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CHAPTER 1

Quality Improvement in the Modern
Business Environment

CHAPTER GOALS

After completing this chapter, you will be able to:
1. Define quality improvernent and the role of statistical methods in vanability reduction.

The modem definition of quality, “Quality is inversely proportional to variability” (text p. 4), implies that
product quality increases as variability in important product characteristics decreases. Quality improvement can
then be defined as *... the reduction of variability in processes and products” (text p. 6). Since the earty 19007s,
statistical methods have been used to control and improve quality. In the Introduction to Statistical Qrality Control,
4" ed,, by Douglas C. Montgomery, methods applicable in the key areas of process conirol, design of experiments,
and acceptance sampling are presented.

Ta understand the potential for application of statistical methods, it may help to envision the system that creates
a product as a “black box” (text Figure 1-3). The output of this black box is a product whose quality is defined by
one or more quality characteristics that represent dimensions such as conformance to standards, performance, or
reliability. Preduct quality can be evaluated with acceptance sampling plans. These plans are typically applied to
either the output of a process or the inpat raw materials and compenents used in manufacturing. Application of
process control techniques (such as contral charts) or statistically designed experiments can achieve significant
reduction in variability,

Black box inputs are categorized as “incoming raw materials and pars,” “controllable inputs,” and
“uncontrollable inputs.”

i1
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1-2 Quality Improvement in the Modern Business Environment

The guality of ircoming raw materials and parts is often assessed with acceptance sampling plans. As material
is received from suppliers, incoming lots are inspected then dispositioned as accepiable or unacceptable. Once a
history of high quality material is established, a customer may accept the supplier’s process control data in liea of
incoming inspection results,

*“Controilable” and “uncontrollable” inputs apply to incoming materials, process variables, and environmental
factors. For example, it may be difficult to control the temperature in a heat-treating oven in the sense that some
areas of the oven may be cooler while some areas may be warmer. Properties of incoming materials may be very
difficull to control. For example, the moisture content and proportien of hardwood in trees used for papermaking
have a significant impact on the quality characteristics of the finished paper. Environmental variables such as
temperature and relative humidity are often kard to control precisely.

Whether or not controllable and uncontrollzble inputs are significant can be determined through process
characterization. Statistically designed experiments are extremely helpful in characterizing processes and optimizing
the relationship between incoming materials, process variables, and product characteristics

Although the initial tendency is to think of manufacturing processes and products, the statistical methods
presented in this text can also be applied to business processes and producis, such as financial transactions and
services. In some organizations the epportunity to improve quality in these aress is even greater than it is in
manufzcturing,

Various quality philosophies and management systemns are briefly described in the text; a common thread is the
necessity for continucus improvement to increase productivity and reduce cost. The technical teols described in the
text are esseatial for successful quality improvement, Quality management systems alone do not reduce variability
and improve quality.

CHAPTER

Modeling Process Quality

CHAPTER GOALS

After completing this chapter, you will be able to:

. Describe variation using the following graphical methods: Stem and leaf plot; Histogram or frequency
distribution; Box Plat; Probability Distributions

. Describe data using the following numerical estimates: Average; Variance; Standard Deviation

. Understand the difference between continucus and discrete distributions

Recognize and use the following discrete distributicns: Hypergeometric; Binormial; Poisson; Pascal
. Recognize and use the following continuous distributions: Normai; Expoaential; Gamma; Weibul!

. Apply the Central Limit Theorem

- N U

. Use approximation methods for probability distributions

2-1



2-2 Modeling Process Quality Modeling Process Quality 2-3

(b} Calculate the sample standard deviation.

Exercises

2-1. The fill volume of a soft-drink beverage is being anelyzed for variabifity. Ten bottles, randomly selected

from the process, are measured, and the results are as follows {in fluid cunces): 10.065, 10.03, 10.02, 10.04, !

[(9533 oo 59y 933 FI50)

10.05, [0.61, 10.02, 10.02, 10.03, 10.0L. - 9 =17 °F
9-1
(a) Calculate the sample average.
The Minitab basic statistics output for this data set is:
Variable N Mean Median TxMean StDav SE Hean
L] Ex2-3 9 952_89 953,00 952.89 3.72 1.24
z X Variabhle Hinimunm HMaximum Q1 Q3
_ = 10.05 +10.03 4+ +10.01 10.028 oz Ex2-3 948.00 959.00 949.50 956.00
= = =18
n i0

2-5. Yield strengths of circular tubes with end caps are measured. The first yields (in kN) are as follows:

(b) Calculate the sample standard deviation.

96 102 104 108
126 128 150 156

2 {a) Calculate the sample average.
(10.05 +-.-+10,01%) - {203 100D

- 10 =0.015 oz -
- S
—_ =l _96+102+‘“+[56_]2] TSIN

The Minitab basic statistics output for this data set is: x= P P =121
Variable H Mean Median Tr¥ean StDav SE Mean
Ex2-1 10 10.028 10.025 10.028 g.015 0.095
Variable Minimun  Maximum o1 Q3 (b) Calcuiate the sample standard deviation.
Exz-1 10.010 10.050 10.018 10.043
2-3. The nine measurements that follow are furnace femperatures recorded on successive batches in a

serniconductor manufacturing process {unis are F):

2
(967 4 41562 6+ +156)

f 953 955 948 &

! =22.63kN

; 951 957 949 8-1

954 950 959
The Minitab basic statistics output for this data set is:
(=) Calculate the sample average. Variable ) Mean Median TrMean Bthav SE Mzan

Ex2-5 L 121.25 117.60 121.25 22.63 8.00
Yariable #Hininum Maxirum QL Q3
EX2-5 96.040 156.00 102.50 144.50

S 953495144959
n 9

=952.9 °F




2-4 Modeling Process Quality

2-1t.  Consider the chemical process yield data in Exercise 2-7. Calculate the sample average and standard
deviation.

Exercise 2-7 Data

941 873 941 924 846 B44
932 843 921 906 836 866
506 901 964 B8Ol BS54 917
%14 9352 832 B8 BOT BIS
882 861 864 BG4 BTG B42
861 943 850 851 BSLl 851
951 932 849 840 896 905
50.0 867 873 937 9200 956
524 830 8%6 877 900 883
873 953 903 906 943 841
366 941 931 894 973 837
912 978 946 8B4 968 829
g6.1 931 963 84.1 944 873
904 864 947 824 961 864
9.1 876 911 B31 980 845

X
S 941493244845

X= =80.476
94,14+ 84,5
)(94.12 +--.+s4.52)4-F )
1 30 =4.158
901

The Minitab basic statistics output for this data set is:
Variable N Kean Median Triean StDev SE Mean
Ex2-7 40 39.476 89,250 95,391 4.158 0.438
Variable Minivumn Haxicin Q1 23
Ex2-7 82,600 98,000 85.100 93.125

2-13,  Suppose that two fair dice are tossed and the random variable observed - say, x -is the sum of the two up
faces. Describe the sample space of this experiment, and determine the probability distribution ofx.

x: {the sum of two up dice faces}
sample space: {2,3,4,5,6,7,8,9,10, 11,12}
Caleulate the probabitity of rolling a 2, obtained by relling a 1 on each die:

i b 1
Prix=2} =Pr(l,l}==X—=—
r{x=2}=Pr{L1} riariay:
Calculate the probability of rolling a 3, F and 2 or 2 and 1:

1 o112
x=3=Pr{,2} +Pr{Z,}} = —x—+—-X—=——
Pr{x=3}=Pr{l, 2} +Pr{Z,}} . v

i
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Calculate the probability of rolling a 4:
.1, 1.1 1% 3
x=4} =Pel, 3} + Pr{2, 2+ Pri{d I} = —%—+—K—+X—=—
Prlesd = Pell 3+ Pl B PeB Iy = o X e e T 36

The entire sample space is defined as:
1/36x=2
2/36,x=3
3/36x=4
4/36,x=3
5/36;x=6
6/36,x=7
5/36x=8
4/36;x=9
3/36,x0=10
2436 x=11
1/36,x=12
(; otherwise

plx)=

2-17. A mechatronic assembly is subjected to a final functional test. Suppose that defects eccur at random in
these assemblizs, and that defects occur according to a Poisson distribution with parameter L = 0.02.

(&) What is the probabitity that an assembly will have exactly one defect?

This is a Poisson distribution with parameter A = .02, x ~ POI(0.02).

&% 0.02)"
It

Pr{x=1}=p{l)= =0.0196

(b} What is the probability that an assembly witl have one of mere defects?

Peix 2B =1-Pr{x=0}=1—p(0}=1-

~0.02 0
% =1-0,9802=0.019%

{<) Suppose that you improve the process so that the occurrence rate is cut in half to A = 0.01. What effect
dees this have on the probability that an assembly will have one o7 more defects?

This is a Peisson distribution with parameter A = 0.01, x ~ POI(0.01).

001 o
Pr{xz1} =1-Pc{x=0} =1~ p(0) :175%011-:1—0.990{} =0.0100

Cutting the rate at which defects occur reduces the probability of one er more defects approximately half, from
0.0198 to 0.0100.
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2-19,  The random variable x takes on the values 1, 2, or 3 with probabilities {14+3%)Y/3, (1+24)/3, and (0.5+5kY3
respectively.

(=) Find the appropriate value of k.

(1+3k}/3; x=1
(1+25)/3 x=2
s +56)/3; x=3

0; otherwise

p(x)

To salve for &, use F{x)= Zp(x,) =1

=l
{1+ 363+ (1+25)+(0,5+ 5k) =
3
2.5+10k =1
3
10k =035
k=005

(b) Find the mean and vadance of x.

2 . [1+3(0.05) 1+ 2(0.05) [o.5+5(o.95)}=
yngl:xip(xi)—[x[ 3 ]+2x P Tl , 1.867

3
o= zlx} )~ =12 (0.383)+ 22 (0.367)+ 32(0.250) - 1.867% = 0.615
P

{c) Find the cumulative distribution function.

Apply &= 0.05 to earlier eguations-*:
115

= 3,383 x =1

3
Fla)= ﬁs;'ﬁﬂ.vso;x:z
1.15+1.31+0.7s L0003

it
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2-21. A manufacturer of electronic calculators offers a i-year warmranty, [f the calculator fails for any reason
during this period, it is teplaced. The time to failure is well modeled by the following probability
disteibution:

Flxy= 0,125 >0

{a) What percentage of the calculators will fail within the warranty period?

This is an exponentizl distribution with parameter A = 0.125:
Prfx <l}=F()=1-¢ " =0 118
Approximately 11.8% will fail during the first year.

(b} The manufacturing cost of a caleulator js $50, and the profit per sale is 325. What is the effect of
warranty replacement on profit?

Mfg. cost = $50/calculator Sale profit= $25/calculator
Net profit = 5{-30{1 + 0.118) + 75}calculator = $19.10/calculator.
The replacement warranty effect decreases profit by 25 - 19.10 = $5 90/calculator.

2-23. A production process operates with 2% nonconforming output, Every hour a sample of 50 units of product
is taken, and the number of nenconforming vnits is counted. If one or more nonconforming units are found,
the process is stopped and the quality control technician must search for the cause of nonconforming
production. Evaluate the performance of this decision rule.

This is a binomial distribution with parameter p= 0.02 and » = 50. The process is stopped if x 2 1.
50
Pr{xzl=1-Pr{x<l}=1-Prix=0}=1- o 0.02)° (1-0.02)" =1-0.364 = 0,636

Tkis decision rule means that 63.6% of the samples wilt have ene or more nonconforming units, and the process wilk
be stopped to leok for a cause. This is a somewhat difficult operating situation.

225, A random sample of 180 units is drawn from a preduction process every half hour. The fraction of
nonconforming product manufactured fs 0.03. What is the probability that p<0.04 if the fraction

nonconforming really is 0.03?

This is 2 binomial distribution with parameter p= 0.03 and # = 100,

d.(100
Pr{p <0.04) =Pri{x < 4) = E{ A }0.03}'(1-0.33)““"”
=0

={120}0.03)°(1—o.03}‘°° +(i?ﬂ](0.03)‘(b0‘03)99 +.-~+{12{}}(0.03)‘(1—0.03)95 =0.818

Therefore, the probability is ¢.818 that sample fraction nonconforming can be 5 £0.04 if the population fraction
nonconforming really is p = .03,
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2-27.  An electronic compenent for a Iaser range-finder is produced in lots of size N=25. An acceptance tesling
procedure is used by the purchaser ta protect against lots that contain too many nonconforming components.
The procedure consists of selecting five components at random from the lot (without replacement) and
testing them. Ifnone of the components is noncoaforming, the lot is accepted.

(a} If the lot contains three nonconforming components, what is the probabitity of acceptance?

This is a hypergeometric distribution with V=25 and » = 5, without replacement.

[ D l N-D }
X n—x
Pr{acceptance} = p(x) = 7
'
[ 3 ]{25 -3 ]
Priacceptance} = p(0) = 0 [255#0 = (lzgﬁl’:;;) = 0496
3

(b) Calculate the desired probability in () vsing the binomial approximation. Is this approximation
satisfzetory? Why or why not?

Given D=3 andx={:

For the bizomiat approximation to the hypergeometric,
n
Pr{acceptance} = p(x) = [x]( oY {l-py

p=2=2 0120 sndn=s.
N 2

5
Pr{acceptance} = p(0) = A 0.520)°(1-0.120)° = (1{1)(0.528) = 0.528

This approximatior, though close to the exact for x = 0, violates the mule-of-thumb that =¥ = 5/25 = 0.20 be fess than
the suggested 0.L. The binemial approximaticn is not satisfactory in this case.

() Suppose the lot size N=150. Would the binomial approximation be satisfactory in this case?

For ¥= 150, /¥ = 5/150 = 0.033 £ 0.1, so the binomial approximation would be a satisfactory approximation the
hypergzometric in this case,

Pz
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(d) Suppose that ihe purchaser wili reject the Iot with the decision rule of finding one_ or more
nonconforming components in a sample of size x, and wants the lot to be rejected with probability at least
0.95 if the lot contains five or more noncenforming components, How large should the sample size # be?

Find » to satisfy Pr{x =1|.D 2 5} 2 (.95, or equivalently Prix=0| D=5} <0.05.

wyn=10

[51{20!
P(0)= 0k10 _(1)(184,156)_0057 .

25)  (3,268,760)
10
tryr =11

[5 ﬂ20 )
451l
0= _ ({167,960} _ 0.038

25) (4,457,400}
Il

Let sample size n=11.

2-29. A textbook has 500 pages on which typographical errors could occur, Suppose that there are exactly 10
such errors randomly located on those pages, Find the probability that a random selection of 50 pages will
contain no errors. Fiad the probability that 50 randomly selected pages will contain at least twa errors.

This is a hypergeomelric distribution with ¥ = 500 pages, » = 50 pages, and D = 10 errors. Checking /N = 50/500

= 0.1 £ 0.1, the binomial distribution ¢an be used to approximate the hypergeometrie, with p = % 10 0.020.

500
Pr{acceptance} = p(x) = (n oY (-
x

Pe{x=0}= p(0)= ?](u.ozofu—o.ﬂzo)’” = (I{IH0.364) = 0.364
Prix22} =1-Prix <1} =1-[Prix=0}+Pr{x=1}] =i—p(o}—p(1)

50
2170.3647[ | ]10_020)‘{1—0.020)55“I =1-0364-0.372=0.264
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231, Qlass b'ottles are formed by pou.z?'ng molten glass 1:uto a mculfi. The “.mhe[.l glass is prepared in a furnace How many exceed 48 15,7 Again, utilizing the standasd normal distribution, Appendix II:
| lined with fircbrick. As the firebrick wears, smal pieces of brick are mixed into the molten glass and finally ; 45— 40
‘ appear as defects (called “stones™) in the botle. If we can assume that stones occur randomly at the rate of Prix> 48} =1-Pr{x<48} = 1‘Pf{l 5—} =1-Pr{z £1.00} =1-9(1.00) =1 - 0.8413 = 0.1587
0.00001 per battle, what is the probability that a bottle selected at random witl contain at least one such i 8
defect? The number that exceed 48 [b. is (50,000) x (0.1587) = 7935,
f: Marmal Probzbllity Denslty Funcilon
e U PN nes o F td duv = 2
This is a Poisson distribution with A = 0.00601 stones/bottle. The Poissen distribution is PRx) = T : sas L ]
—0.000M 0 . ¥
Pr{xz1}=1-Pr{x=0} 317-2“%%:1—0,99999:0.00001 Prab. oussity |
- 0.63 r -
2-33. A production process operates in one of two states: in the in-control state, in which most of the units ver f 1
produced conform to specifications, and an out-of-control state, in which most of the units produced are ! ":“ 3 joow
defective. The process will shift from the in-contre] te the owt-of-control state at random. Every hour, a : P
quality coatrol technician checks the process, and if it is in the out-of-control state, the technician detects : Fansie Siregth. b
this with a probability p. Assume that when the process shifts out of control it does so immediately
foliowing a check by the inspector, and once a shift has occurred, the process cannot antomatically correct : 2-37.  Continvation of Exercise 2-36. Reconsider the power supply manufacturing process in Exercise 2-36,
jtself, If ¢ denotes the number of periods the process remains out of contrel following a shift before : Suppose we wanted to improve the process, Can shifting the means reduce the number of nonconforming
detection, find the probability distribution of . Find the mean number of periods the process wili remain in . : units produced? How much would the process variability need to be reduced in order to have all but one of
the eut-of-control state. ; 1800 units conform to the specifications?
The distribution for / is based on the mumber of periods for which the process shifted from in contzal to out of : Exercise 2-36. The output voltage of a power supply is normally distributed with mean 12 V and standard
contral, 1, with probability (p)', and the periods from which the process remains in the cut of conirol state without a ' deviation 0.05 V. Ifthe lower and upper specifications for voltage are 11.90 V and 12.10 V, respectively,
shift, f — I, with probability (1 —p)"'. There is only one permutation for this situation. Hence, the distribution is the what is the probability that a power supply selected at random will conform to the specifications on vo[tage?,
combinaticn of the two states as follows:
Pei) = p(l-p) 1=1,2,3,... : The process, with mean [2V, is cumently centered between the specification limits (target = 12V). Shifting the
| - . process mean in either direction would increase the number of sonconformities produced. Desire Pr{cenformance}
o The mean is calculated per equation 2-5b: j = Z-"'i p(x;) as follows; i = [/1000 = 0.001. Assume that the process remains centered between the specification limits at [2V. Need Pr{x <
! i P : LSL} = 0,001 /2 = 0.0005. :
1! - o ale ] 1 D(z) = 0.0005
§ = ;’[f’(l“f’) ]Z P?q[gq ]=; i 2=07'(0.0005) =-3.29
i ; LSL-% ISL-x 11.90-12
. . z , S05= = =0.03
i 2-35.  The tensile strength of & metal part is normally distributed with a mean of 40 Lb 2nd standard deviation 8 Tb. : s z -3.28
il If 50,000 parts are produced, how meny would fail to meet a minimum specification of 34-1b tensile ; Process varianee mast be reduced to 0.037 to have 2t least 999 of £000 conform to specification.
strength? How many would have 2 tensile strength in excel of 48 167 :
i . : 2-39.  The life of an automotive battery is normally distibuted with 4 mean 900 days and standard deviation 35
! H day. What fraction of these batteries would be ¢xpected to survive beyond 1060 days?

x~N{40,8%); #=50,000
‘ J How many fail the minimum specification, LSL = 34 10.? Utilizing the standard normal distribution, Appendix II:
3440

x~ N(90B,35)

Prix<34}= Pr{z < }:Pr{z < —0.75) = ®(-0.75) = 0.2266

=1-(2.8571) =1-0.9979 =0.0021

Prlx > 1000} =1 ~Prix £ 1000} =;-Pr{xs“m3¢}

Therefore, the number fziling the minimum specification is (50,000} x (9.2266) = 11,320, ; .
: The percentage expected to survive more than 1000 days is 0.21%.

F’MM‘...._:_;'.;:....-;.A\._.:.‘. .




i
P

i
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2-41.  The specifications of an electronic component in a target-acquisition systems are that its life must be
between 5000 znd 10,000 h. The life is normalfy distributed witk mean 7500 h. The manufacturer realizes
a price of S10 per unit produced; however, defective units must be replaced at a cost of 335 to the
manufacturer, Two different manufacturing processes can be used, both of which have the same mean life.
Howaver, the standard deviation of life for process I is 1000h, whereas for process 2 it is only 500 b
Production costs for process 2 are twice those for process 1. What value of production costs will determine
the selection between process 1 and 27

The information required for this exercise is:
x; ~ N(7500,6% =1080"); x; ~ N(7500,07 =5007) LSL=5,000h; USL=10,000h
sales = $10/upit, defect=§5Amit, profit=S$10 x Pr{good} + $5 x Pr{bad} - ¢

For Process |
preportion defective = py = 1-Pr{lSL <x S USL}=1-Pr{x < USL}+Pr{x <LSL}
10,000~7,500 +Peiz < 5,000-7,500
1,000 I, 000
=1-D(2.5)+D(~2.5) = 1--0.9938+ 0.0062 =0.0124
profit for process 1=10 (1 —0.0[24} + 5 (0.0124) -, = 9.9380 —¢,

:l-Pr{zlS

For Process 2
proportion defective = py = I-Pr{LSL S x; S USL}=1-Pr{x, SUSL}+Pr{x, £ LSL}
10,008 -7,500 5,000—7,500
zléPr{zz = 500 }-t-?r{zz < <00 }
=1-B(5) + B{-5) =1-1.0000+0.0000 = 0.0000
praofit for process 2 = 10 {1 - 0.0000} + 5 (0.0000)—c; =10 -0,

I ¢, > ¢ +0.0620, then choose process 1

Joi i e

CHAPTER 3

Inferences about Process Quality

CHAPTER GOALS

After completing this chapter, you will be able to:

1.
2
3.

Sample from Normal, Bernoulli, Poisson distributions

Understand and compute point estimates from data sets

Make decisions on process data by using statistical inference:

b d
>
>
>
F

Define null and aliernate hypothesis

Choose and compute test statistics

Define critical or reject regioas .
Compare test statistics to critical or reject regions
Estimate confidence intervals

. Generate normal probability plots of data
. Compare two samples of data

. Compare muttiple samples with analysis of variance

33
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Exercises

3-1, The inside diameter of bearings used in an aircraft landing gear assembly are known to have a standard
deviation of ¢ = §.802cm. A random sample of 15 bearings has an average inside diameler of 8.2535 cm.

{a) Test the hypothesis that the mean inside bearing diameter is 8.25 ¢m. Use a two-side alternative and
a=0.05.

n=15 ¥=82535¢m; o=0.002cm

Hy=18.23, =003

Test: Hy: =825 vs, Hy: 1 # 825, Reject Hyif |2 > Zooy.

First calculate the test statistic Z; by

Zo= My _ 8.2335-8.25 —6.78

From Appendix Tzble II, identify

Zain = Zaosi2 = Zoay =196

Reject Hy: i = 8.25, and conclude that the mean bearing 1D is not equal to 825 em.

{b) Find the P-value for this test,

From Appendix Table H, find the conesponding cumulative Standard Normal, @(Zy) for Z; = 6.78 and calculate:
P=32[1-0(Z)] = 2[1~ 9(6.78)}= 2[1-1.00000] = 0

(c) Censtruct a 95% two-sided confidence interval on mean bearing diameter.

By using equation 3-29, the confidence interval on the mean bearing diameter is caleulated as follows:

_ ) - [+
X~Zay = SHEX+Z—
x MZJJ_z HEX a.'z\/;
0.002 0.002
8.2535-1.96 < 1 $8.2535+1.96) —
[Jﬁ] g [JG]

8.2525 < 1t £8.2545

3-3. The life of a battery used in a cardiac pacemaker is assumed to be normally distributed. A random sample of
10 batteries is subjected to an accelerated life test by running them continuously at aa elevated temperature
until failure, and the following lives are obtained.

Z55h 26.1h
268 732
242 28.4 |
25.0 278 :
273 257 :

F"x:z;nx:.v:.ﬁ-«uww P
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(a} The manufacturer wants to be certain that the mean battery life exceeds 25 h. What conclusions can be
drawn from these datz (use o =9.05)7

Because o is unknown, and estimate, §, is calculated and the r-distribution used, one-sided, as follows;

X~ My, o), =260, §=1.62, u,=25 a=0.0j5

Test Ho: it =25 vs. My p> 25, Reject Hyif iy > .

o _X-p, _260-25
sin 16210

Lyt =fo500 = 1.833

Reject Hy: =25, and conclude that the mean ife exceeds 25 b.

=1.952

These calculations are validated with Minitab as follows:

Test of mu = 25 vs mu > 25

Variable N Mean S5thev SE Mean
Ex3-3 10 26.000 1.625 0.514
Variable 55.0% Lower Bound T P
Ex3-3 25.058 1.95 0.042

(o} Construct a 50% twa-sided confidence interval on mean life in the accelerated test

With o= 0.10, and equation 3-34, the confidence interval on mean life in the accelerated test is:

— Ay _ Ay
X lgizna 7;“5# S¥Hiorrnt 7

1.62 L62
26.0-1.833) == |£ 1 £26.0+1.833 —

25.06 < <26.94
Again, Minitab validates the calculations as follows;
variable N Mean StDev  SE Mean 90.0% CI
Ex3-3 10 26,000 1.625. 0.514 ( 25.058, 26.942)

(c) Construct 2 normal probability plot of the battery life data. What conclusions can you draw?

In Minitab, select “Options,” then “QObtain Plot Points Using - Modified Kaplan-Meier Methed.” Using Minitab, the
normal probability plet is:

Hicrinat Prodeiiley Pt for Bty Lt

Parcent
- w3 BHAEARP DN W
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The plotted points fall approximately along & straight line, so the assumption that battery £fe is normally distributed
is appropriate.

35, A new process has been developed for applying photoresist o [25-mm si[-icon waters used in
manufacturing jategrated circuits, Ten wafers were tested, and the photoresist thickness measurements

shown here were observed:

13.3946 (x 1000 angsiroms) 13.4002 {x 1000 angstroms}
13.3987 13.3957
13.3902 13.4015
13,4601 13.3918
13,3965 13.3925

(a) Test the hypothesis that mean thickness is 13.4 x 100¢ A. Use =0.052nd assume a two-sided
alternative.

First, estimate the mean and standard deviation: x ~ N{y,&), =10, ¥ =13.39518(x L000 A), § =0.00391
Ho=13.4x2000 &, = 0.05 )
Test: Hy p=13.4 vs. By it # 134, Reject Hyif[fo] > faa-
Compute the test statistic as follows:
X—lp 13.39618-134 _

fg=—plB o 27T T =3 089

TS eman/ioe
Identify 1, .| from Appendix Table IV: 152, =fye9 = 2.262
Reject Hy: t=13.4, and conclude that the mean thickaess differs from 13.4x1000 A.

This test can also be performed in Minitab as follows:

Test of mu = 13.4 vs mu not = 13.4

Variable N Mean Sthev  SE Mean
Ex3-5 10 13.3962 0.003% 0.40012
Variable 95.0% CI T P
Ex3-5 ( 13.3924, 13.399¢) -3.0% 0,013

(b) Find a 59% tow-sided confidence interval on mean photoresist thickness, Assume that the thickness is
normally distributed.

With g = 0.0%, identify faz. from Appendix Table IV and calculate the confidence interval on: mean photoresist
thickness as:

hY — 5
Flgizn T SHEF+g 2401 7

0.00391 0.00391
13.39618~3.2408| L0oo2 b |< 1 <13.30618 +3.2498
30618 32493[ o ] u T

13.39216 < ¢t £13.40020
Using Minitab, the confidence interval calculations are verified:

i 0% CI
Variahbhle N Mean StDev SE Mean 99.
Ex3-5 . 19 13.3962 4.0839 0.0012 ( 13,3922, 13.4002)
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(c) Does the normality assumption seem reasonable for these data?

Note: In Minitab, select Options, then “Obtain Plot Poiats Using - Modified Kaplan-Meier Method"”

Nermat Probanity Pl for Prolones'st Thickvess

Parcant
¥HOEDIE B X

ETT uw e
Froiaresst Thicknese, A

The plotted points form a reverss “S” shape, instead of & straight ling, so the assumption that battery life is normally
distributed is not appropriate.

