. A

shift in the process mean will result in a single point or a
series of points that plot outside the control limits on the
control chart for individuals. Sometimes a point will plot
outside the control limits on both the individuals chart and
the moving range chart. This will often occur because a large
value of x will also lead to a large value of the moving range
for that sample. This is very typical behavior for the individ-
uals and moving range control charts. It is most likely an
indication that the mean is out of control and not an indica-
tion that both the mean and the variance of the process are
out of control.

320 |- UCL = 321.22
2110 —\ /\
= /\
S 300} /™ /S |3 23005
= N N A/
2 200
280 F — | | , , , , | | . |LoL=279.78
2 4 5 3 10 12 14 16 18 20
Observation
(a)
24 |- UCL = 25.45
& 18-
[v]
-l /\ AN
g et \/\/\/\/ \\_/ V Nl
0 LCL=0
2 6 8 15 8 20
Observation
(b)

BFIGURE 6.19 Control charts for (a) individual observations on cost and for (b) the moving range.

o s

Chapter 6 Introduction to Statistical Quality Control, 7th Edition by Douglas C. Montgomery.
Copyright (c) 2012 John Wiley & Sons, Inc.




= TABLE 6.7
Costs of Processing Mortgage Loan Applications, Weeks 21-40

Week Cost x Week Cost x
21 305 31 310
22 282 32 292
23 305 33 305
24 296 34 299
25 314 35 304
26 295 36 310
27 287 37 304
28 301 38 305
29 298 39 333
30 311 40 328

Chapter 6 Introduction to Statistical Quality Control, 7th Edition by Douglas C. Montgomery.
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Individuals and Moving Range Charts of Cost

M0 F
1
. N
= 320 -
“m
o |
= \Vd’
H Ve
280 — I I I I I I I I I ]
4 8 12 16 20 24 28 a2 36 40
Observation
0F i
% 20
E 101 A A A /\ ¥ A
VYVVNT VN vy N
1 I I I I I I I I I 1
4 8 12 16 20 24 28 32 36 40
Observation

UCL = 321.22

X =3005

LCL=279.78

UCL = 25.45

-
i

=
~
o

LCL=0

BFIGURE 6.20 Continuation of the control chart for individuals and the moving range using the

additional data in Table 6.7.

Chapter 6 Introduction to Statistical Quality Control, 7th Edition by Douglas C. Montgomery.
Copyright (c) 2012 John Wiley & Sons, Inc.
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Contrel Charts for AHBULES

vl For variables that are categorical

M Good/bad, yes/no,
acceptable/unacceptable

vl Measurement is typically counting
defectives

vl Charts may measure
vl Percent defective (p-chart)

vl Number of defects (c-chart)




ControlfISimits forp=Charts

Population will be a binomial distribution, but
applying the Central Limit Theorem allows us
to assume a normal distribution for the sample

statistics
UCL, =p + Zoy i ,‘/'p(l- o7
_ Op= ——
LCL, =p - Zoy

mean fraction defective in the sample

number of standard deviations

standard deviation of the sampling distribution
sample size

where p
V4

Op

n



Presenter
Presentation Notes
Instructors may wish to point out the calculation of the standard deviation reflects the binomial distribution of the population


P=Chart for Data ERty

Sample Number  Fraction Sample Number  Fraction
Number of Errors Defective Number of Errors Defective
1 6 .06 11 6 .06
2 ) .05 12 1 .01
3 0 .00 13 8 .08
4 1 .01 14 I .07
) 4 .04 15 ) .05
6 2 .02 16 4 .04
7 ) .05 17 11 A1
8 3 .03 18 3 .03
9 3 .03 19 0 .00
10 2 .02 20 _4 .04

Total = 80

9
I

80 _ 04)(1 - .04
i S e




Fraction defective

A1
10
.09
.08
.07
.06
.05 |-
.04
.03 |-
.02
.01
.00

04 + 3(.02) = .10

LCLp=p_ z65= .04 - 3(.02) = 0

%
UCL, = 0.10

B ®
- ®
- @ o
o O o
[ X ®
- o o
B LCL, =0.00
>
2 4 6 8 10 12 14 16 18 20
Sample number




P=Chart for Data ERtry

Fraction defective

A1
10
.09
.08
.07
.06
.05
.04
.03
.02
.01
.00

UCL, = p + zo; = .04 + 3(.02) = .10
LCL, = p - zoy= .04 - 3(.02) = 0

p= 0.04
- o0 ©
- e e
- LCL, = 0.00
>

2 4 6 8 10 12 14 16 18 20
Sample number



Presenter
Presentation Notes
There is always a focus on finding and eliminating problems. But control charts find any process changed, good or bad. The clever company will be looking at Operator 3 and 19 as they reported no errors during this period. The company should find out why (find the assignable cause) and see if there are skills or processes that can be applied to the other operators.



Controltloim

ItS Tor c-Charts

Population will be a
applying the Central
to assume a normal d

Poisson distribution, but
_Iimit Theorem allows us

Istribution for the sample

statistics

UCL.=¢C+3,

LCL.=C-3.,£

where T = mean number defective in the sample



Presenter
Presentation Notes
Instructors may wish to point out the calculation of the standard deviation reflects the Poisson distribution of the population where the standard deviation equals the square root of the mean


c=ChanrtorCap Conpany

C = 54 complaints/9 days = 6 complaints/day

LCL,

14 I UCL, = 13.35

Number deLective
o

O N A~ O

i o ® . °.
o O
- LCL, =0

1 2 3 45 6 7 8 9
Day
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