3-7. Ferric chloride is used as a flux in some types of extraction metaliurgy processes. This material Is shipped
in containers, and the container weight veries. It is important to obtain an acowrate estimate of mean
container weight. Suppose that from long experience a reliable vatue for the standard deviation of flux
container weight is determined to be 4 lb. How large 2 sample would be required to construct a 95% two-
sided confidence interval on the mean that has a total width of 1167

o=41b, a=10.05, Z;7= Zuq; 5= 1.9609, total confidence interval width = 1 Ib, find
O .
2[2,,,2 —— = total width
Jn

4
2| 13600~ | =1
o
n =246
A sample size 0f 246 would be required.

3-9. The outpat voltage of 2 power supply is assumed to be normally distributed. Sixteen observations taken at
random on voltage are shown here,

10.35 930 1000 996
1165 1200 1125 958
11.54 995 1028 837
10.44 9.25 938 10.85

x~N, 6), n=16; ¥=10258V; §=0999V
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(a) Test the hypothesis that the mean voltage equals [2 V against a two-sided alternative using ¢ =005.

Ho=12, x=0.03
Test Hy: g1 = 12 vs. Hy: i+ 12. Reject Hy if Jfo] > taz
_ ¥y 10.259-12

T 0999416

leran =logasgs- = 2131
Reject Hy: g = 12, and conclude that the mean output voltage differs from 12V,

-6.971

The Minitab cutput for this exercise is shown below. The f value calculated by Minitab agrees with the calculations
above. Alse nofe that the hypothesis test value of 12 is not included in the 95% confidence interval of 9.727 to
18,792,

Test of mu = 12 vs mu not = 12

variable N Mean StDev SE Mean
Ex3-9 146 10.25% 0.9%%9 9.250
Variable 95.0% CI T B
Ex3-3 [ 5,727, 10.7%2) -6.97 $.000

(b Comstruct a 95% two-sided confidence interval on g

With of =003, fy3 51 = logas -t = 2-131, the confidence interval is calculated as:

= M — 3
X larram ‘ﬁsﬂ SXHgran-1 T

10.259-2.131 0999 < H£10.259+2.131 9999
N6 J16
9727 < u<10.791
The Minitah cutput Tor this exezcise is:
Variable N Mean Stbhev SE Mean 85.4% CI
Ex3-% 186 10.25% 0.%9% 0.25¢ ( 9,727, 10,792)

(c) Test the hypothesis that o’=[ using a=0.05.

oh=1, x=005

TestHy o= 1 vs. By o # 1. Reject Hy if 70> enm 01 2o < Laner

(u-1)S* _ {16-1)0.999
1

2 =14970
g

2
K =

Zéfz,nvl = X02.025.16-1 =27.488

2 _ .2 =
Hicarza-1 = Xis7sse-y =6-262
Do not reject Hy: o =1, and conclude that there is insufficient evidence that the variznce differs from 1.
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£d) Construct a 95% two-sided confidence interval on .

=005 2i2n = Zaosas = 2T488; I arsay = Fagrs s =6.262

(n-1)8? cols n-15?
Z;fz,a-l le-a.'z,;;fl
(6-10995° _ , _(16-10.999*
27.488 6.262

0.545< 0% £2.391
' 0.FIB<o <1546

{e) Constrict a 95% upper confidence interval on o

o =005 iqa =Hissis =72609
o< (n;t)s2
Hianr
o< €16 -1)0.599
7.2609
ol g2062
o <1436

(f} Does the assumption of normality seem reasonable for the output voltage?

Mol Protediny Pl for Outpul Voisge
- . R
55 ]
s 4]
u
-
a5
&3]
2l
N
5
s 4

? 1 n

U
Outpd Voraga, V
From visual examination of the plot, the assumption of a normal distribution for output voliage seems appropriate,
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3-11.  Two quality control technicians measured the surface finish of a metal part, obtaining the data shown.
Assume that the measurements are normally distributed.

Technician 1 Technician 2

145 [.54
1.37 [.41
L2t .56
1.54 1.37
.48 1.20
1.29 131
1.34 1.27

133

() Test the hypothesis that the mean surface finish measurements made by the two technicians are equal.
Use @ =0.05 and assume equal variances,

Two-sample T for Ex3-11T1 vs Ex3-11T2

N Mean StDev SE Mean
EX3-11T1 7 1.383 0.115 0.043
EX3-11T2 8 1.374 0.125 0.044

Difference = mu ExX3-11Ti - mu Ex3-11T2

Egtimate for difference: 0.0086

95% CI for difference: (-90.1283, 0.1415)

T-Test of difference = 0 {vs not =): T-Value = 0.11 P-Value = 0.217 DF = 12

Do not reject Hy: piy — M2 = 0, and conclude that there is not sufficient evidence of a difference hetween
measurements obtained by the two technicians.

(b) What aze the practical implications of the test in part (a}? Discuss what practical cenclusions you would
draw if the null hypothesis were rejected?

The practical implication of this test is that it does not matter which technician measures parts; the readings will be
the same. If the null hypothesis had been rejected, we would have been coacerned that the technicians obtained
different measurements, and an investigation shoutd be undertzken to understand why.

(c) Assuming that the variances are equal, construct a 95% confideace interval oa the mean difference in the
surface-finish measurements,

m=7 % =1383; §=0.115 n,=8; % =1376; §, =0.123

6 =005 5 4z =lopasys = 21604

Calculate the pooled standard deviation:

s - I(ni —DS? +(n, —1)53 _ (7-DO.1157 +(8-1)0.125°
P

={(.120
oty -2 v T+8-2
- — S G | _ 1 1
(%= F) ~tarzmsmy 2 Sy |—+— S {ty — 2} S (R = Xa)H g eny-2Sp =t
F \Jn, Ry noon

(1383 1.376) — 2.1604, %Jr%sgu[ — 1) (1383~1.376)+2.1604 %%

0,127 % (g ~ e ) £ 0.141
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The confidence interval on the mean difference includes zero; therefore, thers is ao difference in the means. The
Minitab output for this data is:

Two-sample T for Ex3-11T1 va Ex3-11T2

N Mean StDev SE Mean
Ex3-11T1 7 1.383 G.115 0.043
Ex3-11T2 8 1.376 ¢.125 0.044

pifference = mu Ex3-11T1 - mu Ex3-11T2

Estimate for difference: 0.0066

95% CI for difference: (-0.1280, 0.1412}

T-Test of difference = ¢ {(vs not =): T-value = 0.11 P-Value = 0,917 DF = 13
Both use Pooled StDev = 0.128 :

The confidence interval for the difference contains zero, We can conclude that there is no difference in
measurements obiained by the two technicians.

{d) Test the hypothesis that the variances of the measurements made by the two technicians are equal. Use
=005, What are the practical implications if the nult hypothesis is refected?

o=0.05
Test Hy 0y =03 varsus Hy 1 0] 207, Reject H i€F > Fyrgnmpet 005 < A

510118 )
F=—t= -=0.8464

S 0425

Foiam-tma = Foosizzois: = Fooasey = 5119

‘r"l-ﬂfba “lr-l = Fiooosia-13-1 = Foors 67 =0:176

Levell Ex3-11T1
Level2 Ex3-11IT2
ConfLivl 95.00400

F-Test {(normal distrxibution)
Test Statistic: 0.845
P-Value ¢ 0.854

Do not reject ;, and conclude that there is no difference in variability of measurements obtained by the two

technicians. f the nuli hypethesis is rejected, we would have been concerned about the difference in measurement
variability between the technicians, and an fnvestigation should be imdentaker to understand why.
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(e} Construct a 95% confidence interval estimate of the ratio of the variences of technician measurement
EITOr.

=005 Floyzpmein-t = Fogrszs =01958 Fypnpipo1 = Foonsa e = 56955

52 ol 8
E;;Fl-muz-l nt S g ngauﬂ;-lﬂ.-l
0.11 L0l

5 o} 15
0.1959 < 2k < (5.6955)
0.125% ¢ 4 o 8.125°

3
a165< 2L a1
oy

The confidence interval includes one; therefore, there is not difference in the variances,

(f} Construct a 95% coafidence interval on the variance of measurement exror for technician 2.

m=8 X, =1376 3,=0.125
a=0.05 Zinn = Xopsg =16.0128 Himarzmet = Konrss =1.6899

(r-ns? col< n-1)s52

Zéllm—l - le—m‘Z.n-l
@112 5 (8—130.125%
16.0128 T 1.6899

8.007 €07 £0.065

(g) Does the normality assumption seem reasonable for the data?

Nermal Probetiity Pot b Tech 1 and Tech 2

[

=
-

zh 3 Eanm
8 + eaunm
5
=
=

1I3oT1oar 1y a4 (L 3T

Surfgms Feis Rassing

The normality assumption seems reasonable for these readings.

R
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3-13.  Two different hardening processes, (I) saitwater quenching and (2) oil quenching, &re used on samples of &
particular type of metal alloy. The results are shown here. Assume that hardness is normally distributed.

Saltwater Quench Qif Quench
145 152
150 150
153 147
148 155
141 140
152 146
146 158
154 152
139 151
148 143

Saltwater quench: » =10; X =147.6; 5, =4.97
Qil quench: m, =11, x;, =149.4; S, =546

(a) Test the hypothesis that the mean hardness for the saltwater quenching process equals the mean hardness
for the il quenching process. Use @ =0.05 and assume equal varianges,

Assume l:)'l2 =c)‘31

Two-gample T for Ex3-138Q vs Ex3-1300

. N Mean StDav SE Mean
Ex3-13580Q0 10 147 .60 4.97 1.6
Ex3-1300 10 149.40 5.46 1.7
Difference = mu Ex3-1380 -~ mu Ex3-130Q
Estimate for difference: -1.80
55% CI for differxence: {-6.72, 3.13)
T-Test of difference = 0 {vs not =): T-Value = -0.77 P-Value = 0.451 DF = 17

Do not reject Hy, and conclude that thece is no difference between the quenching processes.

(b} Assuming that the vardances of and g} ere equal, construct a2 95% confidence interval on the
difference in mean hardoess.

From the Minitab ouiput in part (8}, §; = 4.97 and §; = 5.46,
=005 tyi2,10,-2 =hooase = 2.1009

The pooled standard deviation is
(ST +0y ~1)S7 _
mEn -2

Jt10-14.97 = (10--1)5.46%

_
%= 10+10-2

=522
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. _ 1 1 - - 1 1
(B —%) ~farzmuny-25p J—+— S U = ) (5 =Bt agzp smy-25p [+
moonm mom

1.1 1.1
147.6-149.4) -2, F — <y — H5) < (147.6—149.4)+ 2.1009 ‘—+—
( 9421009, o+ ST HR)E( ) YA

5.7 230
Because the confidence interval of the differsnce in means includes zero, there is no difference in meaps.

{c) Construct a 95% confidence interval en the ratio o} /o3 . Does the assumption made earlier of equal
varjances seem reasonable?

«=0.05 A st =Fossog =028 Fris -1 = Fonaspg =4.0260

2=l
52 ol

1
rs By ptamrm1 5535 Farzmin
2 1 %

437%
4.0260
5.46° ¢ )

4.97%
5.46°

gl
(0.2484) < —'2 =
(¢}

-

[¢1

EW

02122334

1%

o

(d) Does the assumption of normality seem appropriate for these data?

Normd Probabifty Pt fr S3mster and OF Quench Processss

% -

Forcont

- w & UBSEEIE I X

The normat distributien assumptions For both the saltwater and oil queach methods seem reasonable. However, the
slopes on the normal probability plots do not appear to be the same, so the equal variance assumptions do not seem
reasonable.

3-15, A random sample of 500 connecting 1od pins contains 65 nonconforming umits. FEstimate the process
fraction noncoaforming.

{) Test the hypothesis that the true fraction defective in this precess is 0.08. Use @ =003,

n=500; x=65, p=x/n=65/500=0.130
po="0.08, =005, Test Hy: p= 0.08 versus H: p# 0.08. Reject Hyif [4f > Zoa.
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ripy = S00{0.08) = 40
Since (x = 63) > (npy = 40),
- (x—0.5}—np, - (65-0.5)—-40 _ 40387
O JipeQ-py)  JA00-008)
Zaiy = Zooses = Zogrs =1.96

Reject Hy, and conclude that the sample process fraction nonconforming does differ from 0,08,

(b) Find the P-value for this test,

p=21-0]z|]=2[1-®|4.0387]] = 2[1-0.99597] - 0.09006

{c) Construct a 55% upper confidence interval on the true process fraction nonconforming.

@ =008; 7, =Zyp; =1.645

PEH+E, ’M
n
PS0.13+1.645 /w
500

p<0.155
The 95% upper confidence interval for the process fraction nonconforming is 0.155.

3-17. A new purification uait is installed in a chemical process. Before its installation, 2 mandom sample yielded
the fellowing data about the percentage of impurity; X =985, 57 =81.73 and m =10, After

instaliation, 2 random sample resulted in ¥, =8.08, 53 =78.46 and m =8,

before:  =10; X =9.85; 57 =81.73
after: my =8; %, =8.08; SI=78.46

(a} Can you conclude that the two variances are equal? Use o =005,

2
Test Hy 0] =0) vesus H, 108 207, at ¢ =0.05
Reject Hy 3 Fy > Fyrp ot ny2 905y < Fharnpins

Faiza a1 = Fogrs 00 =4823% Flon i 1m = Fyasgg = 02383

Fy=1.0417 < 4.8232 and >0.2383, 50 do not reject H,
The impurity variances before and after are the same.
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(b) Can you conclude that the new purification device has reduced the mean percentage of impurity? Use

«=005. ﬁ
Test Hy 1y = pty versus Hy i ph v&l,_z._.] =005
Reject Hy ifty > tg o
The degrees of freedom are first calculated followed by the test on the sample averages.

PP Vi M 2 ST 10 10 ) 5-i93-2-18

(st/m)  (83/m) (BL7310)" | (78.46/8)

Tl T 10+1 8+l
oy =logsys = 1734

__E-® _ 98S-ROE ..

f o=

YT gr 8173 7846
L TR
oM

1, =0.4174 <1.7341, 50 do not reject A,
The mean imparities before and after are the same,

3-19.  The diameter of 2 metal rod is measured by 12 inspectors, each using both a mictometer caliper and a
vemier caliper, The results are shown here. [s there a difference between the mean measurements
produced by the two types of caliper? Use @ =10.01.

fnspector DBlferometer Vernier | Inspector DMicrometer Vernier
Caliper Caliper Caliper Caliper
1 0.150 0,151 7 4.151 0.153
2 9.151 0.130 8 0.153 0.155
3 0.151 0.151 9 0.152 0.154
4 0.152 0.150 10 0.151 0.151
5 0.151 0.151 11 0,151 0.150
6 0.159 0.151 12 0,151 0.152
Calculate the descriptive statistics:
micrometer: i =12; ¥ =0,1512; § =0.0008
vernier: my =12; X, =8.1516; §, =0.0016
1
[in -7+ (12 _ [02-10.00087 +02-1p00016* _ 0 o

8, =

mny—2 12+12-2

s

s
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Test Hy 1 {4y = gty versus A 11 # 15, at & =0.01
Reject Hy if Irol>fm‘zﬁ.+nrl
far2.m 42 = fogosaz = 2.8188
n-%  B1512-01516
1 1

#h= =
Sp ~1~+—]— 00013, | —+—
noom 12 12

Jro] =0.7537 < 2.8188, 50 do not reject H,

There is not & difference in the mean measurements,

=-0.7537

3-2l. An experiment was conducted to investigate the filling capability of packaging equipment at a winery in
Newberg, Oregon. Twenty bottles of Pinet Gris were randomly selected and the filli volume (in ml)
measured. Assume that fill volume has a normai distribution. The data are as follows:

733 751 752 753 Us3
733 152 153 734 754
752 95t 752 750 753
755 183 756 751 750

(a) Do the data suppert the claim that the standard deviation of fill volume 3s less that 1 ml? Use & =0.05.

Calculate the descriptive stalistics:

a=20; ¥=752.6ml, S=1.5ml

Test Hy :0” =1vemsus H, 167 <1, at ¢ =0.05
Reject Hy if 7o < ¥iana

Kt = Xasssa =10.1170

2 (m-DS? (0-1L5
To =y =T
oy i

=42.75

#3 =42.75>10.1170, so do not reject H,
The standard deviation of the fill volume is not less than 1ml.

(b) Find a 95% two-sided confidence interval on the standard deviation of fill volume,

=010 Fapn oy = Xousas = 301435 ooy = Hdes19 =10.1170

(n-1)52 <olx (rr—E)S2
Z’irzkl B _XIZ{UJJVI
(20-1)1.5° et (20115
10,1435 10,1170

14182 <0 £4.2256
1.1909 < @ £ 2.0556


ALI
Sticky Note
mu1>mu2
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The confidence interval does not icclude unity; therefore, we cannot conclude that the standard deviation of £l
volume is less than 1 ml.

() Does it seem reasonzble 1o assume that fill volume has & nornal distribution?

Karmgt Probtfty Pict for Fil Votma

Farcani
- w3 3UsEA3IC U F

Kot TR TH Tz st PB4 A e R
FilVduama, md

The plotted points do not fall approximately along a straight line, so the assumption that battery life is normally
distributed is not appropriate,

323, Consider the hypothesis
Hytpt=tg
Hy:p#py
where ¢ is known. Derive a general expression for determining the sample size for detecting a true mean
of i, # f#y with probability 1— f if the type I error is e

s B/
Let ff, =y +8 . From Fqn. 3-68, g zd’[Za,.z - f ]—Q[—Za” - o_n ]

v

1f§> 0, then ¢{—Zw1 _8
o

B= q][zall ‘Egﬁ]

¢(ﬁ)=¢"[zm f‘sf]

Sn

Ty =T —
B =den "

] is likely to be small compared te . So,

ne[(Zan +Z)a [ |

|

l‘"ﬂﬂ“M4Wﬁmumwm‘“‘f>444 .
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3-25.  Develop a test for the hypotheses

Hys =2y,
Hy:opy=2p

where of and o7 are known.

Given x~ N, n, X, my, X, x; independent of x, .
Assume f] = 21y and et §=(3 ~%,).
E(Q)=E(%, ~2%,)= i ~ 21, =0

var(Q) = var(F, — 2%, ) = var(® )+ var(2%, } = var(F )+ 2° var(T,) =‘—a:%l+ 4V—“;3:‘32
i1 X

_2-0 _ -2,
SD(Q) \[crll/‘n, +4O’22/112
And, reject Hy if |Z4] > Z,,,

0

3-27.  Anr inspector counts the surface-finisk defects in dishwashers, A random sample of five dishwashers
contains three such defects. Is there reason to conclude that the mean occurrence rate of surface-finish
defects per dishwasher exceeds 0.57 Use the results of part (a) of Exercise 3-26 and assume that & = 0.05 .

x~Poi(d); n=5 x=3; T=x/N=3/5=06

Test Hy : A=0.5 versus 4,: 4> 0.5, st =005

Reject Hy if 2, > 2,

Zy = Zygs = 1645
_E—dy _06-05
U

Zy = 03162 <1.645, so do not refect A,

03162

3-29.  Anaticle in Sofid State Technology (May 1987) describes an experiment to determine the effect of C,F,

flow rate on etch uniformity on 2 silicon wafer used in integrated circuit manufacturing. Three flow rates

are tested, and the resulting uniformity (in percent) is ohserved for six test units at each flow rate. The data
are shown in the following tzble.

Observation
G, F; Flow (SCCM) I 2 3 4 5 [
125 2.7 26 4.6 3.2 3.0 38
160 4.6 +£9 5.0 4.2 3.6 4.2
200 4.6 2.9 3.4 3.5 4.1 52
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(2) Does €, F;flow rate affect etch uniformity? Answer the question by using an analysis of variance with

a=0.05.
The Minitab output js:
Source DF &8s M3 F P
ExX3-29F1 2 3.648 1.824 3.59 C.053
Error 15 7.630 0.508
Toktal 17 11.278

Fansags =3.6823> Fy, so flow rate does not affect etch uniformity with significance level o= 0.05. However, the
P-value is just slightly greater than 0.05, so thete is some evidence that pas flow rate affects the etch uniformity.

(b) Construct a box plat of etch uniformity data. Use this plot, together with the analysis of Var:iaru:e results,
to determine which gas fiow rate would be best in terms of etch uniformity (a small percentage is best).

Bipiais of Btk Uriforrmity by Fiow Rata

Eich Unllomay, %

0
0]

T Fow P, SO

Gas flow rate of 125 SCCM gives smallest percentage uniformity.

(¢) Plot the residuals versus predicted C,F, flow. Interpret this plot.

Residusis Veross tha Fted Vahues ormal frotiebify Piot of the Residus
s Er Ui Ennessibeihaimiiil

Ankiunt
Nommal Beard

ad B "

15 40 4 E 1 ¥

Residuals are satisfactory.

st A A

3
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{d) Dees the normality assumption seem reasonable in this problem?

Points fall along a0 approximately straight line, so the normality assumption is reasonable,

33t An atticle in the ACT Materials Jowrnal (Vol. 84, 1987, pp. 213-216) describes several experiments
investigating the rodding of concrete to remove eatrapped air. A 3-in. diameter cylinder was used, and the
number of times this rod was used is the design variable. The resulting compressive skength of the concrate
specimen is the esponse. The data are shown in the following table.

Rodding Level Compressive Strength
10 1530 1530 1440
15 1614 1650 1500
20 1560 1730 1530
25 1500 1490 15H)

(a) Is there any difference in compressive strength due to the rodding level? Answer this question by using
the analysis of variance with ¢ =0.05,

Source DF 58 MS F - P

Ex3-30Ro 3 28633 9544 1.87 6.214

Error 8 40833 5117 -
Total 11 69547

Na difference due to rodding Jevel at = .05 because the p-value is 0.214 > 0.005.

(b) Construct box plots of compressive strength by rodding level. Provide a practical interpretation of these

plots.
Bimos of Corpressiva Srengh by Raddng Lews! Horrad Probabinty Pict of ta Resid iy
B )
v
&
£ 5
2 =
]
7 el g
} ] &=
v
T 3 T 7
B 2 L] &
Fatsng Livdl

Level 25 exhibits considerably less variability than the other three levels.

(c) Construct a normal probability plot of the residuals from this experiment. Does the assumption of a
aormai distribution for compressive strangth seem reasonable?

The normal distribution assumption for compressive strength is reasonable.
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3-33,  An aluminvm producer mapufactures carbon anodes and bakes them in a ring firnace prier to use in the
smelting operation, The baked density of the anode is an important quality characteristic, as it may affect
anode life. One of the process engineers suspects that firing temperature in the ring furnace affects baked
anode density. An experiment was run at four different temperature levels, and six anodes were baked at
each temperatuze level. The data from the experiment follow:

TFemperature {°C) Densify .
560 418 419 417 416 415 41T
525 414 413 417 416 417 418
550 412 410 416 419 417 413
575 410 406 418 412 419 4015

{a) Does firing temperature in the ring furnace affect mean baked ancde density?

Source DF 88 MS F P
Ex3-33T 3 0.457 4.152 1.45 0.258
BError 20 2.097 4.105 :

Total 23 2.553

Temperature level does not significantly affect mean baked anode density, The p-value is 0.258 > 0.05.

(®) Find the residuats for this experiment and plot them on a normal probability scale. Comment on the

plot.
o Prol Ty 1ot of Pt Bt of Baked Dy by Fifing Terparaird
2 a4
J R 0 ]
i 3 &
= o §
N
e e T T T T
F 5 i )
FriegTemseren 8

Mommnatity assumption i3 reasonable.

(¢) What firing temperature would you recommend?

Since statisticaliy there is no evidence to indicate that the means are different, select the temperature with the
smallest variance, S60°C (see Boxplot), which probably also fucurs the smailest cost (lowest temperature).

U
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3-35.  An adicle in Enviromnental Internationol (Vol. 18, No. 4, 1992} describes an experiment in which the
amount ¢f radon released in showers was iavestigated. Radon-enriched water was used in the experiment,
and six different orifice diameters were tested in shower heads. The data from the experiment are showan in

the following table,
Orifice Diameter Radon Released (%)
0.37 80 83 83 a5
0.51 5 75 % 9
0.71 74 73 76 77
1.02 67 72 74 T4
1.40 62 62 67 69
1,99 &0 51 64 64
(a) Does the size of the orifice affect the mean percentage of radon released? Use the analysis of variance
and ¢ =0.05.
Source Dy 58 Ms F P
Ex3-35Di 5 1133.38 226.68 30.85 0.0Q0
Error 18 132.25 7.35
Total 23 1265.63

Orifice size does affect mean % radon refease, at o= 0.05.

(b) Analyze the results from fhis experiment.

Reveral Probatiiy Pot of ths Rasides
et o Rt Raiemnd)

Boxpicts of Radon Refessad by Orifoa Diamesar

g -]

* . .
i 9g !
. H =]
oz 3 2 T 8 3
O Gy

Smallest % rador released at 1.99 and 1.4 crifice diameters.
Residuals viglate the normality assumption; there is a reverse S-shape in the probability plot.
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R E—— I ~ Methods and Philosophy of Statistical
Process Control

CHAPTER GOALS

After completing this chapter, you will be able to:

i, Describe and apply “the magnificent seven” fundamental problem-solving tools:
»*  Histogram or stem-and-leaf display
%  Check sheet
> Pareto chart
¥ Cause-and-effect diagram
>
}

Defect concentration diagram
Scatter diagram
: %> Control chart
! 2, Explain the difference between chance and assignable causes of process variation and their connection to
statistical process control, sample size, sarople frequency, and rational subgroups.
i 3. Construct a Skewhart control chart.
; 4. Discuss benefits from the use of control charts:
i » Improve productivity
) » Prevent defects
> Prevent unnecessary process adjustment
»  Provide diagnostic information
»  Provids information on process capability
5. Calculate the ARL,, ARL,, and ATS that characterize an SPC scheme,
6. Detect nonrandom patteins of behavior on control charts,

41
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7. Describe the use and misuse of sensitizing rules, including the Western Electric Company decision rules.

Exercises

4-1. What are chance and assignable causes of variability? What part do they play in the operation and
interpretation of a Shewhart control chant?

“Chance” or “commen’” causes of variability represeat the inherent, patural variability of a process - its background
noise.  Variation resulting from “pssignable” or “special” causes represents generally large, unsatisfactory
disturbances ta the usual process performance. Assignable cause variation can usually be traced, perhaps to # change
in material, equipment, or operater method.

A Shewhart control chatt can be used to moniter a process and to identify occurrences of assignable causes. There is
a high probability that an assigneble cause has occurred whea a plot point is outside the chart's control limits. By
prompily identifying these occurrences and acting to permanently remove their causes from the process, we can
reduce process variability in the long run.

43, Discuss type | and type 1L errors relative to the control chart. What practical implication in terms of process
operation do these twe types of errors have?

Relative to the contro} chart, the type I ermor represents the probability of concluding the process is out of controt
whea it isa't, meaning a plot point is outside the control limits when in fact the process is still in control. [n process
operation, high frequencies of false alarms could lead could to excessive investigation costs, unnecessary process
adjustment (and increased variability), and lack of credibility for SPC methods.

The type 11 error represents the probability of concluding the process js in control, when actually it is not; this results
fram a plot point within the control limits even though the process mean has shifted out of contral. The effect on
operations of failing to detect an out-of-control shift weuld be an increase in non-conforming product and associated
costs,

4.5, 1 a process is in a state of statistical control, does it necessarily follow that all or neacly all of the units of
product produced will be within specification limits?

No. The fact that a process operates in 2 state of statistical control does not mean that nearly all product meets
specifications. It simply means that process behavior (mean and variation) is statistically predictable. We may very
well predict that, say, 50% of the product will not meet specification limits! Capability is the term that refers to the
zbility to meet product specifications, and a process must be in control in order to calculate capability.
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This is a key concept! There is no relationship between product specification timits and statistically determined
process conwol limits. Specification limits are used to characterize product ss either acceptable (“good™ or
unacceptable (“bad”} for intended use. Control limits are derived from process data.

4-7, What are warning limits on a contral chart? How can they be used?

Warning limits on control charts are limits that are inside the conirol limits. When waming limits are used, contrel
limits are referred to as action limits. Waming limits, say at 2-sigma, can be used to increase chart segsitivity and to
poteatially signal process changes more quickly than the 3-sigma action limits, The Western Efectric rule which
addresses this type of shift is to consider a process to be out of control if 2 of 3 plot points (on the same side of the
center line} are between 2-sigma and 3-sigma of the chart center line.

4.8, When taking saniples or subgroups from a process, de you want assignable causes occurring within the
subgroups or between them? Fully explain your answer.

We would want assignable causes to occur between subgroups and woubd prefer to select samples as close to
comsecntive as possible. In most SPC applications, process changes will not be seif-correcting, but will require
action to return the process 1o its usnal performance level. The probability of detecting a change (and initiating a
comective action) is maximized by taking observations within a sample as close together as possible.

4-il. A manufacturing process preduces 500 parts per hour. A sample part is selected about every half-hour, and
afer five parts are obfained, the average of these five measurements is platted on an X control chart,

(a) Is this an appropriate sampling scherme if the assignabls cause in the process results in ag instanianeous
upward shift in the mean that is of very short duration?

No, If the “very short duration” is less than a half hour, it is unlikely that a part will be selected from the out-of-
control condition.

{b) If your apswer is no, propose an altemative procedure.

The problem is that the process may shift to an out-of-control state and back to an in-confrol state in less than one-
half hour. Each subgroup should be  random sample of all parts produced in the last 214 houss.

4-13.  If the time order of production has not been recozded in a set of data from 2 process, is it possible to detect
the presence of assignable causes?

HNo. I time order of the data is not preserved, it will be impossible to separate the presence of assignable causes
from underlying process variability.
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4-15.  How do the costs of sampling, the costs of producing an excessive number of defective units, and the costs
of searching for assignable causes impact on the choice of parameters of a control chant?

The costs of sampling, excessive defective units, and searches for assignable causes impact selection of the control
chart parameters of sampls size m, sampling frequency 4, and control limit width. The larger n and £, the larger witi
be the cost of sampling. This sampling cost must be weighed against the cost af produging non-conforming product.

4-17.  Consider the control chart shown here. Does the pattern appear random?
4.20.  Consider the control chart shown in Exercise 4-17. Would the use of wamning limits reveal any potential

out-ol-conirol conditions?
421, Apply the Western Electric rules to the conlrel chart in Exercise 4-17. Are any of the criteria for declaring

the process out of control satisfied?
Conter /\ )\/\V.
ine \‘/\/ \/\

Lce
L1l
8 10 12 14 16 18 20

UCE

L1 1 b4 1Ly

L1l
2 4 6

Evaluate the plot points to the Western Electric rules listed on text p. 174:

» Doesany 1 point plot outside the three-sigma cortrol fimits? No, 21l points are within the UCL and LCL.

» Do any 7 of 3 consecutive points plot beyond the two-sigma wamiog Jiznits? Mo, points 3, 11, and 20
appear 1o be beyond two-sigma, but do not violate the decision rule, ¥ waming limits were used, these
points would indicate poteatial out-of-contre] eonditions.

¥ Do zny 4 of 5 consecutive points plot at z distance of one-sigma or beyond from the center line? Point I8
appears to be beyond one-sigma; if so, points 17, 18, 19, and 20 violate this decision rule and form 2
nonrandom pattern.

» Do any 8 consecutive paints plot oa one side of the center line? No, there is a good mix of peints above
and below the center line.

The control chart could also be evaluated to the sensitizing rules listed in Table 4-1 (text p.176), but the danger in
applyiag many rules is a significant increase in the rate of false alarms.

Although there appears 1o be a decreasing trend from point 11 to point 20, rule 5 {6 points in a row steadily
increasing or decreasing) is not violated. in practice, a steadily mcreasing or decreasing trend is hardly ever
observed. Ifa decreasing trend does exist in this process, rule 2 will Jikely be violated on the next plot point.
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4-19.  Consider the control chart shown here. Does the pattern appear random?

4-22.  Skelch waming limits on the contrel chart in Exercise 4-19. Do these limits indicate any potential out-of-
control conditions?

423, Apply the Western Electric rules to the contro chart preseated in Exercise 4-19. Would these rules result in
zny out-of~control signals?

[1[=%

SR

LcL

0 TN T N TN 0 S N 0 N N OO T T O S-S T |

5 10 i5 20

Thelie is a "low—high—low—high—low" paitemn, which may be indicative of cyclic behavier. If this pattern
continues, further investigation may find a problem with the process such as shift operations, raw material, or time-
based effects such as heat or siress build-up, The appearance of up/down runs may be part of the cyclic behavior,

Several singls peints appear to violate two-sigma warming limits: points 6, 12, 16, and 18, -

Evaluate the plot points to the Western Electric rules listed on text p. 174:
»  Does any 1 point plot outside the three-sigma control Himits? Mo, though point 12 is close, it is still above
the lower control limit.
» Do any 2 of 3 consecutive points plot beyond the two-sigme warning limits? Points 16 and 18 appear fo be
beyond an upper bwo-sigma ling, so points 16, 17, and 18 violzte the decision rule,
> Dc{ any 4 of J consecutive points plot at 2 distance of one-sigma or beyord from the center Ene? Nao, the
points appear to be randomly distributed refative 1o the one-sigma distance,
» Do any 8 consecutive points plot on oae side of the ceater line? No, there is a good mix of points above
and below the center line. .
The control chart could also be evaluated to the sensitizing rules listed in Table 4-1 (text p. 176), but recall the
danger in applying many tules is the increase in the rate of faise alacms. Although there appears to be an increasing
trend from point | to point §, rule 5 (6 poinls in a row steadily increasing or decreasing) is not violated—ihere are
only 5 points in the nm.
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423, Consider the X chart for the piston-ring example in this chapter, Figure 4-3, Let ring diameter be normally
distributed, and the sample size is n=3.

TAOISOT - ramss
r TADLIS
B re0m0r
g Taonisy /\ /\ N\
; 74.0000 \/ V
T 73.9955
§ oo \/
T dmgs |LCL= 78,0865
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1 1 1 1

1 1 1 il 1 ). 1 L i H
Y 2 3 4 5 67 8 930:11213141516
Sarmfie numbse
(a) Find the 2-sigma control limits for this chart.

UCL = 74.0135, LCL =73.9865, and X =74.0000

oz = UCI;—E - ?4.0135;74.0000 — 0.0045
UCL, s = T+ 205 = 74.0000 + 2(0.0045) = 74.0090

ECL,_g =¥ — 205 = 74.0000 — 2(0.0045) = 73.9910

(b) Suppose it was suggested that the 2-sigma limits be used instead of the typical J-sigma limits. What
effect would this have on the cccurrence of false alarms?

Visual examination of the X chart tn Figure 4-3 shows no point exceeds the 3-sigma control limits, but three poiats
(6, 8, and 14) exceed the 2-sigma wamning Hmits. Decreasing the width of the control limits penerally leads to an
increase in the number of false alarms.

{c) What effect would the use of 2-sigma limits have on the in-control ARL of the chart?

Use equ. 4-2 (text p. 167) fo evaluate the incontrat ARL.

For an ¥ chart with three-sigma limits, the probability that a single point falls outside the limits when the process is
incontrolis p =2 x {1 -~ OR=2x{1- 0.59865) = 0,6027:
ARL. =1/p=1/0.0027~370

For an ¥ chart with two-sigma limits, the probability that a single point falls outside the limits when the process is in
contrel is p =2 x (1 - @(2)} =2 x (1 — 0.97725) = 0.0455:
ARL,, =1/p=1/0.8455=22.

Using 2-sigma imits shortens the in-cantrol average run fength from 370 to 22 samples.
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" (d) Discuss the meaning of your findings in paris (b} and (c).

Figure 4-3 illustrates the effect of using narrower limits than the 3-sigma control Hmits— the number of false alarms
will increase, the in-control ARL will shorten, and there will be more investigations for assignable causes. Whether
this is acceptable depends on the penalty cost for non-conforming product. Are the vosts of extra investigations and
additional equipment downtime less than the costs of increased nonconformities?

Also, as you will learn in Chapter 11, over-adjustment of a process can actually increase overall process variability.

If the reaction pian for vut-of-control signals includes adjusting the process, the unintended result may be increased
variation.

Another consideration is the psychological impact of searching for assignable special causes, whea none exist.
Repealed faise alamms tend to de-sensitize the personnel responsible for detecting and repairing process issues.

4-27.  Consider the two decision rules given in Exercise 4-26:
‘Rule I: If one or mare of the next seven samples yield values of the sample average that fall cutside the
control limits, conchxde that the process is out of control.
Rule 2: If alf of the next seven sample averages fall on the seme side of the center line, conclude that the
process is out of contral.”
If the mean of the quality characteristic shifis one standard deviation—that is, goes cut of control by one-

sigma—and remains there during the coilection of the next seven samples, what is the B-risk associated with
each decision rule?

Assume the decision rules apply to a normally distributed quality chamacteristic, the control chart has 3-sigma control
limits, and the sample size isn = 5.

Kot Probatilisy Dansiiy Fumistion
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Rule 1:
Priinside control limits} = Pr{LCL £ x < UCL}
= ©(+2) —O(—4) = 0.97725--0.00003 = 0.97695

B, =Pr{alt 7 inside control limits} = (0.97695) = 0.84939

Rule 2:
Pr{l above centedine} = Pe{¥ £ ¥ < UCL}
= B(+2) ~B(-1) = 0.97725- 0.15866 = 0.81859
Pr{l below centerline} = Pr{l.CL <X <X}
= &(—1) - B(—4) = 0.1 5866~ 0.00003 = 0.15863
B; =1~Prall above} - Pr{all below} = 1~ (0.81859) —(0.15863)" = 0.75370

4-29, A quality characteristic is moaitored by a controi chart designed so the probability that a certain f)ut»of-
control condition will be detected oa the first sample following the shift to that state is 1 — f. Find the
following:

(2) The probability that the out-of-contro! condition will be detected on the second sample following the
shift,

1— B=Pr{shift detected on 1% sample}, s0
Pr{shift detected on 204 gamnple} = Pr{not detected on 15t} x Pr{detected on ?.ﬂﬁ}
=I-(I-P=x(1-p=B(1-§

(b) The probability that the out-of-contral condition will be detected on the m™ sample following the shift.

Pr{shift detected on itk sample} = Pr{not detected on (m — 1)} x Pr{detected on m'-h}

=gl -p

(c) The expected number of subgroups anatyzed before the shift is detected.

p =Pr{any point exceeds contro] limits}, sa ARL, = 1/p=1/(1 -B

(d) The probability that the first sample following the shift produces a statistic that plots inside the control
limits.

Pr{15t sample inside contro! limits} = Pr{shift not detected on 15t sample} = 1~ (1- f) = B

(e} The probability that the shift is not detected on the smth subsequent sample.

Pr{shift not detected on miP sample} =[1 - (1 - f) 1= 5"
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(1) The probability that two consecutive samples produce statistics that plot cutside of the control limits.

Pr{2 consecutive samples outside control limits} = (1 -H (I - FH=(1 - ﬂ)2

{g) The probability that at least one of the next m samples yields values of the test statistics that plot outside
the control limits.

Pr{at least | of next 1z samples outside control limits}
= [ —Pr{none of the next m outside control fimits} = 1 ~ f7

4-31. A car has gone out of control during a snowstorm ard struck a tree. Construct a cause-and-effect diagram
that identifies and outlines the possible causes of the accideat.

In construct a cause-and-effect diagram, it is preferable to enist the opinions and experience of a knowledgeable,
eross-functional team. Cause-and-effect diagrams are often constructed with consideratior for the 4-M’s and 1-E:
Machine, Method, Material, Manpower, and Envirenment. Any logical grouping of causes is appropriate. Many
solutions are possible for this problem; one is given below:

Car Road -
Tlres snaw-Covered
Brakes e
. Elocked

Suspension . Stats of Repair

Steering

b Y Y Qut-of-control car
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alnin
Toofast 4
Weather




i

CHAPTER

Control Charts for Variables

CHAPTER GOALS

After completing this chapter, you will be able to:

i. Design, apply and interpret ¥ and R contral charts, computing control limits and applying out of control
ules

2. Design, apply and interpret X and § control charts, computing control limits and applying out of conteol rules

3. Design, 2pply, and interpret and x and MR or Shewhart control charts for individual measurements

Exercises

5-1. The data shown here are X and R values for 24 samples of size »=5 taken from a process producing
bearicgs. The measurements are made on the inside diameter of the bearing, with only the Iast three
decimals recorded (f.e., 34.5 should be 0.50345),

SampleNumber ¥ R | Sample Number X R
t 345 3 13 354 8
2 34z 4 14 340 6
3 316 4 15 371 5
4 315 4 16 349 7
5 350, 5 17 335 4
6 341 6 18 317 3
7 126 4 19 340 8
8 338 3 20 351 4
9 348 7 21 337 2

onTi KUTUPHANES? 51
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Sample Number ¥ R} SampleNumber ¥ R
10 336 8 22 328 1
1% 319 3 23 335 3
12 386 9 24 342 2

{a) Setup x and R charts on this process. Does it seemt to be in statistical coatrol? If necessary, revise the
trial control Himits.

n=5 T=34.00; R=471 L
UCL; =%+ 4,8 =34.00+0.577(4.7) =3672  LCLy =% —A,R=34.00-0.577(4.7)=31.28
UCL, = D, =2.115(4.71) =9.96 LCLg =DyR =0{4.71) =0

st Cont b e Retat b bt ©
it " -

The process is not in statistical centrol; ¥ is beyond the upper corirol [imit for both Sample No. 12 and Sample No.
[5. With these two samples excluded from the control [imit calculations:

¥=3365 R=45, 6,=R/d,=45/2326=1.93
UCL; =X+ 4B =33.65+0.577(4.50) =3625  LCLy =%— A4, R=33.65-0.577(4.50)=31.05
UCLg = D,R =2.115(4.50)=9.52 LCLy, = DR =0(4.50) =0

A s b e @
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(b) If specifications on this diameter are 0.5030 + 0.0018, find the percentage of nonconferming bearings
produced by this process. Assume that diameter is normally distributed.

p=Pr{x<LSL}+Pr{x > USL} = Pr{x < 20} + Pr{x > 40}
g 20-33.65 1@ 40--33.65
1.93 1.93
=B(=7.07)+1—P(3.29) = 0+1—0.99950 = 0.00050

3 53 ‘The data shown here are the deviations from nomina diameter for holes drilied in a carbon-fiber composite
material used fn asrospace manufacturing. The values reported ace deviations from nominal in ten-
thousandths of ap inch.

Sample Number X x X3 X X5 Sample Number Xt X3 X3 X3 Xs
3 -3G +50 -20 +10 +30 1 +40 o +20 [ +24
2 0 +50 -60 -20 +i0 12 +30 420  +30  +I0 +40
3 -50 +10 420 30 K20 13 +30 -30 1] +i0  +10
4 -10 -10 +30 -20 +50 14 +30 -l10 +50 -10 -30
5 +20 40 +50 20 +10 15 +10 -10 +50 +40 0
& 0 [ +40 46 +20 i6 0 ] +30  -10 0
7 4] [+] +20 20 -10 17 420 20 +30 430 -20
8 +19 -30 +30 -16 0 I3 +10 =20 +50 430 #i0
9 1] o +20 200 +10 19 +50  -10 44D 420 L]
10 +10 420 430 +1G 450 20 +50 g ] 430 #10

(2} Setup ¥ and R charis on the process. Is the process in statistical control?

n=3 ¥=10.9; R=635
UCLy =x+4,R=109+0.577(63.5)=47.5  LCL,=F—A4,R =10.9—0.577(63.5) = -25.7
UCL, = DR =2.115(63.5) = 1343 LCLy = D4R = 0(63.5)=0

¥bar/R Chart for Diameter
53 - Leasst sy
&
3 = ]
g :é E ~7 \J’N\\JA Here12d
1 —
4 :E; i 1a-n
Sbgrro 6 b =
a 1 ] ! [Vl=EdE 5]
£ s
E /\/\ / \ Besas
§ w0 VN o~
(g ¢ i o=

The process is in statistical control with no aut-of-contro} signals, runs, trends, ar cycles.
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(2) Set up X and S charls on this process. Does the process exhibit statistical control? If necessary,

(b) Estimate the process standard deviation using the range methed.
construct revised coatrol limits.

G, =Ridy=63.5/2.326=27.3

n=10; T=—0.0033; §=1.066
UCL; = ¥+ 48 =-0.0033+0.975().066) =1.036

UCLy = B.5 =1,716(1.066) =1.829

LCL; = % — 45 =-0.0033 - 0.975(1.066) = ~1.043
LCL, = B;5 = 0.284(1.066) = 6.303

(c} If specifications are at nominal £ 100, what can you say about the capability of this process? Calculate
the PCR C,.

HSL =+100, LSL. =100

5-5. The fill volume of soft-drink beverage botiles is an important quality characteristic, The volume is
measured (approximately) by placing a gauge over the crown and comparing the height of the liquid in the
neck of the boitle against a coded scale. On this scale, a reading of zero corresponds to the comect fill

height, Fifteen samples of size n=10 have been analyzed, end the fill heights are shawn next.

¥bariS Chart for Fill Volume

- — — 1= ul-1sar
Cp= USIE‘& LSL = H[}g 2_'5 3100) =1.22, so the process is capable. ]
i x { } i - . § [ —\ Sy e | N1 30
Also, a histogram of the data is shown below with summary statistics as calculated by Minitab: g N N
w
: Process Capebiicy Analysis for Diamater 1 - - ECLad 43
- kg 0 5 7 %
LS. s —+
- mm‘m i " = N 2 et B
Taw o F— a
= a : i = R = ’/\“\/ Eom
S 2% i B N
SSeay BETH ! B 3 LCL=3 3025
; ; ’
P rTEitERG L H
‘& n b : -
P o i
e = J: The process is in statistical contral, with no cut-of-coatrol signals, russ, trends, or cycles.
T
ey I

(b} Set up an R chart, and compare with the S chart in part (a).

p=10; ¥=-0.0033 R =3.200

UCL; =¥+ 4R = —0,0033 + 0,308(3.200) = 0.982

UCL, =D, R =1.777(3.200) = 5.686

LCLy =X - 4,R = ~0.6033-0.308(3.200) = ~0.98%

LCL, = DR = 0.223(3.200) = 0.714

3 Sample Number X X3 X3 X1 X5 Xg X1 X Xy X8 XbarR Chart for Bl Voluma
i I 25 05 20 -0 L& -0 05 L5 035 -L5 . )
e 2 60 00 05 L& L5 16 [0 L0 L5 -iO s — weLsse)
i 3 15 10 10 -0 #0 -5 -L0 -l0 10 -0 3]
: 4 00 05 20 GO -0 15 15 0O 20 -15 3° N HemazEn
i 5 06 00 00 05 035 10 05 -05 €0 ©O0 & | S
) 6 10 05 00 ©0 00 05 -0 10 28 10 . : -
gg 7 10 -0 -8 -0 60 15 06 18 DO 0D l '
}Ei 3 00 -15 05 L5 00 00 00 -L& 05 -o.g ; s —_—
i 9 20 15 LS L5 00 00 05 10 00 L s .
!f 10 45 35 00 -8 15 15 -9 -8 10 05 FRE e — /\/\vf— R
H[ 11 00 15 00 €60 20 -L5 03 &5 20 -LO 27 \/\‘/
| 12 00 20 05 00 45 20 L3 00 65 -LD ] -
i 13 106 05 05 -6 00 05 05 15 -0 -10
14 0.5 Lo 10 -85 20 1O L5 D0 ;50 1155 The process is in statistical control, with no out-of-control signals, runs, trends, or eycles, There is no difference in
13 1.0 08 1.3 L3 £0 10 00 10 -2 — interpretation from the X — & chart.




'
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(c) Set up an S'chart, and compare with the S chart in part (a).

n=10; ¥=-0.0033; 5% =1.066
UCL; =X+ 4§ = -0.00334 0.575(1.066)=1.036  LCL; =~ 4,5 = -0.0033-0.975(1.066) = ~1.043

52 5 1.206 s, 1.206
UCL, =—— =——27.093 =3.630 ICL, =—— ="——1241=0.166
R =TT Xai2a =0 4 = T Al T g
Central Chart for Soft Prink FIl Vojume
13F 3
osk 1 103838
. C5F 7
2 ol -W- 000333333
L3E E
QDIF 3
A4k 3 -5.04505

3.6297

842

1i .\VV‘W/\"V’.—. : 120574

oE 3 0.186281

0 3 L 9 12 15
subgroup

The process is in statistical control, with no out-of-control signals, runs, trends, or cycles. There is no difference in
interpretation from either the ¥ — R or the ¥ — S chart.

59, Contrel chatts on ¥ and .5 are to be maintained on the torque readings of a bearing vsed in a wingflap
actuator assembly. Samples of size n= L0 are o be used, and we know from past experience that when the
process js in conirol, bearing forquée bas a normal distibution with a mean g =80 inch-pounds and

standard deviation ¢ = 1§ inch-pounds. Find the center tine and control limits for these contrel charts,

#n=10; it =80 in-lb; o, =10 in-lb; and A = 0.949; B; =1.669; B; =0.276

centerfine; = g = B0

UCL; = g+ A, =80+ 0.94%10)=8949  LCL; = — Ao, =80-0.949(10) =70.51
centerling; = ¢yo, = 0.9727(10} = 5,727

UCLg = B,0, = 1.669(10}=16.69 LCLg = Byo, = 0.376{10) = 2.76

Control Charts for Variables 5-7

5-11.  Samples of n = § items are taken from a manufacturing process at regular intervals. A normally distributed
guality characteristic is measured and X end § values ace calculated for each sample. After 50 subgroups
bave been anatyzed, we have

50

D% =1000 and is,:vs

=} i=1

(a) Compute control limits for the ¥ and 5 control charts.

Assume that the quality characteristic is normally distributed,

50 50
# = 6 jtems/subgroup; 23:', =1000; ES, =75 m =50 mbgoups

=] =)
% 5
_._=l_G.L0:20; E:&:Ezl,so
»t 50 nt 50
UCL; =% +4,§ =20+1.287(1.50)=21.93  LCLy =%— 4,5 =201 287(.56) = 18.07 -

UCLg = 8,8 = LITO(L.50) = 2.955 LCL; = B,§ = 0.030{1.50) =0.045

(b) Assume that 2l points on both charts plot within the contro! limits, What are the natural tolerance’limits
of the process?

The natural process tolerance limits are #£38, =% £3(3/e, )= 20+3(1.50/0.9515)=[15.27,24.73].

(c} If the specification limits are 19 + 4.0, what are your conclusions regarding the ability of the process to
preduce items conferming to specifications?

First calculate &, &, =5/c, =1.50/0.9515=1.58 . Then Cp = USL-ESL _ +430-(40) 504

3, 6(1.58)

The process is not capable.

(d) Assuming that if an iter exceeds the upper specification limit it can be rewarked, and if it falls below
the lower specification limit it must be scrapped, what percentage scrap and rework is the process now
producing?

Brewore = Prix > USL}=1-Pr{x < USL} =;-¢[Usf“f]z 1-¢{23'2° }

&y 1.58
=1-@(1.99) = 1-0.97L20 = 0.02880 = 2.88%
. USL-X —
Boep =Pr{x<LSL}= cp[d—" = d.‘:(]i 5:” J: B(-3.16) = 0.0.00078 = 0.078%
* .

Total = 2.88% + 0.078% = 2.958%
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{e) if the process were centered at 1t = 19.0, what weuld be the effect on scrap and rework? (a) Establish X and R contro! charts for compressive strength using these data. Is the process in statistical
! control?
. 23-19 . i -
Prewotk = 17@{—]= 1-@(2,53)=1-0.99432=0,00568, or £.5568% Original Data
£.58 Xbar/R Chart for Compressive Strength
' P :cp(lf;;g J: B(-2.53) = 0.00568,, or 0.568% - -
F % o e /\ ) A NI N
Total =0.568% + 0.568% = 1.136% _‘é‘ ARV \/ v
‘. - e [T-E2 7T
Centering the process would reduce rewark, but increase scrap. A cost analysis is needed to make the final decision. copn b v i~
An altenative would be to apply resources to imprave the process by reducing variabitity. .
a QE=ERERE]
5-13.  Parts manufactured by an injection molding process are subjected to a compressive swength test, Twenty 5 /\ /\ A
samples of five paris each are collected, and the compressive strengths (in psi) are shown in the fellowing 377+ ~7 Y/‘V\w £ | Beares
table. 5 \Vad
0 =]
Santple Number X1 R X4 x5 x R - Yes, the process is in control—though we should watch for a possible cyclic pattern in the averages.
i 330 8l2 787 757 710 74l 7.3
1 z 886 783 788 710 842 802 176 (b} After establishing the control chadts in part (a}, 15 new subgroups were collected and the compressive
: 3 857 758 843 752 81O 804 104 strengths are shown mext. Plot the Xand R values against the control units from part (a) and draw
1 4 808 744 825 T4l 757 715 84 conelusions.
5 834 734 826 782 789 803 52
| 6 753 799 8§73 897 8L8 828 145 Sample Namber T = = - P = =
i1 7 745 780 B80B 734 797 173 74
i 8 792 844 8L5 860 745 SBLE 114 1 689 BL5 732 808 8L5 782 [26
-+ 9 805 862 762 641 202 S14 5.9 2 69.8 686 B0.4 843 839 774 157
: t0 757 752 TL1 821 743 757 109 3 785 852 784 803 8L7 808 68
- 11 800 8IS 784 TIR 781 784 77 4 769 B6.1 869 944 339 ES6 175
: 12 B0.6 SL8 793 738 BL7 794 80 s 916 816 878 796 7.0 827 225
i 13 827 813 791 $2.0 795 300 36 6 65.5 B68 724 B26 TL4 759 213
: - ) 7 781 657 837 937 934 829 279
: 14 792 749 786 7.7 753 71 4.3
o 15 355 821 828 734 717 791 38 8 749 726 8l6 872 L7 718 146
- % 781 ML 670 757 768 749 110
2 i6 78.8 796 802 791 BOB 797 2.0
i 17 831 782 755 782 B8l 792 6.4 10 787 854 7.7 907 767 Bl9 140
i 18 34-5 76-9 835 812 1792 3811 746 tl 850 602 685 711 824 734 249
19 79‘0 T!.S 812 844 8l6 803 6.6 12 864 792 798 960 754 813 109
. 20 845 7.1 786 787 806 791 ild &) 785 930 783 714 818 817 276
i i . 14 688 620 820 775 761 133 19.9

15 83.0 837 731 822 353 835 222
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New Data
XbarfR Chart for Compressive Strength

¢ X
5 Llarid st
E = ‘_‘// \ AN Fil /"\\ R
12 BaERAVAVARYA W
511)’:; L s b=l i1

0 . s .
2. A AN
é 3 [C-EIER)
é— 1 - /\v/ \\/ V s 145
3 LI jl=t5]

A strongly cyclic pattern in the averages is now evident, but more importantly, there are several out-of-ceatrol poinis
on the ¥ chart (4, 11, 14} and the range chart (points 3, 6, 7, 11, 13, 14, 15).

5-15.  Coosider the ¥ and R charls you established in Exercise 3-1 usingn =3,

Y

() Suppose that yon wished to continue charting this quality characteristic using ¥ and R chartsbased on a
sample size of n=3. What limits would be used on the X and R charis?

1=53=34.00, R=47

forn=73

UCLy =¥+ 4R =34+1.023(4.7)=3881  LCL;=%-A4,R=34-1.023(4.7)=29.19
UCLg =D,R =2.574(4.7) =12.1 UCLg = D;R =0(4.7)=0

H

g ’ (b) What would be the impact of the decision you made in part (a) on the ability of the X chart to detect a
¢ 2o shift on the mean?

The ¥ control limits for # = 5 are ™ighter” (31.29, 36.72) than those for »=3 (29.19, 38.81}. This means a 2o shift
in the mean would be detected more quickly with a sample size of = 5.

| {c) Supposed you wished to coatinue charting this guality characteristic using X and R charts based on a
sample size of R = 8, What limits would be used on the X and & charis?

| forn=8
UCL; =¥ + A4, =34+0.373(4.7)=35.75
LCL; =¥ — 4R =34—0373(4.7)=32.25

i UCL, =D,R =1.864(4.7)=28.76
i UCLy, = DyR = 0.136(4.7) = 0.64
l
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(d) What is the impact of using # = 8 on the ability of the X chart to detect a 2¢ shift in the mean?

The ¥ centrol limits for # = B are even "tighter” {32.25, 35.75), increasing the ability of the chart to quickly detect
the 20 shift in process mean.

5-17.  Samples of size » = 5 are taken from a manufacturing process every hour. A quality characteristic is
measured, and X and R arz computed for each sample. Afier 25 samples have been analyzed, we have

25 50
D% =662.50 and Y R, =9.00
=1

i=1

(a) Find the control limits for the X and R charts.

The quality characteristic is pormally distributed.

25 13
& = = 2% 662.50 = Py 9.00
n=>5, 2‘ = 6620, er‘ =900, m=25samples, t=4 =" 9650 el 7T 036
pary pars m 15 m 25
UCL, = T+ 4% = 26.50+0.577(6.36) = 26.71 LCL; =x— 4R = 26.50— 0.577(0.36) = 26,29
UCLy = D,R =2.115(0.36) =0.76 UCL, = DR =0{0.36) =0 -

(b} Assume that both charts exhibit coatrel. If the specifications are 26.40 + 0,30, estimate the fraction
nonconforming,

&, =Rid,=036/2.326=0.155
p=Pr{x> USL}+Pr{x <LSL}=1-Pr{x < USL}+ Pr{x < LSL}

=1_¢[USL—I J+¢[LSL—-I le_m(ze.go—zs.su )m(zs.aoézﬁ.so)
117

3 3 0.155 0.155
=1 (258} + B(=3.87) =1—0.99505 +0.00005 = 0.00459

x x

{c) If the mean of the process were 26.40, what fraction noaconforming would resulr?

. 26.90-26.40 25.90—26.40
p=1—&
6155 ©.155

]= 1-®(3.23) + ©(--3.23) = [ - 0.99938 4 0.00062 = 0.00124
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5-19.  An X chart is used to control the mean of a normally distributed quality characteristic, It is known thato =

6.0 and # = 4. The center ¥ine = 208, UCL = 209, and LCL = 191. I the process mean shifis to 188, find
the probability that this shift is detected on the first subsequent sample.

Pridetect} = [— Pr{not detect} =1 —[Pr{LCL £ ¥ £ UCL}] =1 ~[Pr{¥ £ UCL} - Pr{¥ < LCL}1

UCLg ~fleey LCLe—fhoe Y1 1 [209-188) _(191-188
(S o el )

=1-9(M+®{)=1-1+0.84134=,84134

=1-

5-21. A process is to be monitored with standard values g = 10 and ¢ = 2.5. The sample size s three.

{a) Find the center lire and the control limits for the X chart.

n=3 p=10; o =25. These are standard values.
centerline = i =10
UCL; =p+do, =10+0.9492.5)=12373  LCL, = 4o, =10-0.949(2.5} = 7.628

() Find the center line and control limits for the R chart.

centerlinegp = d,5, =3.078(2.5)=7.693
UCLg = D0 =5.463(2.5)=13.67 LCL, = Do =0.687(2.5)=1.72

(c) Find the center Jine and control limits for the § chart.

centerlines = cyer, = 0.9727(2.5) = 2,432
UCLg = Beo =1.669(2.5)=4.17  LCL; = Byo = 0.276(2.5) = 0.69

5-23.  Control charts for ¥ and R are to be established to contwol the tensile strength of 2 metal part. Assume that
tensile strength is nommally distributed, Thirty samples of size n = 6 parls are collected over a period of

~p b time with the following results:

£ 30 30
2% =6000 and Y R, =150
i=| i=l
{a) Calculate limits for ¥ and R.
3 plid
10 30 - 25 6000 = ZRf 150
n=6, 3 % =6000, » R =150, m=30samples, ¥= *::n =y =200, R=flntlus

T
T
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UCL; =¥+ 4,R=200+0483(5)=20242  LCL; =3~ 4, K = 200~ 0.483(5) = 197.59
UCL, = D,R = 2.004(5) = 10.02 UCL, =DyR =0(5)=9

(b} Both charts exhibit contrel. The specifications on tensile strength are 200 + 5. What ace your
conclusions regarding process capability?

&, =R/dy =5/2534=1.97
@ - USL—LSL _45-(~5)
p =L
63, 6(1.97)
S0, the process is not capable of meeting specification. Even though the process is centered at nominal, the variation
is large refative to the tolerance,

={.85

(c) For the above ¥, find the #-risk when the true process mean js 199,

o _ fvct—p LCL-y 202.42-199 197.59-199
B —risk = Pr{not detect} =@| — |- @ =@ -5
[ox/v’r?] [c‘r,Nr?J ' ( 1.97/6 ] [ 1.97/\6 ]

=P(4.25) ~B(-1.75) = [-0,04006 = §.95594

525, The following data were collected from a process manufacturing power supplies. The variable of inte;est is
3 output voltage, and n =5,

3
5T
Sample Number x R | SampleNumber ¥ R
I 103 4 11 105 4
2 025 12 03 2
3 104 2 13 02 3
4 105 11 14 105 4
5 4 4 15 104 35
6 06 3 16 s 3
7 w2 7 17 6 5
8 105 2 i8 162 2
9 106 4 19 105 4
10 4 3 20 103 2

(a) Computer center lines and control limits suitable for controlling future production.

¥ =104.05, R=3.95 ]
UCL; =T+ 4R =104.05+0.577(3.95) = 106329  LCL; =X~ 4R =104.05-0.577(3.95) = 181,771
UCL, =D,R =2.115(3.95) = 8.354 LCLy = DR =0{3.95)=0
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By comparing the UCLg to the data set, sample #4 is out of control on the Range chart. So, excluding #4 and
recalculating:

¥=104; R=3.57

UCL, =X + 4R =104+ 0.577(3.579) = 106.064
UCLy = DR =2.115(3.579) = 7.567

LCL; =%~ 4K =104-0.577(3.579) =101.936
LCL, = D4R = 0{3.579) =0

(b) Assume that the quality characteristic is normally distributed. Estimate the process standard deviation.

Without sample #4, d, = R/d, =3.579/2.326=1.539

{c) What ate the apparert three-sigma natural tolerance limits of the process?

UNIL=%+3d, =104+3(1.539)=108.62  INTL=X-35, =104-3(1.539)=99.38

(d) What weuld be your estimate of the process faction nonconforming if the specifications on the
characteristic were 103 + 47

petoo| L7108 (99708 | 1.05)+ D(3.25) = 1 - 0.9744 + 0.0006 = 0.0262
1530 153

(e} What approaches to reducing the fraction nonconforming can you suggest?

To reduce the fraction nonconforming, first center the process at nominal from 104 to 103.
p=l-® 167103 99-103

[.539 1.53%
reducing the variability; if &, = 0.667 , then almost 100% of parts will be within specification.

p=1- 107103 Y 95103
0.667 0.657

]: 1 - ®{2.60)+ ®(~2.60) = [~ 0.9953+ 0.0047 =0.00%4, Next work on

]: 1 P(5.997)+ B(-5.997) =1-1.0000 -+ 0.0000 = 0.0000

5-27.  Specifications on a cigar lighter detent aze 0.3220 and 9.3200 iv. Samples of size five are taken every 45
@ min with the following resulls (measured as deviations from 0.3210 in 0.0001 in.).

Sample Number _x, X% Xy Xy X5
1 1 9 & 9 6
2 3 4 3 o 3
3 o 9 o3 2
4 1 1 o 2 1
5 -3 o 1 g -4
5 -7 % o9 2
7 5001 -1 ¢ 2
3 0 2 3 3 2
9 2 0 -1 3 -
10 O 2 -1 -t 2
11 e T
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Sample Number X1 X3 X3 X3  Xg

12 -6 2 b4 -
13 6 3 8 ¢ -8
14 -3 -5 o 5
15 -1 T B |

{a) Setup an R chart and examine the process for statistical control.

R Chart for Detent

1
g A UGcL=13.67
g
. i
El
g /_\ /\ R=5.457
3 VAWAY \
o — LCL=0
T T T T
o 5 10 5

Samiple Number

The process is net in statistical control -- sample #12 exceeds the upper control limit on the Range chart.

(b) What parameters would you recommend for an R chart for on-fine control?

R Chart for Datent less Sample 12

= 1
:,_E‘ " - /A\/\ uct=1193
; q\//\w 1
o LCL=D
) 5 A .‘5
SBample Number

Excluding semple #12 and recalculating the parameters, R=5.643and UCL=1193.

(c} Estimate the standard deviation of the process.

Without sample #12, &, = R/d, = 5.64286/2.326 = 2.426.




i
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(d) What is the process capability?

USL—-LSL _ 0.3220-0.3200
&d, 6(2.426x0.0001)
Remember to convert back to the original units by multiplying by 0.0001.

=131

Without sample #12, PéR =

5-29.  Two parts are assembled as shown in the figure, Assume that the dimensions x and y are normally
distributed with means g and [, and standard deviztions o, and o, respeciively. The pads are

produced on different machines and are assembled at random. Control charts are mainiained on each
dimension for the tange of each sample (n = 5). Both range charts ase in control.

j : (a) Given that for 20 samples on the range chart controlling x and 10 samples on the range chart, controlling
», we have

Sty

|

20 10
YR, =18.608 and Y R, =6978
I=} =

Estimate &, and &,.

24) 10
r=5 m,=20; m, =10; ER,J=13.503; Zﬂj.j=s.973
i=1

i+l

0
¢, =R 1d, =[ER_,JImJ 1/11 =(18.086/20)/2.326 = D.400
=l

10
G, =R, /dy =(21{, i, ]/1,_ = (6.978/10)/2.326 = 0.360

=1

(b} If it is desired that the probability of a smaller clearance {i.e., x — ) than 0.09 should be 0.006, what
distance between the average dimensions (ie., g, - i, ) should be specified?

Want Pri(x— v) < 0.09} = 0.006.

Letz =x-). Then d. = J67 +37 =047 +03% =0.500.

@[0'09“‘7]= 0.006

o,

g (0'0975 }: D(0.006)
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5

5-31.; Contro} charts for X and § are maintained on a quality characteristic. The sample size is n = 4. After 30
samples, we obtain
3

Zf, =12,870 and i;{; Efuo

[ i=)
() Find the three-sigma limits for the S chart.

-

s

in kg _ ] 410
n=d, 3 T =12,870, 3 5 =416, m=30, S=i~—=—0:13.667

] 3

s

i=l i=l

UCLg = B,5 =2.266{13.667)=30.969  LCLg = B, = 0(13.667) =0

(b) Assuming that both charts exhibit contrel, estimate the parameters, ¢ and o.

n
2
=

. 12,870
=x= met— = 428.0

# m 30

8, =8/e; =13.667/0.9213=14.834 )

5-33.  An ¥ chart with three-sigma lirnits has parameters as follows:

UCL= 104

Center Line= 100
LCL= 96
n= 3

Suppose the process quality characteristic being controiled is normally distributed with a true mean of 68
and a standard deviation of 8, What is the probability that the conirol chart would exhibit lack of contral by
at least the third point plotted? ’

n=3% UCLz =104 centerline; =100; LCLy=96; £=3 p=98 o,=8§
Pr{out-of-control signal by at least 3 plot point} = i —Pr{not detected by 3™ sample} = 1 — [Prinot detected} '

Pr{vot detected} = Pr{LCL; S ¥ SUCL;} =Pr{¥ < UCL;}-Pr{¥ < LCL;}
UCLz —u LCLy~u 10498 9693
= = —d = = - & =®{1,68) ~ P05
[l ol {5 oo

=0.9532~0.2881 = 0.6651

Pr{out-ofcontrol signal by at least 3" plot point} = 1 - [Pr{not detected}} = 1 — (0.6651)° = 0,7058
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Control charts for ¥ and S with # = 4 are maintained 9n a quality characteristic. The parameter of these
] cherts are as follows:

X Chart N Chart

ucCL.= 210,88 UCL= 2,266

CenterLine=  200.00 CenterLine=  1.000
LCL = 198.12 LCL= 4]

Both charts exhibit control. Specifications on the quality characteristic are 197,50 and 202.50. What can
be said about the abitity of the process to produce product that conforms to specifications?

En = USL-LSL _ USL-LSL _ 202.50-197.50
P 66, 6(5/c,)  6(1.000/0.5213)

The process is not capable of meeting specifications.

=0.7678.

5-37  Specifications on a normatly distributed dimension are 600 + 20, ¥ and R charts are maintained on this
dimension and have bgen in control over a tong period of time. The parameters of these coatrol charts are
as follows (n=9).

X Chart s Chart

UCL = 616 UCL= 3236
Center Line = 610 Center Line= 1782
LCL= 64 LCL = 3.28

{a) What are your conclusions regarding the capability of the process to preduce items within
specifications?

n=19; USL =600+ 20=620; LSL =600 - 20 =380

& o USL-ISL _USL-ISL _  620-580

)

= = =111
.. 6(R/d,)  6{17.82/2.970)

(b) Construct an OC curve for the x chart assuming that o is constant.

n=9 L=3 f=0(L—kfn)-0[-L-kr)

fork= {0, 05, 075, 10,125 L5, 20, 25 3.0
B= {09974, 0.9332, 0.7734, 0.5, 0.2266, 0.0668, 0.0013, 0.0000, 0.0000}
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Operating Characteristic Curve
forn=9,L=3
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5-39.  An X chart is to be established based on the standard values p = 600 and o = 12, with n = 9. The conirol
limits are to be based on an a-risk of .81, What are the appropriate control limits?

n=9, p=600, o,=12, G=001, k=2, =Zyous = Zoes = 2576

[+ 12
UCLy = p+kos = +k| % [=600+2.576f —= |=610.3
wetoc-u{ 5 %)

[ 12

LCLz = pt—kos = —k| —= [= 600-2.576| —= |=539.7
S %)

5-41.  Consider the X chart in Exercise 5-40. Find the average run length for the chart.

1 1 1 1

ARL =——= = =
'"1—-B 1—Pr{uotdetect} Pr{detect} 0.1587

=6.30

5-43. A normally distributed quality characteristic is monitored through the use of an ¥ and R chart. These charis
have the following parameters (r = 4)

X Chart R Chart

UCL = 626.0 UCL= 18.795

Center Line=  620.0  Center Line = 8.236
ICL= 614.0 LCL= ]

Both charts exhibit control.
(2) What is the estimated standard deviation of the process?

G, = Ridy =8.236/2.059=4.000
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(b) Suppose an S chart were to be substituted for the R chart. What would be the appropriate parameters of
the § chart.

5 =c,&, =0.9213(4) = 3.865

UCLg = B,§ = 2.266(3.685) =8.351 LCLs = B,5 = 0(3.685) =0

{¢) If specifications on the product were 6§10 + 15, what would be your estimate of the process fraction
noncenforming.

#=Pr{x<LSL}+Psfx> USL} :@[LSI_‘*J‘ ]H@(USI:*" J
GI x

= ¢(595;620 JH— GD( 625; 620 )z D(-6.25)+ [~ {125} = 0.0000 +1- 0.8944 = 1036

(d)} What could be done 10 reduce this fraction nonconforming?

To reduce the fraction nonconforming, try moving the center of the process from its current mean of 620 closer to
the neminal dimension of 610. Also consider reducing the process variability.

(&) What is the probability of detecting a shift in the process mean to 610 on the first sample following the
shift (¢ remains constant)?

LCL- f—-
Pridetect on Ist sample} = Pr{T < LCL}+ Pr{T > UCL} = lt'[ Heew J+ 1 _Q(UC Heoen )
Oz

gz

= 4{614'6‘0 ]H“d{azaﬁmo )z B +1- BE) = 09772+ 1-1.0000 = 0.9772

N 4/ s

(f) What is the prabability of detecting the shift in part (e} by at least the third sample after the shift occurs?

Pr{detect by 3rd sample} =1 - Pr{not detect by 3rd sample} = [ - (Pr{not detect})® = 1—(1-0.9772)° = 1.0000

545,  The following X and & charts based on 72 = 4 have shown statistical control:

X Chart M Chart

UCL= 710 UCL = 18.08

Center Line = 700 Center Line=  7.979
LCL= §90 LCL= 0
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(2) Estimate the process pacameters

A=F=700; &, =5/e;=7.979/0.9213=8.661

(b) If the specifications are at 705 + 15, and the process output is normally distributed, estimate the fraction
noneorforming.

B=Pr{r<LSL}+Pr{x>USL} =& LS{;"" ]+1-cp US;:'I ]

x T

690700 720-700
= +1-0 = O(LI5)+1-0{2.3) =0.1251+1 - 0.9896 = 6.1355
{ B.561 ] ( 8.661 ] CLIDH-2G3) ’

(c) For the X chart, find the probability of a type I erxor, assuming o is constant.

& = Pr{¥ < LCL}+Pr{E > UCL = cp("m“x )+1—q{ UCL'E]

o’x x

£99-700 710-700
=0 +1-® = B(-2.31)+1-B{2.31) = 0.0104+1-0.9896 = 00208
[s.sm/ﬁ } [s.ssx/J4] 230 230

{d) Suppose the process mean shifts to 693 and the standard daviation simultaneously shifts to 12, Find the
probability of detecting this shift on the ¥ chart on the first subsequent sample,

Pr{detect on st sample} = Pr{X < LCL}+ Pr{x > UCL}

- d{LCL—pM JJ(I_@[UCL—pm J

OF ew

_ | 690-693 710--693
“(IJ[ 12/\/2 J—I—E——(I)[ IZ/JZ J

= B(~0,5)+1—B{2.83) = 0.3085+1~0.9977 = 0.3108

% rew

(e) For ike shift in part {d), find the average run length.

1 U S U
1-Pr{notdetect} Pridetect} 03108

1
Aﬂlzq
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5-47.  Fifteen successive heats of a steel alloy are tested for hardness. The resulting data are shown here. Setupa
control chart for the moving range and a contrel chart for individual herdness measurements. Is it
reasonable to assume that hardness in rormally distributed?

Heat  Hardness {coded) Heat Hardness {coded)

1 52 9 58
2 51 10 51
3 34 1i 54
4 53 12 59
5 50 13 33
[ 52 14 54
7 50 15 55
8 51

T=532667; G, =2.34954 MR =3.21429
MR 3.21429 MR 321429

UCLy =¥ +37—=53.2667+3 =61.8153  LCLy =%-32" =53.2667~3 =44.7181
& 1128 T4 1128
UCL, = D, MR = 3.267(3.21429) = 10,5011 LCLg = D, 1K = 8(3.21429) =0
1 and MR Chart for Heat Hardness
o Hered Probaisfty Pict for Heal Hardress
% i - -
E = 3 Y o /
£ S = o
H .
B 1nwn 2 <
Timo 2 % R It § g R
. E : ......
§ = . a
R FNAA ;
g . Vs /f\\_*-.'f . ::? :

o 1
Hardness (ondad)

Visual examination of the normal probability plot indicates that it may not be reasenable to assume that hardness is
normally distributed. The ebservations o the tails are not very close to the straight line.

5-51. Thirty observations on concentration (in g/1) of the active ingredient in a liquid cleaner produced in a
continitous chemical process are shown here.

Observation  Concentration  Observation  Concentration

1 60.4 16 99.9
2 69.5 17 593
3 78.4 18 60.0
4 72.8 19 74.7
5 78.2 20 75.8
6 3.7 21 76.6
7 56.9 22 68.4
8 78.4 23 83.1
9 19.6 24 61.1
10 100.8 25 54.9
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Observation  Concentration  Observation  Concentration

11 59.6 26 69.1
12 64.9 27 67.5
13 75.5 23 69.2
14 T0.4 29 §7.2
15 68.1 30 73.0

{a) A normal probability plot of the concentration is shown next. The siraight line was fit by eye to pass
approximately through the tweatieth and eightieth percentiles. Does the normality assumption seem
reasonable here?

Harmrel Probatifly Plot for Concentrafion

k]
s

Porcent

w3 BEEEBEE B8

The normality assumption is 2 little bothersome for the concentration data, in particular due to the curve of the larger
values and thres distznt values in the upper tight comer of the plot.

{b) Set up an individuals and moving range control chart for the concentration data. Interpret the charts.

{ and MR Chart for Concentration

Individual Volue
ERERE
[ |

(
R

0 - nsersy
Shgmp O ) 2 »
T
o 2 & [t
£ )
= a
§ » - . Rn
=
a4 e

The process is not in control, with two Western Electric rule violations. Point 11 fails “2 of 3" beyond 2 sigma from o

the center line on the [ Chart, and point 17 fails one point greater than 3 sigma from the center line on the MR Chart.
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Reconsider the hardness measurements in Exercise 5-47. Construct an individuals control chart using the
median of the span-two moving ranges to estimate variability. Compare this control chart to the one
cemstructed in Exercise 5-47 and discuss.

{c) Construct a normal probability plot of the natuml log of concentration. s the transformed variable : 5-54.
normaily distributed?

Normal Probahifty Piot for In{Concentration)

I and MR Chart for Hardnass
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The median moving range method gives slightly tighter conirol limits for both the Individual and Moving Range

The normality assumption is still trouhling for the natural log of concentration, again due to the curve of the larger
charis, with no practical difference for this set of observations. !

values and three distant values,

{d) Repeat part (b), using the patural log of concentration as the charnted veriable. Comment on any

differences in the charts you note in comparisea fo those constructed in part (b).

| and MR Chart for In{Concentration)

43
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The process is still not in control, with the same to Western Electric Rules violations. There does not appear to be
much difference between the two control charts (actual and natural log).

5-37.

Consider the individuals measurement data shown next.

Observation x Ohservation x

1 10.67 14 .58
2 10.47 15 8.8
3 9.45 16 12.94
4 9.44 17 10,78
5 8,99 18 11.26
6 7.74 19 .48
7 10.63 20 11.28
8 5,78 21 12.54
g 9.37 22 [1.48
14 9.95 23 13.26
I1 12.04 24 [1.t0
12 10.93 25 10.82
13 11.54

{a) Estimate ¢ using the average of the moving ranges of span two.




5-26 Contrel Charts for Variables Control Charts for Variables 5-27

tand MR Chart for X, avg MR2 method (d) Estimate o using the average of the moving ranges of span 3, 4, ..., 20.

HE
Rty v Average MR3 Chart Average MR4 Chart
% s ) A /\/\ /\/\ Meawinas MR3 Chart for X 8R4 Chart For X
e [~ NV ' '
£ ;: -4Y - - Lot : [ & — UCL=58527
Saa 0 H = 5 » = T s -
P . B 8o
24 U= =2 3 A % 3 e | Al R
B /\ EI 3 ] ﬂ LY 202 EF V N Vs Rrass
FE ANV A VSN B EVAVA A
= 2 \/ \ Lo o — = o L=
=Rid, =1305/1.128=1.157 N b momntuter
- G, = Ridy =2049/1.693=1210 &, =R/d,=2.598/2.059=1262
(b) Estimate ¢ using $/Cy. ’
_ Average MR19 Chart: Average MB20 Chart:
Variable |34 Mean Median TrMean StDev
EX5-57 25 10.549 10.630 10,553 1.342 MR19 Chart for X MR20 Chart for X
G, =8/c; =1.342/0.7979 = 1,682 : i S : P i
(c} Estimate & using the median of the span-two moving ranges, g : | g,
- 13 (-3
% 5 /1\ Res13 “Z 5 e | Re535
Eard MR Chart for X, median MR2 method E . 3.
s E 3
2 :" H e _ [T=2-1] =27
B AN /\/\ M : ey : iy S 7
g r;_'; \/ \[ V Ver=41 55 a 5 ” 15 2 E- Q 5 0 15 o =
§ n /\\/ Ctservation Mumbsr Csasrvation Number
£ 35 L7 T " - . _
’55 T T ~ = » = G, =R1d,=5186/3.689=1406 &, =R/d,=536/3.735=1435
g i - ] (e} Discuss the tesults you have obtained.
01 A /\ — .
%’ \ \.JA\"A“ fanN /\ Beizes Ax the span of the moving range is increased, there are fewer obhservations to estimate the standard deviation, 2ed the
z, /\/ L estimate becomes less retiable. For this example, o gets larger as the span increases. This tends to be true for
unstable processes.

¥, =R/dy ~1.283/1.128=1.137
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3-5%.  The diemeter of the casting in Figure 5-27 is also an important quality characteristic. A coordinate
measuTing maching is used to measure the diameter of each casting at five different locations, Data for 20
castings are shown in the following table.

Casting  Diameter 1

Diameter 2 Diameter 3

Diameter 4 Diameter 5

1 11.7629
2 11.8122
3 11.7742
4 11.7833
5 11.7134
6 11,7925
7 11.63160
3 11.7109
9 11,7984
10 11.7914
11 11.7260
12 11.7202
13 11.8336
14 11.7068
15 11.7116
16 11.7165
17 11.8022
18 11.7775
19 11.7753
20 11,7572

117403
11.7506
1L7114
117311
11.6870
117611
11.7205
117832
113887
11.7613
11.7329
11.7537
117971
117112
L7978
11,7284
118127
117372
11.7870
11,7626

11.7511
11.7787
11,7530
17777
11.7305
11.7388
11.6953
11.7496
11.7729
11.7356
11.7424
117328
£1.8023
11.7492
11,7982
175711
11.7864
11.7241
11,7574
[1.7523

$1.7474 11,7374
11.7736 1i.8412
E1.7532 11.7773
[1.8108 11.7804
11.7419 11.6642

L1732 11.7611
11.7440 11.7062
11.7496 11.7318
11,8483 11,8416
11,7628 11,7070
11.7645 117571
11.7582 11,7265
11,7802 117903

117329 11.7289
11.7429 11.7154

11.7597 11.7317
11.7917 11.8167
11,7773 11,7543
11,7620 £1.7673
11.7395 11.7884

{a) Set up ¥ and A charls for this process, assuming the measurements on each casting form a rational

subgroup,

Xbar/R Chart for Casting Diamater
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The ¥ chart has several out-of-control points. Points 5, 7, 9, 13, and 17 are beyond the upper control limit.
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(b) Discuss the chart you have constructed in part (a).

‘Though the & chart is in control, plot points on the ¥ chadt bounce below and above the controf limits. Since these
are high precision castings, we might expect that the diameter of a single casting wili not change rouch with location.
If no assignable cause can be found for these cut-of-contro! points, we may want to consider treating the averages as
an individual valee and graphing “between/within” range charts. This will lead to a understanding of the greatest
source of variability, between castings or within a casting.

(c) Construet “between/withia"” charts for this process.

[-MR-R (BetweenWithin) Cherls for Casting Diameter
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Between standard deviation = 3.50E-02
Within standard deviation= 2.63E-02
Total standaré deviation = 4.37E-02

(d} Po you believe that the charts in part (¢) are more informative than those in part (a)? Discuss why.

We are toking several diameter measursments on a siogle precision casting.

(e} Provide a practical interpretation of the "within” chart.

The “within" chart is the usual R chart (n > 1). It describes the measurement variability within a sample (variability
in diameter of a single casting). Though the nature of this process leads us to belfieve that the diameter at any
location on a single casting does not ckange much, we should continue to mogitor “within®” to look for wear, damage,
etc,, in the wax mold,
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5-61.

Consider the sifuation described in Exercise 5-60. A critical dimension (measured {n m} is of interest to the
process engineer. Suppose that five fixed positions are used on each wafer fposition 1 is the center) and
that two consecutive wafers are selected from each bateh. The data that result from several batches are

shown kere.

Lot Wafer Position 1 Position2  Position3  Position4  Positions
1 1 115 2,13 2.08 2.12 2.10
1 2 2.43 2.10 2.04 2,08 2.05
2 1 2.02 2.0t 2.06 2.05 2.08
2 2 2.03 2,09 2,07 2.06 2.04
3 1 2,13 212 2.10 211 2.08
3 Z 2.03 2.08 2.03 2.09 2.07
4 I 2.04 2.01 210 111 2.09
4 2 2.07 114 2.12 2.08 2.09
5 1 216 2.17 2.13 2,38 2,10
3 2 217 2.13 2,10 2.0% 2.13
6 1 2.04 2.06 .00 2,10 2.08
i) 2 203 2.19 2.05 2.07 04
7 1 2.04 2.02 am 200 2.05
7 2 2.06 2.04 2.03 2.08 210
8 1 2.13 2.10 2.10 2,15 213
8 2 2.10 .09 2,13 2,14 21
9 1 2.00 2.03 2.08 2.07 2.08
9 2 2.01 2.03 2.06 2.05 2.04
16 1 2.04 2.08 2.09 2.10 2.01
18 2 2.06 204 2.07 2.04 2.01
11 1 2.15 2.13 2.14 2.09 2.08
11 2 z,11 2.13 2.10 2.14 2.10
12 1 203 2.06 2.05 201 2.00
12 2 2.04 2.08 2.03 2.10 2.67
13 1 2.05 2.03 2405 2.69 208
i3 2 .08 2.0 2.03 2.04 2.10
14 1 2.08 2.04 205 2.01 2.08
14 2 2,09 2.11 296 2.04 2.05
15 1 2,14 2,13 2.10 2.10 2.08
15 2 213 2.10 2.09 2.13 2.15
16 I 2.06 2.08 2.05 203 2.09
16 2 2.03 2.01 2.00 206 205
17 H 2.05 2.03 2.08 2.01 2.04
17 2 2.06 2.05 .03 2.05 2.00
18 E 2.03 2.08 2.04 2,00 2.03
18 2 2.4 .03 2.03 2.01 2,04
19 3 2.16 2.13 210 2.13 2.12
19 2 2.13 2.15 2.18 2.19 2,13

20 1 2,06 +.03 2.04 2.09 2.10

20 2 2.01 200 2.0% 2.08 2.06

N
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(2) What can you say zbout overall process capability?

Variable N Mean Median Triean Sthev SE Mean
Ex5-61A1 200 2.0741 2.0800 2.,0730 0.0440 0.¢031
Variable Minimum Maximum 01 Q3
Ex5-61Al1 2.0800 2.1900 2,0400 2.1000

Norma! Probabidity Piok foc Waeler CDs Range (within sampte) Chart for Wafer CD
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The wafer critical dimension is not normally distributed, -

(b) Can you construct contro! charts that allow within-wafer variability to be evaluated?

To evaluate within-wafer variability, construct a R chart for each sample of § positions, for a total of 40 subgroups.
The Range chart {s in control, indicating that within-wafer variability is 2lso in control.

(¢) What control charts would you establish to evaluate variability between wafers? Set up these charts and
use them to draw conclusions about the process.

To evaluate variability between wafers, set up Individuais end Moving Range charts where the x statistic is the
average wafer measurement and the maving range is calculated between two wafer averages.

HAR-R (BetweenWithin) Chart for Waler CD
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Between standard deviation= 2.34E-02
Within standard deviaticn = 2.89E-02
Total standard deviation = 3.85E-02

Both “between™ control charts (Individuals and Moving Range) are in control, indicating that between-wafer
variability is also in-control,

(d) What control charis would you use to evaluate fot-to-lot variability? Set up these charts and use them to
draw conclusions about let-fo-lot varability.

Te gvaluate lot-to-lot variability, three charts are needed: (1) lot average, {2) moving range between lot averages, and
{3} range within a lot—the Minitab “between/within” centrol charts.

FWR-R (Betwean/Wihin} Chert for Wafer Lot CDs
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Between standard deviation= F.39E-02
Within standard deviation = 4.34E-02
Totai standard deviation = 4.56E-02

All three control charts are in control, also indicating the lot-to-lot vadability s in-control.

CHAPTER

Control Charts for Attributes

CHAPTER GOALS

After completing this chapter, you will be able to:

i. Design, apply ard interpret the coatrol charts for fraction nonconforming data and number nonconfornming
data
» The p chart

%  Thenp chart

2. Design, apply and interpret the control charts for defecis
» The cchart

»  Theu chart

3. Understand the appropriate control chart for a given process scenario

Exercises

o-1, The data that follow give the number of nonconforming bearing and seal assemblies in samples of size 100,
Construct a fraction nenconforming costrol chart for these data. If any points plot out of control, assume
that assignable causes can be found and determine the revised limits.

Sample No. _No. Nonconforming Assemblies  Sample Mo,  No. Nonconforming Assemblies
1 7 11 6
2 4 12 13
3 1 13 i]
4 3 14 9
5 [ 15 5

61
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6-2 Caontrel Charts for Attributes

Sample No,  No, Nonconforming Assemblies  Sample No.  No. Nonconforming Assemblies

& 2 16 1
7 i0 17 4
8 5 18 5
9 2 19 i
10 7 20 12
PR
- & - Lt
Summary statistics are first caleufated: n=100, m=20, ZD, =117, p=—=——-=0.0385

mn 20{100)

i=l
UCL, =5 +3 IL U-P) _ 4058543 Jw-—°‘°585““°'°5 85) _0.1289
e F) 100
LCL, =5-3 ’p(l—ﬂ =0.0585-3 ,M;;TOQE =0.0585-0.0704 = 0
R

The lower contrel mit as cajculated is a negative value, therefore, zero is chosen for the lower limit.

P ChartforBearing & SealAssemblias

o5 —| ;i
ugLed.t204

T AN S
W AV A%

Sample Number

Preporlion Nonconfarming

LELsD

Sample 12 is out-of-control, so temove from control limit calculation:
»

Dy

=100, m=19, zD =102, p=tt—= 102
=t mr 19{100)

0.0537(1-0.0537)
100

LCL, =0.0537-3 JEW =0.0537-0.0676= 0

Again, zero is chosen for the fower control limit.

=0,0537

UCL, =0.0537+3 ={.1213

-
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P ChartforBearing & Seal Assemblies, less sampla 12

E
015 —

! A voreonzs
% cas o /\ I\/\ [\ / Feo.ns36n
PN N TN

Samalz Numbar

6-3.

The following data represent the results of inspecting all units of a personal computer produced for the last
10 days. Daes the process appear to be in control?

Day  Units Inspected  Nonconforming Units  Fraction Noncenforming

1 80 4 0.050
2 10 7 0.064
3 90 5 0.056
4 5 8 0.197 -
5 130 [ 0.038 -
6 120 6 0.050
7 70 4 0.057
4 125 5 0.040
g Hel g 0.076
1 95 7 0.074

The summary statistics are:

) ) o
=10, . = 1000, D, =60, p=4t —=_—_ =008
ni g:‘n Z F T

=l
L

=l

UCL, = p+3 }M and LCL, = max (0, 5~3,/p{l—- p)/m }
1y

As an example, for 7= §0:

UCL, = EJ'+3V.'[P(§—E =a.na+3J°‘°5(;;°'°(’) =10,1387

n

LCLy = F —BJ p-p) =o.os—3\r" 0'06(;0‘0@ =0.06-0.0797 =0

n
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P Chartfor PersonalCom puters

Qs —

Praporiicn Nonconforming
o
a
|
1\

1 a4 5 & 7
Sample Humber

The process zppears to he in statistical control.

UCL=D 1337

LCL=0

@ A process produces rubber belts in lots of size 2500. Inspectior records on the last 2§ lois reveal the

following data.

Lot Numher  No, of Nonconforming Belts  Lof Number  No, of Nonconforming Belts

i 230 11
2 435 12
3 221 13
4 346 14
5 230 15
6 327 16
7 285 17
8 311 18
o 342 19
10 308 20

456
394
285
331
193
414
131
269
221
407

(a) Compute trial contral fimits for a fraction nenconforming control chart.

UCL=F+3 ‘P{l‘m =0.1228+3 fw =0.1425
] 2500

LCL=F-3 ,M =0.1228-3 0.122801-0.1228) _ oo
n 2500

P Chartfor Rubber 8elis

1

e A AN
AP A

Fraporlion Noncantorming

S P A N
a.as i
llﬂ

T

@

10
Szmpia Humbaer

UCLxg. 1425
Frg.t228
LCLx0 133%

The process is out of control at several points (F, 2, 3, 5, 11, 12, 15, 16, 17, 19, 28).
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{b} If you wanted to set up & control chart for cortroiling future production, how would you use these data
to phtain the center line and control Hmits for the chart?

So many subgroups are aut of ceatrol (11 of 20) that the data should not be used to establish control limits for future
production. Instead, the process should be investigated for causes of the wild swings in p.

61, A coniro! chart indicates that the current process fraction nonconforming in 0.02, If 50 itemns are inspected
each day, what is the prebability of detecting a shift in the fraction nonconforming te 0.04 on the first day
after the shift? By the end of the third day following the shift?

?=0.02n=50

UCL = p+3Jp(l- B)fr = 0.02+3,/0.02(1- 0.02)/50 = 0.0794

LCL = 5 -3p(l— p)fnr = 0.02-3,{0.02(1— 0.02)/50 = 0.02-0.0554 = ¢

Since ppew = 0.04 < 0.1 and # = 50 js "largs”, use the Poisson approximation to the binomial with A = spyey =

50(0.04) = 2.00. ’

Pr{detect/shift} = 1 — Pr{not detectishift} = { - 8
=1—[Pr{D < sUCL| A} -Pr{D < nLCL| A}] = 1-Pr{D < 50(0.0794)| 2} + PriD < 50(0) | 2}
=1-POI(3,2)+ POKO,2) =1 0.857 4+ 0.135=0.278

where POI(") is the cumnulative Poisson distribution.

Pr{detected by 3rd sample} = | — Pridetected afier 3rd} =1 (1 ~ 0.278)3 =0.624

6-9. Diodes used on printed circuit boards are produced in lots of size 1000. We wish te centrol the process
producing these diodes by taking samples of size 64 from each lot. If the nomiral value of the fraction
nonconforming is p = 0.10 determine the parameters of the appropriate control chart, Te what level must
the fraction nonconforming increase 1o make the S-risk equal to 0.507 What is the minimum sample size
that would give a positive lower control limit for this chart?

The parameters of the control chart are:
=010, n=64

UCL=F+3 Pl-7) _ 0'10”\!@: 0.2125
" 64

1eL=5-320=B) _g19-3 ‘% =0.10-0.1125 =0
n

The beta risk is determined with the following function:
B=Pr{P<ntICL| p} ~Pr{D <nLCL| p}

=PriD < 64(0.2125)] p}—Pr{D < 64(8)| p} = Pr{D <13.6)| p}—Pr{D 20| g}

Applying the fuaction iteratively,

P PrD<Siip  PrD S0} B

005 0.9959%9 0.037524 04.962475
010 0.596172 0.001179 0.594993
0.20 0.598077 0.000000 §.598077

0.21 0.519279 0.000000 0.519279
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r_ PrD<I3p}  PriDstip} B
022 0.44154 0.000000  0.44154
0215 0480098 0.000000  0.480098
0212 0.503553 0.000000  0.503553

The fraction of non-conforming would need to increase to 0.212. Assuming L = 3 sigma contrel limits, the minimum
sample size to achieve a positive lower contrel limit is:
n> a-p 1!
N (1-0.10} @
0.19
>81

6-11. A control chart for the fraction nonconforming is to be established using a center line of p = 0.10. What
sample size is required if we wish to detect a shift in the process fraction noncenforming to 0.20 with

prokability §.507

p=010, p.. =020, Desire Pr{detect} = 0,50, Assume k=3 sigma control limits.
G=p_ . —p=020-0,10=0.10

(5 p- m=(-2 o 10y-010 =51
AF PP v -

L)The required sample size is 81.

6-13) A process is being controlled with a fraction nonconforming control chart. The process average has been
o shown to be 6.07. Three-sigma contral fimits are used, and the procedure calls for taking daily samples of

400 items.

(a) Calculate the upper and lewer control limits.

7=007; k=17 sigma control limits; n=400
0.67(1-0.07) _ 0.108
400

Ca [ P0=R) _ f
UCL—p+3\| " -D.DT+3\J

LCL=p-3 P08} 7.5 [O0TAZ00T) 4 o5y
\' n ‘J 400

(b} If the process average should suddenly shift to 0.10, what is the probability that the shift would be
detected on the first subsequent sample?

P pew = 400(0,10) = > 40, 50 use the normal approximation to the binomfal.
Pr{detect on 1% samplej=1 - Pr{not detect on 1% sample} =1 - 8
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- =1-{Pr{p < UCL| p}-Pr{p < LCL| p}]
“1-a UCL-p o LCL-p
Je(l-p)/n Jel=p)in

010801 0032-01
=1-d [
[Jo.t(luu.l)/mo } {Joupo.l)/:too ]

=1-@{0.533) + ¢ (—4.533) =1-0.703+0.000 = 0.297

{c) What is the probability that the shift in part (b} would be detected on the first or second sample taken
after the shift?

Pr{detect on 1st or 2nd sample} = Pri{detect on {st} + Pr{not on Ist}xPr{detect on 2nd}
=0.297 + (1 - 0.297}0.297) = 0.506

6-15. A control chart is used fo contrel the fraction nonconforming for a plastic part manufactured in an injection
molding process. Ten subgroups yield the foilowing data:

Sample Number  Sample Size  Number Noncenforming

i 100 10
2 190 15 -
3 100 31
4 100 18
S 100 24
6 100 12
7 100 23
3 100 15
S 100 8
10 100 8

(a) Set up a control chart for the number ponconforming in samples of e = 100,

P
o

10 164
m=10, n=100, Y D, =164, f=1==
P, ! mm LO{100)

UCL = g +3Jnp(l- 5} = 16.4+3,{16.4{1-0.164) = 27.51
LCL =mp~3Jup(i- F) =16 4-3Ji6 4(1-0.164) = 5.292

=0.164, np=16.4
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NP Chartfor Plastic Part

1
%’ AN UELE2r 8
K]
g 29 /\ _
2 v NP=14.4
T /
E-; 10
2 LeLes.zaz
1] 1 2 3 4 5 13 T a 9 1

Sample Humbar
The process is out of control, with point 3 beyond the upper limit. Recalculate the control Lirits without sample 3:

MNP Chartfor Plastic Part, less sample 3

i3
g 10— /‘\
E ucLes25.42
£
g 20
5
z WF=1478
E / A
é 10 —
E LCLad.111
“ e — T T T T

4 5 & T 8 @ 10
Samoplfe Humber

The control Yimits are slightly narrower. Of course, point 3 is 2bove the upper limit.

(b) For the chart established in part (2), what is the probability of detecting a shifi in the process fraction
nionconforming te 0.3¢ cn the first sample after the shift has eceurred?

Prew = .30, Since p = 0.30 is not teo far from 0.50, and = 100 > 10, the normal approximation to the binomiat

can be used.
Pr{detect on 1%} = | —Pr{nct detect on 1"} =1 -

UCL+1/2-np o LCL-1/2-np
) np(l- p)

=1-¢:[25‘42+°'5"3° }+ @[4'[3‘0'5 30 ]=1—¢(—0.8903)+@(~5.7544)

=1——[Pr{D<UCL|_p}7Pr{DiLCLlp}]zlulb(

Jioa-e3) Jae-0.3)
=1-(0.187)+(0.000) = 0.813
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(2) A control chart for the number nonconfonming is to be established, based on samples of size 400, To
@

start the control chart, 30 samples were selected and the aumber nonconforming in each sample determined,
3

yielding E ) lD, =1200. What are the parameters of the np chart?
i=

wim L 220 610, Wp=400(0.10) =40
P 30400 7p = 480(0.10)

UCL,, =nf +3/np(l— p} =40+ 3,J46(1—0.10) =58 LCL,, =np-3Jup(l—p} = 40-3/40(1--0.10) = 22

(b) Suppose the pracess average fraction nonconforming shifted te .15, What is the prebability that she
shift would be detected on the first subseguent sample?

Because /ippey = 400 (0.15) = 64 > 15, use the normal approximation to the binomial.
Pr{detect on 1% sample | p} = | — Pr{not detect on 1% sample fp} = 1 — 8

= {—[Pe{D < UCL | np} - Pe{D < LCL | np}] = 1— | JEL+ /2= 1p LCL-1/2-np
Jriplt—p} Jrp(t—p)

=1—¢[ 38+0.5-50 ]m[ 22-05-80 }: 1 D{~0.210}+ B(=5.39) -

J60(i—-0.15) Jor-0.15)
=1-0417+0.000=0,583

6-19.  Consider the contro] chart designed in Exercise 6-18. Find the average nm length to detect a shift to a
fracticn nonconferming of 0.15,

=L i71s5=2

From 6-17(b), 1 - f=0.583, 50 ARL, =7 l B 0583

621, A maintenance group improves the effectiveness of its repair work by monitoring the number of
maintenance requests that require a second call ta complete the repair. Twenty weeks of data are available,

L4
Week Total Second Week Tofal Second
Requesis  Visi Reg’d Requests  Visit Req'd
1 200 4 11 100 1
2 250 8 12 100 ¢
3 250 9 13 100 1
4 250 7 14 200 4
5 200 3 15 200 h)
& 200 4 18 200 3
7 150 2 17 200 10
8 150 1 13 200 4
9 150 0 19 254 7
10 150 2 20 258 ]
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(a) Find trial conteol limits for this process.

For a p chart with variable sample size, E:ZiDi/Zini =83/3750=0.022] and control limits are at

P3JEl-Py/n,

n, [LCL, UCLY
100 (0, 0.0662]
150 [0, 0.0581]
200 [0, 0.0533}
250 {9, 0.0500]

P Chartfoc Seeand Visits

for
0.5 UCLa) 45203
o004 A
241 ./\\ -
Frag2212
- 1 Frag
act
LCL=0
;
15

Praponion Requiad

aee

a
Sampie Humber

(b} Design a control chart for controlling future production.

There aré two approaches for controlling future production. The first approach would be to plot f; and use constant
limits unless there is a different size sample or a plot point near a control Emil. In those cases, calculate the exact
confrol limits by p+3.Jp(l-B)/n :0.022&3,"0.0216!711 ., The second approach, preferred ia many cases,
would be to consiruct standardized confrol limifs with contrel limits et + 3, and to plot

Z, = (p,~0.02213/ Jo.0221(1— 0.0221)/m; .

623. Construct a standardized control chart for the data in Exercise 6-21.

2, = (P, — Py FA- B3y ={py ~0.0221)/J0.0216/m,

1 Chartfor Standardized Sgcond Visits

- ugL=3

1] Nl
] AN

— LeL=-3

Inclvidual zescisro
LAiae - owow
|

10
Observatian Num bers

Process is in statistical contrsl,
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§-25. A fraction nonconforrning control chart has center line 0.01, UCL = 4.439%, LCL = 0, and # = 100, If

» : - N
three-sigma limits are used, find the smallest samople size that would yield a positive lower control limit.

UCL=0.039%, 7 =CL=0.01, LCL=0,n=100
B> e I

7

1-9.01 1,2

">

0.01
n>891
n>892

@ A fraction nonconforming control chart with # = 400 has the following parmeters:

&2
UCL = 0.0809
Center Line=  0.0500
LCL = 0.0191

(a) Find the width of the control limits in standard deviation units.

n =400, UCL = 0.0809, p = CL = 0.0504, LC1.= 0.019%

0.0309 = 0.05+ £,/0.05(f—0.05)/400 = 0.05+ L(0.0109)
The width is L = 2.8349

{b) What would be the corresponding parameters for an equivaient control chart based on the number
nonconforming?

CL = np = 400(0.05) = 20
UCL = np+2.8349./up(1— p) = 20+ 2.8349,/20(1— 8.05) = 32.36
LCL = nip— 2.8349 Jup(l— p) = 20—2.8340,/20(1—0.05) = 7.64

(c)} What is the probability that a shift in the process faction nonconforming to (.0300 will be detected on
the first sample following the shift?

1 =400 is large and p = 0.05 < 0.1, use Poisson approximation to binomial.

Pr{detect shift to 0.03 on first sample} = 1 —Pr{not detect} =1 —f
=1-[Pr{D < UCL|A}-Pr{D < LCL| A}]=1-Pr{D<32.36|12} +Pr{D £ 7.64 (12}
=1-POI(32,12)+ POI(7,12)=1-0.999+0.13% = 0.140

where POI(-) is the cumulative Poisson distribution.
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§-29. A fraction nonconforming control chart is to be established with a center tine of 0.01 and two-sigma control
v limits.

(2) How large should the sample size be if the lower control limit is to be nonzero?

p=001,L=2

n> —I_P 12
P

n> 1-0.01 I
0.01

n>386

nz3%7

(b) How large shoutd the sample size be if we wish the probability of detecting a shift to 0.04 to be 0.507

5=0.04 - 0.01 =0.03

LY 2 ¥ 4
=2 p-py= =13 (0811 -0.0D) =
n [6) p-p) [0.03)( ) )

631, A prosess that produces bearing housings is cortrolled with a fraction nonconforming controi chart, using
sample size n= 100 and a center ling = 0.02.

(a) Find the three-sigma timits for this chart.

n=100, p=0.02

£l - plt- 02(1-0.02
VL= 543 PO 00743 (0020008 o000 pormpos [FE2E) g gpg 20202000 o
a 100 v J———"m

(b) Anslyze the ten new samples (r = 100) shown here for stetistical control. What conclusiens can you
draw about the process now?

Sample Number _ Number Noencomforming

DWW o kN
Bl O R B 00 WD

Control Charts for Attributes
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P ChartfarBearing Housing

¥
o vas — /\
£
E
5 405 — uCLed 062
z
5 9092 — Fagoz
§ N
o 200 —] LteL=o

Sample HNumbar

The process is out of control. Sample 4 exceeds the upper contrel limit. 7 ={.038 and c‘rp =0.0191

6-34.

Consider the fractien nonconforming control chart in exercise 6-5. Find the equivalent iy chart.

CL = np = 2500(0.1228) = 307
UCL = rf + 3751 By = 307+3J307(1- 0.1228) = 356,23
LCL =5 3Jrpl~ ) = 307 -3, 307{1~0.1228) = 257.77

6-35.  Construct a standardized control chart for the data in Exercise 6-3.

F=006 and z=(p —0.06)/JO06L—0.06)/ 5, = (5 -0.06/f0.0564/n,

Standardized Chartfor PersanalCompulters

ucL=3

Fraction Nonconfarming
Lb A e e oW
| ¢t

Hean=0

LEL=+3

QO bservalion Nuvmber
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6-37. A pager mill uses a control chart to moniter the imperfection in finished rolls of paper. Production output is U Chartfor Paper Imperfectio -
inspected for 20 days, and the resulting data are shown here. Use these data to set up 2 control chart for nE neoava =20

[4 :
nonconformities per roll of paper. Does the process appear to be in statistical control? What center line a 7
and coutrol limits would you recommend for controlling current preduction? ig P verm e
k= 10
|4
Day No.OfRells  TotalNo.of | Day No.OfRolis  Total No.of : ] /\\/ AN P Teoa
Produced Imperfections Produced Imperfections 8, \'\/ \,/\/
1 18 12 1 18 18 g ..
2 18 t4 12 18 14 T e veuro.as0
3 24 20 13 18 9 0 1o 20
4 22 ) 14 20 10 ' v Sample Number
5 12 15 15 20 14 - . . .
& 22 12 16 20 13 6-30. Contmuauon_ef Exercise 6-37. Consider the papermaking process in Bxercise 6-37. Set up a standardized
1 20 1 17 24 6 t chart for this process.
8 20 15 18 24 18
9 20 12 19 22 20 7 = (o =) Jif iy = {0, - 0.7007)] JO.T00T /3,
10 20 19 20 2 17 -/ / !
Standardized ChartforPaperimperfections
CL=p =0.7007 UCL, =& +3.fi/m :0.7007+3J0.700’1’/n, LCL; =§—3Jﬁ,fn, :0.7007—3,!0.’.’007!:1, : . ers
d 1 —
n JLCL;, UCLy] -E .
18 [0.1088, 1.2926] S S\ 5 /\‘ AL I B
% [0.1392,1.2627] L AN N el
21 [0.1527, 1.2487] 3 LR
2 [0.1653, 1.2361] a — LoLas
24 {0.1881, 1.2133] H T T
Observal‘t:n Humber i
U ChartforPaper Iimperfections
: :_4 betesas 641. The fe:][owing data represeat the number of noncoaformities per 1000 meters in telephone cable. From
5 2 E analysis of these data, would you conclude that the process is in statistical control? What contral procedure
g .0 /\ /\ would you recommend for future production?
= ot PN F3 W0 7007
i 9.6 \__/ \\{ \_‘/V
& . Sample Number of Sample Number of
- Leves 827 Nomber  Nonconformities Number  Nonconformities
so —L - . . I 1 12 6
‘ Saan;nNum bet » § 1 13 £l
The process appears to be in statistical control, However, it would be tecommend to use a standardized control chart 3 3 14 1
for the process. 13 15
5 3 16 g
6-38. Confinuation of Exercise 6-37. Consider the papermaking process in Exercise 6-37. Setupau chart based ? 150 17 3
) on an ayerage sample size to coatrol this process. 18 6
8 13 19 7
~ 9 0 20 4
CL=u=0.7087, #1=2055 10 1% 21 [
UCL =w+3firfii = 0.7007 + 30,7007 /20.55 =1.2547 LCLzE*lfﬁ/ﬁ =0.7607 - 30.7007/20.55 = 0.1468 11 24 22 20
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¢ chart based on 1000 mfinspection unit:
CL=£=850 UCL=7+3Wg=859+3839=17384 LCL=7~3/f =8.59-3/859=0

¢ Chartfar Telephane Cable

k]

i /\ 2 —
" VA

|

T
1
Sample Humber

Samplo Count Nonconionmitea

LG =0

20

Process is not in statistical control; three subgroups exceed ihe UCL. Exclude subgroups 10, 11 and 22, thea re-
caleulate the ceatrol limits. Subgroup 15 will then be out of cantrol and should also be exctuded.

CL=5=6.17 UCL=2+3F =6.17+3/6.17 =13.62

¢ GChartfor Telaphons Cable

LCL=30

. Al
. NRZANY AN
N S

T T
I

Bample Gount Noncaatormiles

ta
Sampls Numbar

6-43. Consider the data in Exercise 6-41, Suppose anew inspection unit is defined as 2500 m of wire.

(a) What are the center line and control limits for a cortrol chart for monitoring future production based on
the total munber of noncenformities in the new inspection unit?

The new inspection unit is # = 2500/1000 = 2.5 of the olé unit. A c chart of the total number of nonconformities per
inspection unit is appropriate.
CL=re=256.17)=1543

UCL =T +3Jric =15.43+315.43 =27.21
LCL = e —3ne =15.43-3/15.43 = 1.65

The plot point, &, is the total number of nonconformities found while inspecting a sample 2500m in length.
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(b) What are the center line and controf limits for 2 control ¢hart for average nonconformities m the new
inspection unit?

The sample is 7 =1 new inspection units. A u chart of average nonconformities per inspection unit is appropriate.
_ _ total nonconformities
CL=u= = 1 =1542

total inspection units B {18x1004)/ 2500
UCL=F+3Ji/n=1542+43y[5.42/1=27.20 LCL=¥-3Ju/n=1542-3y15.42/1 =364

The plot point, #, is the average number of nonconfermities found in 2500m, and since n = 1, this s the same as the
total number of nonconformities.

6-45.  Find the three-sigma control limits for

&

(a} A e chart with process average equal to four nonconformities.

CL=F=4 UCL=C+3e=4+3/d=10 ICL=F-3=4-3/4=20

(byAwcha withc=4 andn=4.

c=4 n=4

CL=F=cin=4/4=1 UCL=7+3fijn=1+3/1/4=25

S @ Find the three-sigma control limits for

() A £ chart with process average equal to aine nonconformities,

ECL=F-3fiifn =1-317d =0

CL=g=9 UCL=F+3/f=0+3/0=18

LCL=F-3/E =9-3/8=0

{b) Auchartwithc= 16 and n =4,

c=16 n=4

CL=H¥=c/n=16/4=4 UCL=1+3 ff/n=4+3\f4!4=7 LCL = -3 fiifn =4-3/47/4 =}
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649,  Find 0.975 and 0.025 probability limits for a contro} chart for noncoaformities when ¢ =7.6.

Using the cumulative Poissoa distribution

x PriD sx|c=7.6}
2 0.019
3 0.055
12 0.954
13 0.976

for the ¢ chart, UCL = 13 and LCL = 2. As & comparison, the normel distcibution gives
UCL =T+ 2y g1s T = 7.6+1.3641.6=13.00  LCL =T~z 57 = 7.6-1.9641.6 =220

6-51.  The number of workmanship nonconformities observed in the finel inspection of disk-drive assemblies has
been tabulated as shown here. Does the process appear to be in control?

Day _ No. of Assemblies Inspected __ Tofal No. of Nonconformities
2 . 1o

1
2
3
4
5
1
7
8
9

[ U N N L s
n—
w

—

1 chart with control limits based on each sample size: #=7; UCL,=7+3T/n;; LCL,=7-31/n

U Chart for Disk Drive Assemblias

1% M DEL=14.54

Sampla Counl Nonconfammites
=
=]

The process is in statistical control.

Control Charts for Attributes 6-1%

6-33. A textile mill wishes to establish a control procedure on flaws in towels it manufactures. Using an
inspection unit of 50 units, past Inspection data show that {00 previpous inspection units had 850 totat flaws.
What type of control chart is appropriate? Design the control chart such that it has two-sided probability
control limits of @ = 0.06, approximately. Give the center ine and control limits,

A c chart with one inspection unit equal to 50 manufacturing units is appropriate.
€ =850/100 =8.5. From the cumulative Poisson distribatior,

X Pr{D <x|c=8.5}
3 0.030
13 0.949
14 0973

LCL=32and UCL =13,
For comparison, the normal distribution gives

UCL=C+2yg; & =8.5+1.88V8.5 =13.98  LCL =T+ 255 4/c =8.5-1.88/85 =3.02

6-55.  Assembled portable television sets are subjected to a final inspection for surface defects. A total procedure
is established based on the requiremnent that if the average umber en noncanformities per unit is 4.0, the
probability of concluding that the process is in control will be 0.99. Therz is to be no fower control limit.
‘What is the appropriate type of conirol chart and what is the required upper centrol limit?

# =40 average number of nonconformities/unit,. Desire o = 0.99. Use the cumulative Poissen distribution to
determine 1he UCL.

x PriCLsx} | x  PriCLs<x}
0 0013 5 0.389
1 0.092 7 0.949
2 0.238 8 0.579
3 0433 9 0.592
4 0.629 10 0.997
s 0785 | 11 0.599

An UCL = 5 will give a probability of 0.992 of concluding the process is in control, when in fact it is.
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6-59. A contro} chart for nonconformities is maintained on a process preducing desk calculators. The inspection
unit is defined as bwo calculators. The average number of nonconformities per machine when the process is
in confrol is estimated ta be two.

(a) Find the appropriate threa-sigma control Hrmits for this size inspection unit.

@ =average # nonconformitiesfealeulator = 2
Construct a ¢ charf with ¢ =irxa = 2(2) =4 noaconformitiesfinspection unit.
Ch=t=d4 UCL=F+kfT=4+34=10 LCL=F-kfT=4-3/4=20

{b) What is the probability of type 1 error for this control chart?

Type Leror =

a=Pr{D<LCL|E)+Pr{D > UCL |} =Pe{D < 0|4} +1-Pr{D <104}
=0 +1-POKI0,4) =1- 0.997 = 0.603

where POI() is the cumulative Poisson distribution.

6-6l.  Suppose that we wish to design a control chart for noncenformities per wnit with L-sigma limits. Find the
minimum sample size that would result in a positive lower control fimit for this chart.

c s the number of nonconformities per unit. Desire L sigma control limits.
w =Lz >0
E > IfnE
n> LZIE

§-53,  Suggest at least two non manufacturing scenarios in which attributes control charts could be used for
process moaitoring?

There are endless possibilities for collection of attributes data from nonmanufacturing processes. Consider a product
distribution center (or any warehouse) with processes for filling and shipping orders. One could track the number of
orders filied incomectly (wrong parts, too few/many parts, wrong part labeling,), packaged incorrectly (wrong
material, wrong package labeling), inveiced incorrectly, ete. Or consider an accounting firm where attribute control
charis are applied to errors in statemenis, tax preparation, ete. (hopefully caught internally with a verification step).

CHAPTER 7

Process and Measurement System
Capability Analysis

CHAPTER GOALS

After completing this chapter, you wili be able to:

1.

oo op

Estimate process capability using a histogram or probability plot

Use and interpret process capability ratios: Cj, Cu, G, G and G

Compute confidence intervals on process capability ratios

Compute process capability ratios from control charts

Dezerming gage and measurement capability from control charts, tabular data and analysis of variance

Set specification limits on discrete components for assemblies and components that interact such as
electrical comnponents
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Exercises
7-1. Consider the piston-ting data in Table 5-1. Estimate the process capability assuming that specifications are
74.00 £ 0.035 mm.

ds is found in Apperdix VI, Page 761 forn=15
fi=%=74.00%; R=0.023; ¢ = E/a'2 =0.023/2.326 = 0.010
SL =74.000£0.035 =[73.965,74.035]

¢ USL-LSL 74035-73.965

L 5(0.010)

& - A-LSL_74001-73965 _ o
| Y 30.010)

& _UsL-p_7ems-ranal_ o
T g 3(0.010)

ok :“‘i“(cp!'cm)=1'13

7-3. Estimate process capability using ¥ and R charts for the power supply voltage data in Exercise 5-2. If
specifications are at 350+ 5 V, calculate C,, Cyand Cy,,. Interpret these capability ratios.

dy is found in Appendix VI, Page 761 for n=4
fi=X=10375 R _=6258 = R/d, = 6.25/2059=3.04
USL, =[(350+5)-350]x10 = 50; LSL  =[(350~5)~350]x10 =50
From Exercise 5-2, =, = (obs, —350)%10
USL_ -LSL —(—
a0 050 g 4
o 64 6(3.04)
The process produces product that uses approximately 18% {1/5.48 = 0.182} of the total specification band.
& - USL -/ _50-10.375

3 =434
pu 34, 3(3.04)

. i [SL (=

P SLy 10375050 _ o
Pl 3d, 3(3.04)

Cp_,c = min(Cpu,CPI) =434

This is an extremely capable process, with an estimated percent defective much less than lppb, because
Z_USL# i -

=3*min(C,

ot} =3(434)=13.02. Note that the Cy is less thon G, indicating that the process is

ot certered and is not achieving potential capability. However, this process capability ratio dees not teil where the
mean is located within the specification band. To estimate the location of the mean we use Cp...

Process and Measurement System Capability Analysis 7-3

yIoF 021035 4 410
5 3.04

. C, 548

e = =
i e aae?

Since C,, is greater than 4/3, the mean 4 lies withia approximately the middle fourth of the specification band.
i—-T 10.375-0
tf = L =—7—‘ =141
g 3.04

Cox 1.54

G, = 2T 043
o =~
p 1+€2 V1+3412

7-3. A process is in contzol with X =108, § =1.05and » =5, The process specifications are at 95 £ 10, The
quality characteristic has a normal distribution.

=1.54

(a) Estimate the potential capability.

Given: fi=%=100;§=1.05;6 = E/c4 =1.05/0.9400=1.147, ¢, is from Appendix VI, page 761.

s USL—LSL _ (95+10)—(95-10) -
The potential; ¢ = = =2.98
< potentiat: Ly 66 §(L.117)

(b) Estimate the actual capability.

. pA-lsL o
The actual: & I:'” o 100-(95-10) e
P 35 3017

X

& . USL, - (95+10)-100 _

= = =1.49
e 3G 117

€ g =min(Cpp,C ) =149

(c} How much could the fallout in the process be reduced if the process were corected to operate at the
norminal specifications?

- 8593 105 ~95
Protentiat = ?r{z < R }+ I—Pr {z < 117 }: ©(-8.953) +1~B{8.953)

= 0.000000+ 1 - 1.006000 = 0.000000
By moviag the process to the center of the specification limits the fallowt is reduced from 4 ppm to 0 ppm.
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T-T1. Consider the two processes shown here (the sample size is n = 5):

Process & Process B
X, =100 X =105
5,=3 Sp=1

Specifications are at 100 + 10. Caleulate C,, Cand Cp, and interpret these ratios. Which process
would you prefer to use?

Giventhatn =5,
Process Ar fi=%, =100;5, =3d ;=5 , fe, =3/0.9400 = 3.191, c; s from Appendix VI, page 761.

“ & =USL—~LSL=(100+10)-(100—10):LMS
P 6d 6(3.191)
R USL - _
¢ oox #_(08+10)-100 _ .
pu £ 3(3.191)
.\ i -LSL —(100—
& !='u - x _ 180-(100 10}:&.045
P 36, 3(3.191)
Cpge =min(C . €} =1.045
poT-% _100-100
s 3.191
. ¢ Cpe = Cpi Tor a centered process.
C o= p__ L0 o

P=Pr{x <LSL}+Pr{x > USL} =Pr{x < LSL}+1-Pr{x < USL}

:Pr{z < LSL.w'u}+lr-Pr{z < US%_'U}=P1'{Z< 90“1[}0}+1ﬁPr{z $—-—110-1m}
a é

3.191 3.19%
= ®(-3.134) + 1 - B(3.134) = 0-.000863 + 1-0.999137 = .001 726

PracessB: fi=Xp =105 5, =1, =5p fe, =1/0.9400 = 1064

¢ o USL-1SL _ (100+10)- (100-10)

- =3.133
f2 66 6{1.064)

. i —LSL (100~

e A b x _105-(100-10) . oo

Pl 35, 3(1.064)

. UsL_—p -

& ULy Py (100+10)-105 o
pu = 3(1.064)

Cop =min(C ., ) =1.566
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T e 100105 2690
3 1.064
¢
s _ p 3.133 B
Cpm =0.652

2 J1+(-4.699)2

5= Pr{z < 90—]05}+1~—Pr{z sm’—‘"’—s}=¢(—14.093)+1—¢(4.699)

1.064 1.064
= 0.000000 +1-0.999599 = 0.00000L

Prefer 10 use Process B with estimated pracess fallout of 4.000081 instead of Process A with estimated fallout
0.001726. Process B is not centered but has a much tighter distribution than that of Process A, producing much less
fallout.

79. The weights of norminal 1-1b containers of a cencentrated chemical ingredient are shown here. Prepare a
normal probability plot of the data and estimate precess capability.

09475 09715 09965 1.0075 1.0180
09705 09860 09975 1.010¢  1.9200
09770  0.9960 10050 1.0175 10230

Norral Probai¥ty Prol for Chermiest Weight

Rerzont
w3 BHSUEIB 83

Waight
Remember that the standard deviation is the slope of the line and is conveniently estimated as the distance bepween
the 84™ and the 50™ percentiles.
¥ = xg0 = 09975 394 =1.0200, & = xg4 — x5, =1.0200-0.9975=0.0225

66 = 6(0.0225) =0.1350

7-11.  The failure time in hours of 10 L8] memery devices is shown here. Plot the data on normal probability

paper and, if appropriate, estirzate process capability. Is it safe to estimate the proportion of tircuits that
fail below 1200h?

1210 2105
1275 2230
400 2250
1695 2500
1900 2625
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MNerngd Profabifity Plot fo Fallure Tere

Pareant
PR LE

e =® ==
Fatre Tima, br

The plot shows that the data is net normally distributed; so it is not safe to make any estimaticns.

7-13. A company has been asked by an important castomer to demonstrate that its process capability ratio €

exceeds 1.33, Its has taken a sample of 50 parts and obtained the point estimate (:'P =1.52. Assume that the
quality characteristic follows a normal distribution. Can the company demonstrate that €, exceeds 1.33 at

the 95% level of confidence? What level of confidence would give a cne-sided lower confidence limit on
C, that exceeds 1.33?

vem n=50:0 =152 —0 95 »2 2 =
Given: n=350; Cp =1.52;1-a =0.95 Mg n—1=%0.95,49 =33.9303

2
s [f1-en-1
C j|—=2—r <
I3 n-1 P
£52 33,9303 =1.265C
49 iy

Thke company cannot demonstrate that the PCR exceeds 1.33 ata 95% confidence level.

z
Fo
S ML LA B U
9

133
P .49 =49(T35] =37.52
- =088
=012
The confidence level that can be established is 88%.
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@ The moleculer weight of a particular polymer should fall between 2300 =nd 2350. Fifty samples of this
material were analyzed with the results ¥'= 2275 and 5= 60. Assume that molecular weight is normalty
distributed,

(2) Calculate a point estimate of ;.

USL = 2350; LSL = 2100; ¥ = 2275 = 60; n = 50
s USL -f 9350-2295

= =042
P 4, 3(60)
i —LSL -
é lg.ux Lo, 2m5-2100 0
f2 36, 3(60)

€ =min(C ), C ) =042

(b} Find a 95% corfidence interval on C, e

w=005 2,14 =2 495 = 1960

s 1 1 . 1 1
C . |1-z —+ =C  5C [1+z ——t
J22 ol 9"6;‘: 2(n -1} pk~ ok of2 QHC;}C 20—1)
1 1 1 1
0.42(1--1.96 P Ty SC 204214196 [——————+ ————
DR T 9(so)a.42)2  250-1)

0.2957< Cpk £ 05443

7-17.  An cperator-msttument combination is known to test parts with an average eror of zero; however, the
standard deviation of measurement error is estimdated to be 3. Samples from a controlled process were
analyzed, and the total variability was estimated to be & =5, What is the true process stzndard deviation?

O-Dper*inst =0 %inst ~ Omeas =% Stotal =3
-2 _ a2 22
Ciotal = Imeas +dpracess

. bz 2 _f2 2
o'pmcess_\jgtotal Tmeas _‘/5 =4
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7.19.  Ten parts are measured three times by the same operator in a gage capability study. The data are shown

here.
&
Measurements
Part Number 1 2 3
1 100 101 100
2 95 93 97
3 10t 103 100
4 9% 95 97
5 98 P 96
6 99 %3 98
7 95 o1 93
4 160 99 08
[ 149 100 97
10 139 98 99
(a) Describe the measurement error that results from the use of this gage.
XbarR Chart for Measurements
b 3
. ] fr—
S BAWAY
. —
e pmvav
s-ts-:; a E 3 ¢ 5 8 T2 R )
LR : (L=t n]
53]
5
-é :: 221
59 7 o
Test Results for Xbar Chart
TEST 1. One point more than 3.09 sigmas from center line.
Test Failed at points: 2 3

The ¥ chart has two eut-ofcontrel points, and the R chart is in control. This indicates that the operator is not
having difficuity making consistent measurements,

(b) Estimate total variability and product variability.

x=382,R=23 ngage =R/d‘2 =2.3/1.693 =1.359

2
- Tigeal =4.717

32 - T BN
B oduct = Ototal ~Ogage = 471113597 =2.872
8 product = 1695
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{c) What percentage of total variability is due to the gage?

& .
B g0 =390 o0 =62.5%
S otal Jana

(d) Tf specifications on the part are at 180 + 15, find the £/T ratio for this gage. Comment on the adequacy
of the gage.

USL=100+15=115LSL=103—-15=85
P_ pge 61359
T USL-LSL 1I5-85

=0.272

U
@ The following data were taken by one operator during a page capability stady.
°s

Measurementis
Part Number 1 2 Abs(Meas I — Meas 2)
1 20 20 0
2 19 20 1
3 21 Al 1} -
4 24 20 4
3 21 21 0
6 25 26 t
7 18 17 L
8 16 i5 f
9 20 20 0
10 23 22 I
11 28 22 6
12 Ig 25 6
13 2 20 1
14 20 21 t
135 I3 i3 0

(2) Estimate the gage capability.

Calculate the range of each pair of measurements. See additional column in data set. Calculate the average range,
R , then find d; from Appendix V1, page 761,

G page = Rfd, =1.533/1.128=1359
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{b) Does the contral chart analysis of these data indicate any potential problem using the gage?

Xbar/R Chart for tteasurements
Pl A ) N veazisa
§ /\/ \ / Jr———
"7
5 [EE: -3

p{—F
1A [ A ..

[ T~ Al

Test Results for Xbar Chart
TEST 1. Gae point more than 3.00 sigmas frem center fine.
Test Failed at points: § 7 8 11

Test Results for R Chart
TEST 1. One point more thar 3.04 sigmas from center line,
Test Failed at peints: 11 12

Qut-of-control points an R chart indicate operator difficulty with using gage.

7-13.  Two parts areX =100 assembied as shown in the figure, The distributions of x; and x; are normal, with
=20, 6,=03, gr,=19.6, and o, = 0.4. The specifications of the clearance between the mating paris
are 0.5+ 0.4, What fraction of assemblies will fail to meet specifications if asserubly is at random?

Given the distributions; x ~ N(20, 0.3%y; Xy~ N(19.6,0.41)

Nonconformities will ocour if y=x ~x; <0.1ory=x—X; >09
=i~y =20-196=04

o7 =0 +0; =03 +04 =025 0, =0.50

Pr{nonconformities} = Priy < LSL) + Pr{y > USL}) = Pr{y < 0.1} +Pr{y > 0.9}

LE-04 0.9-04
=Pr{y<0.1}+i—Pr{ySD.9}=l1>[0 ]+1—CIJ( ]

025 025
= O{-0.6)+1-D(1.00) = 0.2743 +1-0.8413 = H.4330
43.3% of the assemblies will be nonconforming.
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7-25. A rectangular piece of metal of width ¥ and length L is cut from a plate of thickness 7, If W, L and T are
independent random variables with means and standard deviations given here and the density of the metal is
0.08 gfcm’, what would be the estimated mean and standard deviation of the weights of picces produced by
this process?

Variable DMlean  Standard Deviation

W 10em G2 cm
L 20 cm 0.3 cm
T 3cm 0.1 ¢m

The weight of the part is calculated as the density times the volume.
weight = d < < LT
By application of equation 7-29:

weight = d[lu""nuLJuf (I = i Wby i+ (L=t it iy + (T = i Vi 121 ]
By application of equation 7-34:

By = Al oy iy iy ] = 0.08(10)(20)(3) = 48

By application of equatior 7-30:

Glagn = Ul GI0T + 10707 + f}6567)

=0.08%[102 (0310 11) + 202 (022 017) +32(0.223(0.37 )1 = 0.00181
G e = 0.04252

7-27.  Two resistors are connected to a battery as shown in the figure, Find the approximate expressions for the
mean and variance of the resulting current (7). E, R, and R, are random variables with means r, My

Hpg, and variances ﬂ'é, o’é ) dﬁi respectively.

I=Ej(R +R;)
= ,r.rE/(,u,,1 +Hg,) By applicatioa of equations 7-30 and 7-31.
2
of = =L b F) (0-1’7. +6§:)

+
(g, +Hg,) (g +g,)

7-29.  An assembly of two paris is formed by fitting a shaft into a bearing. It is known that the inside diameters of
bearings are normally distributed with mean 2.010 cm and standard deviatien 0.002 cm, and that the outside
diameters of the shafts are normally distrbuted with mean 2.004 om and standard deviation 0.001 cm.
Determine the distribution of clearance between the parts if rsudom assembly is used. What is the
probability that the clearance is positive?

D ~ N(2.010,0.002%) and OD ~ N(2.004,0.001%)
Interference occurs ity = - OD <
Hy = ip — Hop = 2.010-2.004 = 0.006

02 =0 +ahp =0.002 +0.001 = 0.000005
o, =0.002236
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Pr{positive clearance} =1- Pr{interference} =1—-Pr{y < 6}

=1—¢{M}=1—¢(-2.683)3140.0036=D.9964

J0.000005

99.94% of the assemblies wilt have a positive clearance.

7-31. A sample of 10 items from a normal populatien had a mean of 300 and a standard deviation of 10. Usiag
these data, eslimaie a value for the random variable such that the probability is .85 that 90% of the
measurements on this random variable will lie below the vatue.

x~ N(300,10°); & = 1-0.90 = 0.10; ¥ = 0.95; and one-sided
From Appendix VI K=2.355
UTL =X+ KS§ =300+2.355(10) = 323.55

7-33. A sample of 20 measurements on a normally distributed quality cheracteristic bad X'= 350 and 5= 10.
Find an upper natural tolerance limit that has a probability of .90 of containing 95% of the distibutien of
this quality characteristic,

x~ N(350,10%); = 1~ 0.95 = 0.05; y = 0.90 ; From Appeadix VIL: K =2.208
UTL =T+ KS = 350+ 2.208(10) = 372.08 .

7-35. A rendom sample of 12 = 40 pipe sections tesulted in a mean wall thickness of 0.1264 and a standard
deviatios of 0.0003 in. We assume that wall thickness is normally distributed.

(a} Between what limits can we say with 95% confidence that 95% of the wall thicknesses should fall?

x~ N{0.1264,0.0003%)
o= 0.05; y= 0.95; from Appendix VIE: K=2445
Tlonx: ¥+ KS =0.1264+2.445(0.003) =[0.1257,0.1271]

(b) Construct a 95% confidence inferval on the true mean thickness. Explain the diffsrence between this
interval and the ene constructed in part (a).

=005 144251 = fooas.00 = 2823
Clon ¥ ¥ £y, §/J =0.1264£2.023(0.0003/ V40 )=[0.1263,0.1265]

Part {a) is a tolerance interval on individual thickness observations; part (b) is a conﬁ_dez}ce intecval on mean
thickness. In part (a), the interval relates to individual cbservations (random variablesy, while in part (b} the interval
refers to a parameter of a disteibution (an unknown constant).

CHAPTER

Cumulative Sum and Exponentially
Weighted Moving Average Control
Charts

CHAPTER GOALS

After completing this chapter, you will be able to:

1, Discuss performance improvements, such as the ability to detect small process shi.ﬁs, of the cusum and
EWMA contro] charts relative to Shewhart charts,

2. Construct 2nd interpret tabular cusum control charts for pracess mean and vardability, including:
»  One-sided, two-sided, and standardized schemes
3> Selection of the reference value X and the decision interval &
» Useofa fast initial response (FIR) feature

3. Construct and interpret an EWMA contrel chart, including:
¥ Selection of the weight A and the contro! limit width L to achieve desired ARL performance

4. Coenstruct and interpret a MA contro! chart.
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Exercises
8-1. The following data represent individual observations on molecular weight taken hourly from a chemical
process, The target value of molecufar weight is 1050 and the process standard deviation is thought to be
about =25,
Obs. Obs. Obs. Obs,
No. x No. X No. x No. x
[ 1045 6 1008 11 113% 16 1125
A 1055 7 1050 12 116% 17 1163
3 1037 8 1087 13 1151 13 1188
4 1064 9 1125 14 1128 19 1146
5 1095 10 1146 135 1238 20 1167

(a) Set up a tabular cusum for the mean of this process. Design the cusum to quickly detect a shift of about
1.0g in the process mean.

We are given the target value for the process mean, g = 1050, as weil as the in-control process standard deviation, o
£ 2 H, 2

=25. The subgroup size for each observation is # = 1. The magnitude of the shift we are interested in detecting, in
standard deviation units, is §= 1.0. Therefore the cut-of-control value of the process mean is i) =ty + o= 1050 +
1.025) = 1075. The reference value is one-half the magnitude of the shift to be detected, K= (&Do=(1.0/2)25=
12.5. For the decision interval we use the recommended five times the process standard deviation (text p. 411), 7=
So=5(28)= 125,

The tzble below presents the tabular cusum scheme. To illustrate the calculations consider the first period, i = 1:
Gy = max [ 0, sy~ K) =7 + Gy | = max[0,(105012.5)~1045+ 0] =max [0,-7.5] = 0
G =max| 0,5~ (o + K+ Gy | = max[0,1045 - (1050+12.5)+ 0} = max [0, -17.5] = 0

Since )" is zera, N is zero, and since " is zero, N is also zero.

Pox x-(m+K) G N (—Kp—x; € N
Y1045 -17.5 ¢ 0 7.5 00
2 0SS 7.5 0 175 0 0
31037 2255 6 0 0.5 05 1
4 1064 1.5 HCRR 265 00
5 1095 325 42 515 0 0
6 1008 545 [ 295 295 1
71056 -12.5 0o 0 -125 17 2
3 1087 24.5 45 1 49.5 0 0
5 1125 62.5 87 2 -87.5 0 0
{10 1146 83.5 1705 3 | -10R.5 6 0
1n 1139 765 247 4 -101.5 0 9
12 1169 1065 3535 5 -131.5 ¢ 9
13 1151 88.5 412 6 -113.5 0 0
14 1128 6.5 5075 7 -90.5 oo
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i x -+t & N (- K -x CT N
15 1238 175.5 683 8 -200.5 0 0

The cusum caleulations show that the upper side cusum at period 10 is Cyg" = 170.5. Since this is the first period at
which £ exceeds /f = 125, we detect that the process is gut of control at observation 14, When the assignable cause
occurred—ihe last time the process was in control—-is found by subtracting the counter, N*, from the detection point,
observation— N =10-3=7,

{b) Is the estimate of o used in part (2) of this problem reasonable?

‘We can estimate the process standard deviation from the averags moving range of the observations (lext p. 257):

n

3 MR,
TR _1055-1045] 41037 - 1055} + - +[L 167 1 148}
(m—1) 20-1

& = MR/d, = 38.8421/1.128 = 34.4345

=38.8421

The estimate used for o is much smaller than that obtained from the data.

8-2. Rework Exercise 8-1 using a standardized cusum, -

A standardized cusumn simply uses standardized values of x for the calculations. We select £= 0.5 {K = ko = 0.5{1.0)
=0.5)yand h=5 (H=ho=5(1.0)=5). For the 1% period {text p. 417):
_x—iy 10451050
G =max{ 0,3 ~k+ Gl | =max[0,-0.2-0.5+ 0= max[0,-0.7] =8
fag =max[n,_-k_ » +c;_,] = max{0,~0.5~ (~0.2)+ 6] = max [0, ~0.3] =0

ioox ¥ yi—k c N -;v‘—k [
1 1045 -02 07 0 0 ©3 0 0
2 1035 02 -0.3 0 0 0.7 1] 0
3 1037 -0.52 02 00 002 002 1
4 1064 0.56 0.06 006 1 06 0 0
5 1095 1.8 i3 136 2 23 0 0
6 1008 -1.68 218 0 0 L18 L8 1
7 1050 0 45 0 0 05 068 2
8 1087 148 0.95 098 1 198 00
v 1135 3 25 348 2 35 0 0
f10 1146 384 334 682 3] 43 0 0
11 1139 3.56 3.06 988 4 406 0 0
12 1169 4.76 426 1414 5 526 0 O
13 1151 4.04 3.54 1768 6 454 0 0
14 1128 3.2 262 203 7 362 0 0
15 1238 7.52 702 2737 8 802 0 0
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i X ¥ yi-l: o N —yr_—k o N

The process signals out of control at observation 10. The assignable cause occurred after observation 10 -3="7.

8-3, {a) Add a headstar} feature to the cusum in Exercise 8-1.

The headstart, or fast initial response (FIR), feature sets the starting values of Cy” and Co~ to some nonzero value,
typically F#/2 for a 50% headstat,

Co = Co =HR=12572=§25
o= rnax[O,(yo ~K)-x +C’,,']:max[0. {1050—12.5) 1045+ 62.5}= max[0,55] = 55

G =max[0,5 - (t + K )+ Cf | = maxf0,1045—{1050-+12.5) +62.5] = max[0,45] = 45

i x -tk G N f-K-x C N

FIR. 625 62.5
11045 -17.5 45 1 15 55 1
21055 5 375 2 75 315 2
31037 -25.5 123 0.5 B 3
4 1064 15 135 4 265 1L5 4
5 1095 325 46 5 575 0 @
6 1008 -54.5 0 0 205 295 1
71850 -t25 00 -125 17 2
8 1037 245 245 1 495 0 ¢
9 1125 62.5 87 2 -87.5 [

{10 1146 83.5 1705 3| -108.5 ¢ 0
1 1139 765 247 4 -101.5 0 0
12 1169 1065 3535 5 -131.5 00
13 1151 88.5 462 6 -113.5 0 0
14 1128 65.5 5075 7 90,5 0o
15 1238 175.5 683 8 -260.5 000

With the headstart, the cusum calculations again show that the upper side cusum at period 10 is Cyp” = 1705, Since
this is the first period &t which €7 exceeds [ = 125, we detect that the process is ouf of controt at observation 10,
Similarly, the last ime the process was in contrel is found by subfracting the counter, N, from the detection point,
observation—N = 0~3=7.

(b) Use a combined Shewhart-cusum scheme on the data in Exercise 8-1. Interpret the results of both
charts. .

The cusum posticn of the procedure is explained sbove in Exercise 8-1. Construction of the Shewhart Individuals
control chart is similar to Chapter 5 {text p, 249), excepf that it is recommended that the control limits should be
located approximately 3.5 standard deviations from the center ne (text p. 419):

Cumulative Sum and EWMA Control Charts  8-5

T=1116 MR =38.8421

UCLy = x+3.5MR /dy = 1116+ 3.5(38.84)/1.128=1237
CLy =x=1118§

LCLy =x-35MR/d, =1116-3.5(38.84)/1.128 = 995.8

1 Chart for Exsrcise 8-1 Mulzeular Weight

148y

LEx=g

RLCESE ]

The Individuals contral chart signals oat-of-control on the upper side at observation 15 {{x;5 = 1238} > (UCL =
1237)). Visuaily we can see that this observation is much Jarger than the others; however the cusum control chart did
not detect it. Use of the combined cusum-Shewhart procedure enabled detection of this event. (Note that
observation 6 would have been out of control with 3-sigma limits, LCL = [013.}

8-5. Rework Exercise 84 using the standardized cusum parmmmeters of i = 8,01 and & = 0.25, Compare the
results with those obtained previsusly in Exercise 8-4. What can you say about the theoretical performance
of those fwo cusum schemes?

Theoretical performance of the two schemes is deteqnined from in-control and out-of-control ARLs. From Exercise
B4,
o =8.02,6 =005 k=t/2; h=4.77

b=h+1.166=4.77+1.166 =5.936; §* =0 ]
At =§*k=0-05=—05A4" =—8*~k=—0-0.5=-0.5

- xp[-2(-0.5)(5.936)] + 2(~-0.5)(5.936) -1

ARTY, = ARIG
° ¢ 2657

=742.964

N U S
ARL, ARLY, ARL; 742.564

=0.0027; ARLy =1/0.0027 =371.48

For Exarcise 8-5,

Hy =8.02;0 =0.05, k=0.25; h =8.01
b=h+1.166=8.01+1.166=9.176,§*=0

At =8§*—k=0-025=-025A =—§*-k=-0-025=-025
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exp[—2(~0.25)(9.176)]+ 2(~0.25)(9.176) -1

. =741.677]
2-0.25)

ARL; = ARIG =

| S WP S
ARL, ARL) ARL; 741677t
The theoretical performance of these two cusum schemes is virtually the same,

=0,0027; ARL, =1/0.0027=370.84

8-7. The data that follow are temperature readings from a chemical process in °C, taken every 2 minutes (read
the observations down, from left.) The target value for the mean is g = 950,

953 985 949 937 959 948 958 952
945 973 941 946 939 937 955 931
972 955 966 954 948 55 947 928
945 950 966 935 958 527 941 LEN
975 948 934 941 963 540 938 950
970 %57 937 533 973 962 943 970
559 540 846 960 949 963 963 933
o973 933 952 968 942 943 567 960
940 565 935 959 965 950 069 934
936 973 941 956 562 938 981 927

() Estimate the process standard deviation.

We can estimate the process standard deviation from the average moving range of the observations (text p. 257):

— 2AMR 1045053141972 - 945+ +]927 - 934

{(m-1} 86-1
¢ = MR/d, =13.7215/1.128=12.16

=13.7215

(b) Set up and apply & tabular cusum for this process using standardized values & =35 and &= Y. Interpret
this chart.

Given iy = 950, k= 0.5 (K = ko = 0.5(1.0) = 0.5), 2ad i = 5 (H = ho = 5(1.0) = 5). Use the estimated standard
deviation, & = 12,14, For the 1¥ peried (text p. 417):
Wi 953950
o 12.16
€t =max[0,y —k+ Gy = max[0,02666 0.5+ 0] = max[0,-0.2534] = 0

N

¢ =max[0,~k =y + €7 | = max[0,-0.5—(0.2466) + 0] = max [0, -0.7466) =0

i % ¥i o N o N i x ¥ ¢t N ¢f
1953 0.2466 0.00 0 0.00 51 948 -0.1644 093 3
2 945 -04110 0.00 0 0.00 52 937 L0487 0.00 0O
3 972 1.8085 131 1 0.00 955 04110 000 0 0.00
4 945 -0.4110 040 2z 0.00 54 927 -1.8907 0.00 0
5 3 0.00 55 940 -0.8221 6.00 0

=
2
o= o

ocooDo o
A
o

975 20552 1.9s
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i x ¥ o N N i = 3 Gt N G N
6 970 16441 3.1¢ 4 000 0 56 962 0985 045 1 023 3
7 959 0.739% 334 5 0.00 0 57 963 10887 1.06 2 0.00 0
g 973 18907 473 6 €.00 O 58 943 -0.5754 000 £ 0.0% 1
9 940 -0.8221 341 7 932 1 59 950 00000 006 € 000 0
10 936 -1.1509 1,75 8§ 097 2 60 938 -0.9865 0.00 ¢ 049 1
11 985 28772 413 % 060 0 61 958 0.6577 B.16 1 000 D
[12 973 18907 552 10 000 0] 62 955 04110 007 O 600 0O
13 955 04110 543 1I 000 © 63 947 -0.2466 0.00 @ 000 0
14 950 00000 493 12 000 0 64 941 07399 0.08 0 §24 1
15 948 -0.1644 427 13 000 0 65 938 -0.9865 0.00 O 073 2

The cusum calculaticns show that the upper side cusum at period 12 is €y, = 5.52. Since this is the first period at
which C} exceeds h = 5, we detect that the process is out of control at observation 12. When the assignable cause
oceurred—the tast time the process was in control—is found by subtracting the counter, ', from the detection point,
observation— N = 12— 16=2.

8.5, Viscosity measurements on a polymer are made every 10 minutes by an on-line viscometer. Thirty-six
chservations are shown here (read the observations down, from left). The target viscosity for this process is

= 3200, .
3169 3205 3185 3188
3173 120 3187 3183
3162 3209 3192 3175
3154 3208 3199 3174
3135 3211 3197 3
3145 3214 3193 3180
3160 3215 3190 3179
3172 3209 3183 3175
3175 3203 3197 3174

{a) Estimate the process standard deviaticn.

The process standard deviation is estimated fiom the average moving range of the observaticns (text p. 257):

¥ MR,
R =22

N _ 3173 -3169) ¢ 3162 3173} ¢ #{3174 3174

{m—1) 361
& =MR/d, = 6.71429/1.128 = 5.95

=6.71429

(b) Construct a tabular cusum for this process using standardized values of ;= 8,01 and k= 0.25.

Given iy = 3200, A= 0.25 (K = ko= 0.25{5.95) = 1.49), and & = 5 (H=ho=8.01(5.95) = 47.66). Use the estimated
standacd deviation, o= 5.95. For the [* period (text p. 417):
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8.8 Cumlative Sum and EWMA Conirol Charts
iy op Y s N S5 N
nf IN69-3200 <o 5 1095 1.g 145 095 | 0.00 0
= T 6 008 -1.68 136 185 2 000 ©
5.95
: ¢ ]‘mx[ﬂ,—5.21—0.25+'3]=mt[“’—i‘“’}:" 71050 0 236 000 0 186 1
G =[0G | = e [0,4.96]= 496 8 1087 148 113 063 1 02 2
r-max[o—k-y.+CT:]‘max[D.-DES—ff5-21)+°]““m T 9_ 1135 3 241 274 2 000 0
V= : . (15 1. 2
N ¢ N fw w G N G N }? ::;g ggg §§§ :gso 2 g:gg 3
R AT 19 3185 252 792 10 4380 19 . 12 1160 476 390 144 5 000 0
—1 365321 200 0 524 2 20 3187 -2.18 548 11 4574 20 i 13 115 404 340 1435 6 0.00 0
2o AN 1538 3 21 3192 -134 339 12 4683 21 4128 32 271 1655 7 000 ©
ol 63 Lo nme 4 22 3199 017 347 13 675 22 15 1238 752 550 2156 & 000 O
4 31 D ' 23 3197 030 272 M4 47 .
g 0 3285 5 ..
5 3139 -10.23 0.0:
4 320 4 31.52 13 31 374 437 0.00 0 6466 31 f The out-of-control state is detected on the upper side at observation 10, (S = 5.50) > (k= 5). The process
13 3208 :;5 4.30 5 4942 14 32 3171 487 000 0 59—§g ;‘i changaoccumsdatobsewation—hfz10—3='.’;pr0cessvariabilityisincreasing.
14 21 L : 318¢ -3.36 000 0 72
§ 4682 15 33
15 3214 2'315 gig 7 4405 16 34 3179 353 000 ¢ 7567 34 8-13.  Consider & standardized two-sided cusum with k= 0.2 and & = 0.8. Uss Siegmund's procedure to evaluate
15 ;;(1}9 i;zl ][; B 8 229 17 35 3175 -4.20 0.00 g ’ggﬁ 32 the in-control ARL performance of this scheme. Find ARL, for 8% = 0.5,
7 - ' 318 16 3174 437 000 . _
18 3203 0350 1069 9 413 4 Evaluate two-sided cosum with k= 0.2 and A= 8. Reference text p. 416,
. H er si bservation 2 and on ]
= 8.0 is exceed, This occurs on the ]m\_er side at 0 i !
The process sigrals oat of CDTEOL:ZE:HE causes occurred after start-up (observation 2 — 2} and after observation i In-controf performance:
thie upper side at vbservation 10- 87 = 0, the shift in mean for which ARL is to be caleulated
9(16-7). . o
AT =§ —k=0-02=-02
e of fr and k in part {b) of this problem on cusum performance. I T
(c) Diseuss the choice - - i A =—§ —k=-40-02=-02
< shift to detect, & = 0.25, should be balaaced by a larger control fimit, i = 8.01, to give . b=h+1.166=8+1.166=9.166
Selechggasmlier sizad rer out-of-control ARLs. N - _ exp(~2Ab)+245--1 exp[-2(—0.2Y9.166)] + 2(—0.2)(9.166)
Jomger in-control ARLs with sho ARLY =ARL; = 3 = - =430.556
. R A 2(-0.2)°
e cend T jon 8- the data in Exercise 8-1. J
um discussed in Section 8 1.9to
811, Apply the scale cus - : o Tor monitorin 1 li’ N 1 -2 =0.005
_ 1050, and @= 25. For the 1% period, the standardized quantity, or scale, for ARL, ARL, ARL; 43055
Letk =05, =5, 1= 105 2 ARL, =1/0.005 =215.23
process varisbility is found from:
5 =I_l_"_i‘!.“-=£4£;?-miu‘=*ﬂ'2 Out-of-control performance:
G . o . .
& =0.5, shift in mean for which ARL is to be calculated
M"U-“?%MPLGT AT =8 —k=05-02=03
g YT = =0.5-0.2=0.
0.349 - | +
= max[ 0y -k 45 ]:m?-‘["-‘lm‘o's*“]:m“[o'"l'ﬁ}*o A== —k=-05-02=-07
% '“m[" "} u[o-05—(-%.07)+0]Zm‘[0:0-57]‘0'57 . i b=h+1.166=8+1.166=9.166
87 = max] 0,k -5y Sy =R ]
T wm v SN S
045 02 107 500 6 057 1
5 1055 0.2 107 0.00 0 115 2
) 1037 sz 029 000 0 094 3
2 w064 056 D21 000 O 065 4
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exp[=2(0.3)(2.166)]+ 20.3)9.166)~1 _ ¢ 0o

+ .

AR = 2037

ARL: - P20 L66) AOTOIR _gg) 767
! 2(-0.7)

LUV LSNP Y 71

—_— —_————— =
ARL; ARLJ;+ARL', 25.023 381,767
ARL, =1/0.040 = 25.02

8.15. Rework Exercise 8-1 using an EWMA control chart with A = 0.1 and L
those obtained with the cusum.

=2,7. Compare your results to

r=0.1
=27
CL=15= 1050

[ Fl - _®
UCL, = iy +Lo ﬁ[l-(t—k)z’]-1050+2.'.v'(25) o0

L [1—(1-).)2‘ =1050—2.7(25)

LCL, =y —1o (2—_)5

@-0.0

HCLy = 1063
LCL;y = 1035

WA Chant for Ex 61 Molecular Weight

1)

=

ty o e arass

17158

4 Fal

°
Obssvation M

The EWMA contro] chart signals the process is out of centrol at ol;nservation 1
Exercise 8-1 also signaled out-cf-control on the upper side at observaiion 10.

0.4 [1w(s~o.1)zl”] =1050+6.75=1056.75

0.1 [1-0- 0.1)2“'] =1050-6.75 = [043.25

0. The cusum control scheme in

Cumulative Sum snd EWMA Conirol Charts 8-11

8-19.  Reconsider the dzta in Exercise 8-7. Apply an EWMA conirol chart to these data using A = 0.1 and £ =2.7.

Given: A=0.1; L=2.7. From Exercise 8-7; ¢=12.16.

CL = 3= 950

A u 0.1 N i
UCL, = (-3 | = J(E2. -(1-0.0%" = .28 =953,
CL, =y + Lo f(z_l)[l (-2 ] =950+ 2.7(12.16) {2—0.1)[1 (1-0.0 950+3.28=953.28
LCL, =gy ~ IO -l—[l—{l—-k)z’ =950-2.7(:2.16), | L [1u(170.1)2“* =950-3.28=946.72
(2-4) (2-0.1)

UCLg,y = 957.535
LCLg, = 942.465

EWMA Chart for £x 8-7, Termparatura

278558278

ITRFAE

The process signals out of control at observations 8, 12, and 13, This contrasts with the cusum control scheme that

signals eut of control on the upper side cusum at period 12,
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g-20.  Reconstruct the control chast in Exercise 8-19 using 4 = 0.4 and L = 3. Compare this chart to the one
' constructed in Exercise 8-19.

Given: A=04; L=3. From Exercise §-7: & =1215.
CL=l~™ 950

f L - =953.64
Aoy = 950+3012.16) |- 1-(1-0.1"" 1= 950+3.64 =953
UcL, = o +Lo (2_}‘)[] (-1 950+ 3( 3 (2_0-1)[

= 20 2 950—3.64=946.36
2 [1-0-2%] =950-3012.16 1= (1- 0. | =950-3.64 = 946,
Lty = o Lo {1047 295030216 a0 ]
UCLgg =968.24
LCLgy—931.76931.76

ENWIVA Chert for Ex 87 Temperature

5“ %fx

L
=T T T T T
¢ B 2 ¥ 49 N8

=

34
&

With the larger A, the process is out of confrol at abservation 70, as compared to the in-control chart with the smaller
i

A

Reconsider the data in Exercise 8-9. Set up and apply an EWMA control chart to these data using A=01
and L =27,

8-22.

Given: A=0.1; L=2.7. From Exercise 8-9: §=595

L = j1y= 3200 o
7 o] 765.95) | L 1_(1_0‘1)2([) =3200+1.61=3201.61
UCL =ty +L0 (Z—R)[I =3 ] 3200+2.7659) (2*0'1)[
0.1 207 ~1.61=13168.39
A rqen¥]= ~2.7(3.9 1—(1-0.1P" [ =3200-1.
oL, = -L0 [ [i=0-0 J-s0-27599 o

UCLss =3203,6% - .
LCL1=3196.31

Cumulative Sum and EWMA Control Charts 8-13

EWMAChart for Bx 89 Viscosty
- e ]
- Mea=100
3 — 2T
§\
: nEy
s
T T . .
° ] E x o
Chzservasion Novbar

The EWMA control chart signals that the process is out of control from the first ohservation. This agrees with the
result of applying the cusum control scheme, which signaled on cbservation 2 and indicated occurrence at start-up,

8-23.  Amalyze the data in Exercise 8-1 using a maving average control chart with w = 6. Compare the results
obtained with the cusum conteo? chart in Fxercise 8-1.

w=6, = 1050, =25
CL=p=1050 ;

o 25
UCL, = iy +3f — |=1050+3| 5= [=1125
o Jroon( )

o 25
LCL) = py 3] — |=1050-3) =2 |=975
1=Hy [\ﬁ) [ﬁJ

A = T6 T ¥e 1t Ny ¥ X5 3 F X5 x5 1008+1095+1064 +1037+1055+1045
Mg = =
& 6

= 1050.67

Hoving Averags Chat for Ex 81 Motecuiar VWaight

.

. //—(
teezEy
Mok}

R R [T Y
me J—FH
;
u

a )
Obzarvtion Rurber

Moving Avaraga

Process is out of control at observation 10, the same result as for exercise 8-1.
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1 chart uses A = 0.4. How wide will the limits be on the Shewhart controt chart,
AL Ae Elvjd{: :;:;:E[c of the width of the steady-state EWMA limits?
eXPIess

For EWMA: steady-state limits ase o JAfE-1) |
{' For Shewhart: steady-state limits 22 +ha :
‘ ko =LoJA@-4)

: k=L1.J04/(2-04)
‘ k=051

CHAPTER

, — Other Univariate Statistical Process
833, Consider the vaive failure data in Examplz 6-0. Set up a ome-sided cusum chart for mon

H & in failure rate of the valve. Assume that the target value of the mean time between
detecting an Increas

Monitoring and Control Techniques
failures 15 700 . :

i = Letd=10, k=03 hk=5,then K=
= 700" = 6.1671. From Exercise 7-32, ¢ 2.0?15. d=1g, ,
Given: pre= 700,50 fr ;\ml?e sided lower cusum is needed to detect an increase in failure rate, or equivalently a
1.0457, H = 104575, A one-

decrease in the time-between-failures.

o e f

— eFTT =
Faflure,i Xy X T H G

1 286  4.809865 Q3115
2 948 6.70802%  6.0000
3 536 5726497  0.0000
4 124 3.813671 1.3077
5 816 6435412 0.0000
6
7
)

CHAPTER GOALS
729 6237053 D.ODOO

4 1469576  3.6513

143 3967682  4.8055
5 431 5390069  4.5368
10 3 1.781509 78767
11 2837 9.09618 3.9019
12 596 5.897744  3.1256
i L3 81 3388335 48386
i 14 227 4510954 5.4691
‘ 15 603 5.916898  4.6736
1] 492 5391891  4.2031
17 1199 7.161238  2.1632
13 1214 7.186005  0.0986
19 2831 9.050833  0.0000
20 96 3.552031 1.5694

After completing this chapter, you will be able to:

1. Construct and interpret X and R DNOM control charts, and apply to short production runs,

2. Construct and interpret both modified and acceptancs control charts, and zpply to highly capable processes.

3. Understand the monitoring issue for multiple-stream processes
shifted), and construct and interpret group contrel charts,

4. Understand the conditions nder which autocemrelated
such as Shewhart charts,

(detecting whether oge or 2l streams have

process data oecur, and the impact on control schemes

3. Evaluate the degree of autocorrelation in a deta set,

6. Set-up an EWMA procedure to monitor the mean of an a

utecorrelated process, utitizing residuals from an
ARIMA time series model,

=4
IR R s R s R e R s 2 B = i e e - R ] 51

7. Construct and apply a moving center-line EWMA contral chart to autocomrelated data.
8. Explain adaptive sampling procedures that
be changed.

permit either the sampling iaterval or the sample size or both to

of valve failures on the lower side is in controf.
nce

5. Designand assess X control charts that include economic considerations,
The rate of Gccurre!

> Fixed and variable sampling costs

, such as;

»  Cost of finding an assignable cause
> Costof investigating a false alarm
; ’ > Cost of operating in an vut-of-contro] state

9-1

e s
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Exercises

9-1. Use the following data to set up short un ¥ and R charts using the DNOM approach. The nominal

dimensions for each part are T, = 100, T = 60, Tc = 73, and Tp = 50.

Sample PartType M1 M2 M3 x1 x2 xJ xbar R
1 A 105 102 103 5 2 3 333 3
2 A 0 98 100 1 -2 ¢ 033 3
3 A 103 100 89 3 ¢ - 047 4
4 A 101 104 57 1 4 -3 067 7
5 A 106 102 100 6 2 ¢ 267 6
& B 57 60 59 3 ¢ -1 -133 3
7 B 61 64 63 1 4 3 267 3
8 B 60 58 62 ¢ -2 2 D00 4
% [ 73 075 77 2 0 2 000 4
10 c 7 75 % 3 6 b 133 3
20 D 53 51 50 3 P O 133 3

G, =2.530,n, =15, /1, =10140; &5 =2.297, 15 =9, I = 60.444
6o =1815,n, =18, fc =75.33%; &p =1.875,ny =18, fip =50.111

Sinee the standard deviations and sample sizes are approximately the same, the DNOM chart can be used.

P,

.
;xf _3334(-033) 4 +133 _
m 20
CLy=x=053
UCL, = x + 4,R = 0.55+1.023(3.8) = 4.44
LCL, = x— 4, R = 0.55~1.023(3.8) = —3.34

r=

8.55 K=

_ 34343

=l
m 20
CLp=R=38

33

UCLy =D,R=2.574(3.8) =9.78
LCE, =DyR = 0.000(3.8)=8

YoariR Chart for Ex -1 for ST

s s

=

=

=
% 3 AV/\“ .

i3 [
sav:v . =

- V.
4
g N A -
i -

The process is in control across all part types.
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9-5, A machiae has four heads. Samples of # = 3 units are selected from each head, and the ¥ znd R values for
an imporiant quality characteristic are computed. The data are shown here. Set up group conirol charts for this
process.

Headl Head2 Head3 Head4 max min max
Sample xbar R xbar R xbar R xbar R sxbar xbar range

1 53 2 3 1 56 2 35 3 56 53 3
2 51 1 35 2 54 4 54 4 55 51 4
3 4 2 52 5 53 3 57 2 357 52 3
4 55 3 5 3 352 1 51 5 35 51 5
5 4 1 50 2 51 2 53 1 54 50 2
6 53 2 51 1 54 2 52 2 54 51 2
7 51 1 33 2 38 5 54 1 58 51 5
8 52 2 34 4 51 55 2 35 5] 4
] 56 2 52 3 52 1 51 3 52 50 3
10 51 1 55 1 53 3 353 5 55 50 5

20 52 4 52 2 50 3 52 2 52 50 4

Refer to Section 9-3.2 (text p. 455) for the discussion of grovp control charts. In any single time period, only the
smaltest ard largest of the four means and the largest range are pletted on the control charts. These are shown in the
above table.

s @ 20 4 5 m 20 4
_ 22 X3 5345140452 225 2R 24150042
FoddEL e =52088 R=doliml il ZRLEedd g
nmxs 20x4 80 mxs 20x4 30

UCLy = x-+ 4 R = 52,988+ 0.729(2.338) = 54.692 UCL, =D,K =2,282(2.338) = 5.335
LCLy =1~ 4R = 52.988-0.729(2.338) = 51284 LCLy = D,R=0.000(2.338) =0

S Ry Lot Loy G o Conird SNt

1 N
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There is no situation where one single head gives the maximum or minimum value of ¥ six times in a row, There
are many values of X . and ¥ ., that are outside the control imits, so the process is out-of-control. The assignable
cause affects al! hieads, not just a specific one.
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97 Reconsider the data in Exercises 9-5 and 9-6. Suppese the process measurements are individual data
values, not subgroup averages.

Sample X1 MR1 X2 MR2 X3 MR3 X4 MR4 maxX minX maxpR

1 53 54 56 55 56 53

2 51 2 55 1 54 2 354 1 33 51 2
3 54 3 52 3 53 1 57 3 57 52 3
4 55 1 54 2 52 1 51 6 535 51 [
5 54 1 s0 4 51 1 53 2 34 50 4
6 53 1 51 1 54 3 52 1 54 51 3
7 51 2 53 2z 58 4 54 2 58 51 4
§ 2 1 5 1 51 7 5% 1 55 51 7
9 50 2 52 2 52 1 51 4 52 50 4
10 51 1 55 3 53 1 53 2 53 51 3
11 52 1 57 2 352 1 5§ 2 57 52 2

=]

20 52 1 52 1 50 I 52 2 32 50

(a) Usz observations 1-20 in Exercise 9-5 to construct appropriate group centrel charts,

We need to calculate the moving ranges for each stream. From any single sample, only the smallest and largest
readings and the largest moving range are piotted on the controf charts, These are shown in the above table.

vcL, =3 +3MR . 52 958+3 21383 sg.720 TUCLygy = D MR =3.267{2.158) =7.050
d, 1128
LCL., ~5-3MR 5y 0gg-3[ 28 | 47048 LCEyg = Dy MR =0.000(2.158) =0
d, 1128
s m ras] a1 m 4
PR EIEDW XY DOMR Sy MR, 5
$- e _ sl :53+51+“.+52=52,983 ﬁﬂ =l =2 —d=ti=2 :2+3+"'+ =2.158
prxs 20x4 30 (m=Dxs  (20-T)x4 %
g Carired Cri-t e Waming fumge

Gracy Gl Chad For boefrldeal 2.

if_

IR EE I U R vz 3405 4 % 4% 88T IUWEY LR
ey Lew
[ et e e+ 2 " 2 = 5] et - v« MR A
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(b} Plot ebservations 21-30 from Exercise 9-6 on the charts from part (a). Discuss your findings

Sample X1 MR X2 MR2 X3 MR3 X4 MR4 maxX minX maxMR

21 50 2 4 2z 5T 7 55 3 37 50 7
22 5t 1 53 1 54 3 54t 34 5t 3
23 3 2 52 1 55 1 51 3 57 52 3
24 4 1 4 2 53 2 56 36 53 2
23 56 4 st 3 52 1 38 2 58 5¢ 4
26 51 1 55 4 354 2 34 4 55 51 4
27 53 2 50 35 51 3 60 6 60 50 6
28 54 1 51 1 54 3 61 1 61 51 3
29 2 02 52 1 53 1 62 i 62 52 2
30 52 0 53 1 03 g0 2 60 50 3

R R
e

TEER
i .
The tast four samples from Head 4 are the maximum of all heads, indicating a potential process change.

1214847 sﬂnaunquw-unnnnnaaxnnu'x
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[(1C) zsing ol?seTv?tions 1-20, construct an individuals chart using the average of the readiags on 2ll four
cads as an individual measurement and an § control chart using the individual measurements on each head
Discuss how these charts furiction relative to the group control chart. .

| Chart for Bx8-7e, Quary Characteristic
§ Chan for Exde, Quatity Charsctadstic

(=L 1 s
e L= T TH

2
£ i
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Sarrpia dhevter 0 -

1
Sarrgda Murbar

Failure to recogm'ze the ]'l.'llllﬁp[E stream nature of the process eads to contro b -
i . . .
| i 3 ; . P | charis that fail to 1dent1fy the out-of-
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9-§ Other Univariate Techniques

(d} Plot observations 21-30 on the control charts frem part (c}. Discuss your findings.

1 Gzt for Ex9-7d, Quality Characierishic § Chart for EX2-7d, Qualily Characteristic

® s
Lea=i5 55
fme [I-E¥]
= 4
] &, fam
] [reeeETy ]
3 L
i 5
gD
2 1]
= LOLEFRY 0] —— s
E S S e S e e
F 1 2 3 4 5 6§ 7 B % " o 1t 2 3 4 5§ B t 4 2 N
Sarpie Marker
Sarris Kumber

Ouly the § chart gives any indication of cut-of-cantzol process.

9-9, A sample of five units is taken from a process every belf hour. Tt is known that the process standard
deviation is in control with o= 2.0. The ¥ values for the last 20 samples are below. Specifications on the

product are 40 £ 8.
Sample No. _x-bar__Sample No, x-bar Sample No. x-bar Sample No. x-har
1 41.5 [ 44.7 i1 40,6 16 40.7
2 42.7 7 39.6 12 0.4 17 42.8
3 40,5 8 40.2 13 386 18 434
4 39.3 9 41.4 14 42,5 19 42.0
5 41.6 i0 43.9 15 41.8 20 41.9

{a) Set up a modified control chart on this process. Use 3-sigma limits on the chart and assume that the
largest facticn nozconforming that is tolerable 1.1%.

Design a modified contral chiart (text p. 449): &= 0.001, z5=20.001 =3.0090, z, =k =3.
UCL = USL~ (25 -3/ )o = 43-(3.090-3/+/5 }(2.0) = 44.503 $Char for P9, Process Characterisic

LCL =LSL+{z; -3~/ )0 =32 +(3.090-3/1/5)(2.0) = 35.497 = ; S

inalvidyal Vakeo
3
|

a - [T

¢ Sompla :fm = .
Note that thers s no centerline on this control chart. Recall that the modified x control chart is designed to permit

the process mean to vary over an intervel, under the assumption that the overall process performaace is not
appreciably affected (text p. 449). .
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(b} Reconstruct the chart in part (&) using 2-sigma limits. Is there any difference in the analysis of the data?

F=000), 25 =240 =3.090; 2, =k =2
UCL = USL~{z; ~ &/ Jo = 48— (3.090—2//5 }(2.0) = 43.609
LCL =1L+ (25 ~k/v/n Jor = 32+ (3.090 ~2/+/5)(2.0) =36.391

| Chart for Ex3-8t, Quafity Characteristic

“d_

r

gﬂ— £ \(Lﬂ#lﬁl

3% /\ \/(
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L

ln Lo T
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Sarmpis tumber

With 3-sigma limits sample #6 exceeds the UCL, while with Z-sigma limits both samples #6 and #10 exceed the
UCL.

{c) Suppose that if the true process fraction nonconforming is 5%, we would like to detect this condition
with probability 0.95. Censtruct the corresponding acceptance control chart,

Design acceplance control chart {text p. 453); o=2.0,n=5, USL =48, L8L =32, y=0.05, 7,= 7505 = 1.645,1 - §
=095, 2= 2505, 1.645.

UCL = USL~{z, ~z5 [V }o = 48— (1.645 - 1.645/4/5 ) (2.0) = 46.181
LCL =LSL+(z, +-z5 {n o =32+{1.645-1.645/3)(2.0) = 33.819

| Crart for £x8-9c, Quaty Characterdsic

5 VL5

Inclividual Value
|

Lo

H M
Sapiz Mgrber
None of the samples exceeds the control [imits, reflective of the risks in desigoing an acceptance contro} chart,

n
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9-13.  An ¥ chart is 10 be designed for a quality characteristic assumed to be normal with a sl.andard deviahon of
4. Specifications oa the product quality characteristics are 50 + .20. Tl:ie c?ntfol chart is to be. d§51gn?d [S,Z
that if the fraction nonconforming is1%, the probability of a point t'alll..ng inside the control limits will
0.995. The sample size is # = 4. What are the control limits and centerline for the chart?

Design a modified control chart (text p. 449); X ~ M@z, 4), 21 =4, USL =820, LSL =780, §=0.01, z5=zu =
2326, 0r=0.005, z,=zg05 =2.576
UCL = USL~(2; = 2, /\n Jor = (50+20)—{2.326 - 2.576/ 4 }(4) = 65.304

LCL=LSL+(z5 —2,/4/r ) = (50-20) + (2.326-2.576/ Y4 )(4) =34.696

Modified control chars generally do not have centerlines, since the mean is allowed to vary over an interval (the
control limits) without significantly affecting overall process output.

9-15. A normally distributed quality characteristic is controlled by x and R charts having the following
parameters (1 = 4, both charts are in control):

R Chart ¥ Chart
UCL=18.795 UCL = 626.00
Center line = 8.236 Ceater line = 620.00
ILCL=0 LCL =4§14.00

(2) What is the estimated standard deviation of the quality characteristic x?

Standard deviation is estimated as usual, from the average range (text eqn. 5-6)%.
n=4,F =8.236,% = 620.00
& = Rfd, =8.236/2.059 = 4,000

(1) If specifications are 610 % 15, what is your estimate of the fraction of nonconforming material produced
by this process when it is in control at the given level?

Transform variables and use the standard nerma! distribution to estimate the probabitity that matedial exceeds the
specification limits (text p. 64):

L— USL-j
P =Pr{x<LSL}+Pr{x>USL}=Pr {7, SLS-;__—ﬁ}+[l—Pr {z ST

=@ 395620 PREE, Y 625620 }:0,00904.{170,3944]:0.1056
4.000 4.000

{¢) Suppose you wish to establish a modified ¥ chart to substitute for the original ¥ chart. The pracess
mesn is to be controlled so that the fraction nonconforming is less than 0.005. The probability of type I
- error is to be 0.01. What control limits do you recommend?

Design a modified control chart (text p. 449); ¥~ N, 4), n=4, USL =625, LSL =595, 5= 0.005, z5=za005 =
2.576, =001, zz=z4q = 2.326.

Other Univariate Techniques 9-§

UCL = USL~{z; ~ 7, /\lr )& =625-(2.576-2.326/\d)4 = 613.36
LCL=LSL+(z5 -2, /4n)o =595 +(2.576-2.326/V3 )4 = 601.14

2-16.  The data that follow are molecular weight measurements made every 2 hours on a polymer (read down, then
across from left to right).

2048 2039 2051 2002 2029
2025 2015 2056 E967 2019
2017 2021 2018 1994 2016
1995 2010 2030 2001 2010
1983 2612 2023 2013 2000
1943 2003 2036 2016 2009
1940 1979 2018 2019 1990
1947 2006 2000 2036 1986
1972 2042 1986 2015 1947
1983 2000 1952 2032 1958

(570 2023 2018 2015 2032

(2) Calculate the sample autocorrelation fimetion and provide an interpretation.

X =2000.9. For observations that are k= 1 time period apari:
el _ _
E {% ~%) {5 -7)
:—'—."—_4;
% (x _E)z
=t
_ [(2048-2000.9)(2025 - 2000.9)+ {2025 - 2000.9) (2017 2000.5)+ -+ + (2015-2000.9)(2032- 2000.5)]

[(20437 2000.9)" +(2025-2000.9) +---+ (2032 ﬁzooﬂ.g)l]
11 0.658253, 2 = 0373245, ry = 0.220536, r, = 0.072562

i

Sargle ACF for Ex 9-16, Molzader Waights Sampla PACF for Ex 018, Mofecular Weights
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L7 0% 4% ciman wm g o ta mm Lan M pom o am owim in
tausn a3 @40t & 133 33 wan am
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P4 ST as wiucs osn 13 se = en

The decaying sine wave of the ACFs combined with a spike at lag 1 for the PACFs suggests an auforegressive
process of exder 1, AR(L),
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(b} Construct an individuals control chart with the standard deviation estimated using the moving range
method. How would you interpret the chart? Are you comfortable with this interpretation?

Using the 1% estimator based on a span of =2 (text p. 258): & = 0.8865MR = 0.8865(17.97) =15.93
) Chiart for Ex 918, Motecutar Weight

[L-EEE )

proes.

Indivisund Value

T ommomw B oTwoa
[
The process is out of contrel on the x chadl, with big swings and very few observations actually near the mean. This

is likely due to the large correlation at low lag. In practice, this would generate many fatse alarms.

(c) Fit a first-order autoregressive model x, = £+ g + & o the: molecular weight data. Set up an
individuals contre] chart on the tesiduals from this medel. Interpret this control chart.

ARTMA model for ExB-leo:!_e
pstimates at each iteration
Iteration SSE Parameters

0 50173.7  0.100 1800.942
1 41717.0 0.250 1500.843
2 35687.3 0.400 1200.756
3 32083.6  0.550 900.693
4 30929.9  0.675 650.197
5 30898.4  0.633 613.998
e 10857.1  0.697 606.956
7 10897.1  0.698 605,494
8 10897.1  0.698 605,196

Relative change in each estimate less than 0.0010

Final Estimates of Parameters

Coef SE Coef T P
A'I;Pe 1 0.6978 4.0852 8.139 ¢.000
constant  605.196 2.364 256.02 0.000
Mean 2003.21 7.82

Other Univariate Techniques 9-11

Residuals from this model are:

229744 589664 353741 -11.5322 17.5614 | Chart for X 9-16, Residuals from AR(1) Modst

-9.4688  -13.1878 19.4375 -353660 -2.2000 -

L4174 95614 22,0518 16.0600  1.7699 = uoLsace

178343 -5.6259 164678 42171  -2.1364 :

144808 40509 L0931 11.33[5  -7.9491 3

-46.1062 -6.3449 18.9783 59572  8.0208 g a PP

211907 -24.0639 -7.0942 68636 -17.2512 g

120970 19.6854 14,7301 21.76%9 -7.9914 E

8.0178  36.8424 -14.9702 -11.0942 -44.1998 .

15706 -30.2815 -39.1998 205614 -5.9622 I b
wan 2 0 B B TP T Y~ - I -

L1326 318938 142382 7.0508 20.5614 Dbsznaton Murber

A single point, #16, exceeds the upper control limit; otherwise the process seems to be in a reasonable state of
statistical control,

8-17.  Consider the molecular weight data in Exereise 9-16. Construct a cusum control chart or the residuals from
the model you fit to the data in part (c} of that exercise.

Let gty = 0 and estimate ofrom: & = MR /d, = 22.08/1.128 =19.57
Let =10, k=05 and /1= 5,50 K=ko=0.5(12.57) = 9.79, H= ko= 5(19.57) = 97.87.

Residuals frem 9-16c  one-sided upper cusum one-sided lower cusum
Obs, i X A-(w+E) ¢ 00C? (-K-x; C 00C?
No FIR 0.00 0.00
1 22,5744 13.1% 13.19  ne -32.76 000 no
2 -5.4688 -19.26 000  no -0.32 0.00  no
3 -1.4174 -11.20 000 ne -8.37 0.00  no
4 -17.8343 -27.62  .0.00 o 8.05 8.05 no
5 -14.4808 -24.27 000 o 4.69 1274  no
f -46.1062 -55.89 006 no 3632 49.06 o
7 -21.1307 -30.98 000 no 1140 6046 no
] -12.0970 -21.88 000 no 231 6277  no
9 8.0178 -1.77 000 no -17.81 4497 no
10 1.5708 -8.22 000 no -3 3361 no
75 20.5614 18,77 1502 no -30.35 0.00 0o

No observations exceed the control limits. Residuals from the AR(1) model indicate that the process is in a
reasonable state of statistical control.
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6.18.  Consider the molecular weight data in Exercise 5-16. Construct au EWMA control chart on the residuals
from the model you fit to the data in part(c) of that exercise.

Select A= 0.100 and L = 2.7 (from text Table 8-10}.

EVMA Chart for Ex 9416 Residusls

Lrarag

s
oAy g f’\m f"V"’Lg S

2TR=1283

The process is in control, with no observations beyond the contrel limits,

9.19.  Set up a moving center-line EWMA control chart for the molecular weight data in Exéccise 9-16. Compare
it to the residual conirol chart in Exezcise 9-16 (c).

Select A = 0.15 (A could aiso be selected as the value that minimizes residual sum of squares). From Exercise 5-17
&=MR/d, =22.08/1.128=19.57.

Plot poiat is X,y CLy, =7 UCLy=z+3¢ LCL, =z -3¢

g =Ax; F([—A)zy; fori=l...n» -

n

S
z  2008.005+2010.554 +..-4+-2001.973

7y =t = 2000.947
n 75

X [ CL UCL LCL QO0C?
¢ 2040.947
1 2048 2008005 2000.947 2059.657 1942237 0
2 2025 2010.554 2008.005 2066.7i5 1949.295 0
3 2017 2011.521 2000.554 2069264 1951.844 0
4 1995 2009.043 2011.521 2070.231 1952.811 1]
5 1983 2005.136 2009.043 2067753 1950.333 1}
6 1943 1995.816 2005.136 2063.846 1946.426 below LCL

16 2039 1978.127 1967.385 2026095 1908.675 above UCL
40 1952 2003.805 2012947 2071.657 1954.237 below LCL

75 2032 2001.973 1996.674 2055.384 1937.964 0

Cther Univariate Techniques 913

EVMA Control Chart for Molecular Yelght

2100

w053

g

Xt Mologular Welght
i

ﬁ
b4
i

Observations 6, 16 and 40 exceed control limits, compared to no out-of-control chservations on the residuals X and
MR control charts.

9-29.  The viscosity of a chemical product is read every 2 minutes. Some data fiom this process ate shown here
(tead down, from left 1o right).

29.33 3322 27.5% 242§
19.98 30.15 24.13 22.69
25.76 27.08 29.20 26.60
2900 33.66 3430 2386
3103 36.58 26.41 28.27
3268 29.04 2878 28.17
3356 28.08 21.28 28.58
2750 3028 21,71 30.76
26.75 2935 2147 30.62

30.83 31.58 31.92 3244

(a} Is there a serious problem with autocorrelation in these data?
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- er Univariate

{c} Design a cusum contral scheme for this process, assuming that the observations are uncomrelated, How
does the cusum perform?

Similar to Bxercise 9-16, calculate the sample autocorrelation and partial autocorrelation functions: ry = 0.4%, r=—

0.05, 5 = -0.26, r,=—0.28. The r; = 0.49 indicates a strong positive corrzlation at lag 1:

fig =F=385%6 = 28488 =los k=05 f =5

Sempls ALF for Ex 328, Viscasly . Sample PALF for Bx 929, Mscosty K =ko=05(2.848)=1.42; H = ho = 5(2.848) = 14.24
38k T ; il 8z !-1 LI T s one-sided wpper cosumm one-sided lower cusnm
i LRSI Obs,i %  xfutK) ¢ 00C2 N (K CF 00CT N
- B : I . T : No FIR 0.00 0.08
: e m et e e e L2933 066 000 no 218 000 o
v me remew wm s fa Erws e cia o dmo semen mem oo 2 1998 1001 006 o 717 117 w1
iEnE snhm bl Ihma IEE dm i ThE o rml 32576 423 000 no 139 835 mo 2
z o= iE osmE e 4 2900 059 000 no 185 670 w0 3
- 5 3103 1.04 104 gm0 1 388 281 no 4
The decaying sine wave of the ACFs combined with a spikfa at lag 1 for the PACFs suggests a lower order
suregeaiveprocessof s . ithr AR() o AREZ) Gt ey ARCE 6% 6» s c0c 1 9B 000w
{b) Set up a control chart for individvals with & moving range used to estimate process variabiticy. What 3L 2904 095 1958 0OC 12 -189 000 no
conclusion can you draw from this chart? 32 2808 -1.9t [7.5% 00C 13 -0.93 000 no
333028 029 1828 0OC 14 313 000 o
I 34 2935 081 1763 OOC IS 2200 000 oo
G =MR/d, =3.212/1.128=2.848 35 3360 3.61 2124 00C 16 £.45 000 no
0] MR it for Ex 29, Visooty 36 3029 030 2154 QOC 17 4 000 o
. 3 2001 985 1165 no 18 7.04 704 mo 1
3 ; = 38 1751 1248 000 no 964 1667 00C 2
i ﬁfﬂﬁﬂwﬂvﬂw = 39 2371 628 000 o 344 201 00C 3
g=q? ¥ I W L2472 51 000 no 293 2303 QOC 4
e = = 41 3243 244 244 1o I -5.28 1775 00C 5
' " " 45 2362 -637 GO0 no 353 1744 00C 9
R TR o 46 2812 -187 040 1o - 097 1646 0CC 10
L . 59 2147 352 000 oo 568 1698 ooc 1
Visual examination of the chart, the sequences of similar points indicate that.ti.]e mean yay warder over time. The 60 24.71 .5.28 0.00 no 2.44 1941 00C 4
numerous points (2, 38, 86, 92) below the lower control Limit support the suspicion of positively correlated readings.
100 3244 245 245 no 1 529 102 o 16

There are several runs of out-of-contrel observations on both sides of the cusem control scheme, suggesting a

possible problem with autocorrelation in the viscosity readings.
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(d) Set up an EWMA contro! chart with A= 0,15 for the process. How does this chart perform?

EWIMA Chart for Ex 9-29, Viscosily

LR F

VTS

s

This is oot an in-control process. There are wide swings in the plot points and several are beyond the control limits.

It could alsa be the case that the autocorrelated structure is not handled well by the EWMA with a small .

{€) Set up a moving center-line EWMA scheme for these data.

A=0.15, 6 =2.848, Z, =¥ =28.479

Xi Z CL ucL LCL 00C?
28.479
29330 28.607 28479 37.022 19937 no
19.08¢ 27.313  28.607 37.i49 20064 belowLCL
25760 27.080 27313 35835 18770 na
29,000 27.368 27.080 35622 18.537 ng
3L030 27.917 27.368 35511 18825 RO
32.680 28632 27517 36460 19375 no
33.560 29371 28,632 37174 20.089 6o
27.500 29,090 29371 37913 20.828 no
26,750 28.73%  29.090 37.433 20.548 no
30,550 29.0t1 28739 37282 20197 no

fog - R R =] N

37 20,110 29,234 30.845 39387 22.302 belowLCL
38 172510 27476 29234 37777 20692 below LCL

62 36.540 28409 26974 35516 18431 above UCL

10{) 23440 26886 27494  36.037 18.951 no

A few ebservations exceed the lower confrol limit.
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(f) Suppose that a reasonable model for the viscosity data is an AR{2) model. How could this model be
used to assist in the development of a statistical process contro} procedure for viscosity? Set up an
appropriate control chart and use it to assess the current state of statistical process control,

An effective methad for monitoring a process modeled by 2 2" arder autoregressive model is to fit the AR(2) mode],
then monitor the residuals from that model with conventional control chards. These residuals should be
approximately normally and independently distributed, with mean zero and constant variance.

ARIMA model for Ex9-29Vis
Estimates at each iteration

Iteraticn SSE Parameters
0 1590.91 0.100 ¢.100 22.835
1 1346 .45 0.250 -0.020 22.072
2 1201.73 ¢.400 -0.144 21.298
3 1097.08 J.550 ~0.271 20,652
4 1054 .45 0.698 -0.40a8 20.258
5 1053.42 0.716 ~0.429 20.441
6 1053.38 0.71¢ ~0.434 20.449
7 1053.38 0.713 ~0.435 20.50¢0
] 1053 .38 0.719 ~0.435 20.502

Relabive change in each sstimate less than $.0010

Final Estimates of Parameters

Type Coef SE Coef i P
AR 1 0.7193 0.0923 7.9 *0.000
AR 2 -0.4349 0.0922 -4.72 0..000
Constant 20.5017 0.3278 62.54 2.000
Mean 28.6514 0.4581 i
Residizals from the model are:
| and MR Chart for Ex 929 AR[Z) Mode! Residuals

-L.18095 4.19682 -1.18129 -6.53172
730751 -0.84016 -2.77212 -1.39570 P e
364100 0.66264 351323 033572 5 o M ‘ S e
-1.34237 6.79060 328789 0.00813 g f
0.87056 3.64266 -6.06580 -1.42346 £ : tagsr
246931 -3.13635 419716 -0.11632 soee o = =
3.04523 259688 -3.43854 0.10905 = - :
293024 220862 -1.58325 1.95056 X e
1.06134 -0.7212% -5.39393 0.42089 I I e

2 ¥ f ¥
3.66239 113418 428754 277120 ' o

There is a single out-of-control residual on the MR(2) chart at ohservation 57. Otherwise the process appears 1o be
in control, with a good distribution of points between the control limits and no pattems,
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9.31.  An ¥ chart is used to maintain current control of a process. The cost parameters are a; = $0.50, @ =
$0.10, @y = $25, ¢ = $50, and 2, = $100. A single assignable cause of magnitude &= 2 occurs, and the
duration of the process in coatrol §s an expoaential random variable with mean 100 hr. Sampling and
testing Tequire 0.5 hr, and it takes 2 hr to locate the assignable cause. Assume thaf the equation 9-31 is the
appropriate process model.

(a) Evaluate the cost of the arbitrary control chart designn =35, k=3, h= 1.

A= 0.01/hr or /A = 100hr, §= 2.8, o, = 30.50/sample, @, = $0.10/unit, &y = $30, ay = 525, a; = $160/hr, g =
0.05hr/sample, D =2br; m= 5, k=3, h = 1, = 0.0027

ofIn ofn

=& (3~ 25 )= @[3~ 243 )= D(-1.472)~ ${-T.472) = 0.0703-0.0000 = 0.0705

B =d{('““ +J“’J'r"';)'(“"‘L‘S‘T)]—ck[u“" ~kaf )=l +80) ]:@(k—&ﬁ}xb(%d&}

2 2
cal ML 00,
2 12 2 12
ae™ _a _0.0027 _

(l_e-lﬁ)5ﬂ= ool

E(L) =$4.12¢

(b) Evaluate the costof the arbitrary conteol chart design n =5, k=3, kA=0.5.

n=5k=3, k=1, or=0.0027, f=0.06705
et S AR 10,2498
2 12 2 12
we ™ @ 00027

(=) 3 solps)

E(L) = 54.98/r

(c) Determine the economically optimum design.

Solution of this problem requires minimization of E(L) through use of an urconstrained optimization or search
technique for repeated evalvation of the cost fimction (text p. 487). Monigomery, D.C. (1982), “Economic Design
ofan ¥ Control Chart”, Jourmal of Quality Technology, Vol. 14, provides a FORTRAN progrem.

The economically optimum design is 1 = 5, kuye = 3.080, by = 1368, or= 0.00207, 1 — F = 0.918, with an EiLy=
$4.01392/Ar.
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5-33.  An x chart is used to maintain current control of a process. The cost parameters are o, = $2, a>
= §0.50, a3 = 550, o’y = §75, and 4, = $200. A single assignable occurs, with magnitude 6= 1,
and the run length of the process in control is exponentially distributed with mean 100 hr. It
requires (.05 hr to sample and test, and 1 hr to lecate the assignable cavse.

(a) Evaluate the cost of the arbitrary ¥ chart design n=15, k=3, h=0.5.

A= 0.0l/kr or 1/2 = 100hr, §= 2.0, @) = $2/sample, a, = 30.50/unit, &’y = $75, ay = 350, ay = 3200/hr, g = 0.05
hi/sample, D=1 hr,n=35,k=3, h=0.5, &= 0.0027
B (k-8n) -0~k —8vn )=®(3-1¥5 )~ (-3 -1J5 ) = @(~1.472) ~B(~7472) = 0.775 - 00000 = 0.775

re— -t =T v Mg
2 12 2 12 02458

ae™ 00027 _
(1) Ak 00105

E(Ly= $16.1 7

(b) Find the economically optirmum design.

Please see comments for solution to Exercise 9-31 (¢). The economically optimum destgn is i = 10, ke =2.240, Jrgy
=2.489013, &¢=0.025091, 1 — §=10.8218083, with E(L} = $10.3%762/ar )




CHAPTER 1

Multivariate Process Monitoring and
Control

CHAPTER GOALS

After completing this chapter, you will be able to:

1.

Describe the rature of the multivariate problem with simultanecus monitoring of twa or more related
quality characteristics.

Construct and interpret a Hotelling 7° control chart, and calculate phase 1, phase 2, and approximate
chi-square contrel limits, .

Design and interpret an MEWRMA control chart.

Build 2 multiple linear regression model, find residuals, and apply a Regression Adjustment procedure
to the residuals.

Perform & PCA to minimize the number of variables monitored for significant changes,
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Exercises

10-1.  The data shown here come from a production process with two observable quality characteristics, x; and ¥,
The data are sample means of each quality characteristic, based on samples of size # = 25, Assu{ng that
mean values of the quality characteristics and the covariance matrix were computed from 50 preliminary

samples:
= [55] [200 130]
= ; S=
390 130 120
Sample X, X, T Sample X, X, T Sample X X r
1 58 32 L1268 6 53 30 1.6901 il 49 27 50704
2 60 33 30600 [ 7 42 20 228160 | 12 57 30 1.6901
3 50 27 3.1690 8 55 31 0.7042 13 53 33 19014
4 54 31 20423 9 46 25 106338 [ 14 75 45 528169 |
5 63 38 13,5211 10 50 29 6.6901 15 55 27 63380

Construct 2 ° control chart using these data, Use the phese 2 limits.

Phase 2 charts are used for monitoring future production, as compared to phase I limits that are used for
retrospective analysis of data. For univariate chasis such as the x chart, the distinction between phase 1 and ?hase 2
control limits is usually unnecessary for more than m = 20 to 235 samples. More care should be exercised for
muitivariate charts.

Tresign phase 2 T coatrol charts with m = 50 preliminary samples, n = 25 sample size, p=2 characteristics. Letu=
.01, Using text eqn. 10-21:

_ plmt1e-1) S E0+RSL L =248 V6 048y = 14186
UCL—————-—Wmn_m_p” Fa pro-rimgst SO(25)—50—2+1 081201 | Tigg
LCL=¢

=25, =55, 5 =30, 52 =200, § =120, §, =130
Sample I: ¥ =58, 5 =32 50X =[58,32]

. [pE- e -n) )R

?}z = n(il wi)'S_l (il —;): - -

[(57x37)-(5) |
[120(5845)2 +200(32-30Y —2(130}(53-55)(32—30)]
[{200xi20)—(130)2]

The process signals out of control samples 7 and 14.

=1.1268

=25
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18-3.  Reconsider the situation in Exercise 10-1, Suppose that ihe sample mean vector and sample covariance
matrix provided were the actuzl population parameters, What centrol limit would be appropriate for phase
2 of the control chart? Apply this limit to the data and discuss any differences in results that you find in
comparison to the criginal choice of control limit.

We need to obtain Phase 2 7° control limits for p = 2 characteristics. Let &= 0.001. Since population parameters
are known, the chi-square formula will be used for the upper coatrol limit: UCL :xip = znz_ﬁo‘.z =13.516

Sample ¥ %, T Sample ¥ 7, T Sample ¥ % T
1 58 32 L1268 6 53 30 1.6901 11 49 27 50704
2 60 33 31690 [ 7 42 20 228168 12 57 30 1.6901
3 50 27 3.1690 8 55 31 0.7042 13 58 331 1.0014
4 54 31 20493 9 46 25 166338 [ 14 75 45 528169 )
5 63 3% 135211 18 50 20 6.6001 i5 55 27 6.3380

The process signals out of control at samples 7 and 14. These are the same results as for parameters estimated from
samples,

16-5.  Consider a 7° control chart for monitoring p = 6 quelity characteristics. Suppose that the subgroup size is n
=3 and there are 30 preliminary samples available to estimate the sample covariance matrix.

{a) Find the phase 2 control limits assuming that o= 0.005.

For m = 30 preliminary samples, » = 3 sample size, p = 6 characteristics, and &= 0.005 the Phase 2 limits are;
plm+1¥n-1) G304+ 13{3-1) 372

UCL =it ol ST = — ¥3.531)=23.882
mi——ptl SETTTEN T gy 30 g MRS T Tog )

LCL=0

(b} Compare the contro! limits from part (a} to the chi-square control limit. What is the magnitude of the
difference in the two control limits?

The chi-squars limitis UCL =37 , = y3.55¢ =18.548.
The phase 2 UCL is almost 30% larger thag the chi-square fimit.

(c} How many prefirrinary samples would have to be taken to ensure that the exact phase 2 control Jimit is
within 1% of the chi-square control limit?

Given p = 6 characteristics, # = 3 sample size, o= 0.005. Find "m" such that exact phase 2 limit is within 1% of chi-
square Jimit, 1.01(18.548) = 18.733. Use the UCL formula and increase » wntil it is within 1% of the chi-square
limit. The spreadsheet solution using the Excel FINV function is below.

A B < . D j E
1= i
2 |n= K]
3 |epha= 0.005
4 m num denorni F UGL
530 =5B51*(A5:1) =A5'$B32-A5 =FINV(3833,5851,C5) =B5/C5'D5
*(§B32-1) 3851+
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#  num  depom  F UCL
30 372 55 3.531 23.8820
40 492 75 3487 223527
50 612 95 3338 21.5042

718 8628 1431 3107 187332
719 B640 1433 3.107 18.733l
[720 8652 1435 3.107 18.7328 |
721 8664 1437 3,107 18.7325

720 preliminary samples must be taken to ensure that the exact Phase 2 limit is within 1% if the chi-square limit.

10-6,  Rework Exercise 10-5, assuming that the subgroup size ism =5,

Bir-1) 6304+ 1)(5~1) 744
Phase 2 UCL = 2 I =1) = UG s = o [3.204) = 21.309
(=) Phase mu—nt—p+l @prmmm-pt T Rg0sy 30641 DS T 13 )

(b) Chi-square UCL = z2 = #3005 =18.548. The phase 2 UCL is almost 15% larger than the chi-square limit.

(c) p = 6 quality characteristics, # = 5 sample size, &= 0.005. Find m such that the exact phase 2 limit is withia 1%
of the chi-square limit, [.01{18.548) = 18.733.

m  num depem F UCL
30 744 115 3.294 21,3087
40 584 155 3.240 20.5692
3¢ 1224 195 3209 20.1422

400 9624 1595 3.105 18.7376
[410 9864 1635 3.105 18.7330]
411 9888 1639 13.105 13.732¢
412 9912 1643 3105 187318

411 preliminary samples rust be taken to ensure that the exact phase 2 limit is within 1% of the chi-square limit.

10-9.  Consider a T° conirol chart for monitoring p = 10 quality characteristics. Suppose n =3 and there were 23
preliminary samples available to estimate the sample covariance matrix, Calculate both the phase 1 and the
phase 2 control limits (use cc= 0.01).

Given: p = 10 quality characteristics, n =3 sample size, m = 25 preliminary samples. Assume: &= {4.GL

_ D=1y _10@s-0@3-1) o L) V.
Phase 1 UCL = m—— Fopmnm gt = 25{3)_2—‘5_1[“_1 BonieH a 788} .
Phase2 UCL=PUHa=l) o 16(25+143-1) 520

= =[ 2= k2788 =35.360
mnme gl CETTP T gsEy 25104y PO (41}( )
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13-13, Suppose that we have p = 3 quality characteristics, and ir corzelation form all three variables have variance

unity, and all pairwise correlation coefficients are 0.8. The in-controi valug of the process mean vector is U
=[6,0,0].

(&) Write out the covariance matrix E.

: = =
FloFlaFlay S¢S S 1 &8 08
i TV T T = w2 ° |-

£=|85, & Sy|=|08 1 08

5y=8;=5,=08 = m
5, 85 & 0.8 08 1

{b) What is the chi-square control limit for the chart, assuming that o= 0.05?

=005, p=3,UCL=yI =z}, . =7815

{£) Suppose that a samnple of observations results i the standardized observation vector y' = [1, 2, €.
Caleulate the value of the 7° statistic. Is an eut-of-contral signal generated?

The sample size is # = 1; use equation for individual observations (text p. 522).
i o 1 08 08[fff1L] [0
Tt :{y*p)‘S_l{yfp): 201198 1 O8p[2|-|0]|=1L154
0f [&])]08 08 1 [j[0] [©
Yes. Since (T° = [1.154} > (UCL = 7.815), an cut-of-control signal is generated.

(d) Calculate the diagnestic quantities 4, i = 1, 2, 3 from equation 10-22, Does this information assist in
identifying which process variables have shifted?

For Sample 1, ¥'=[1, 2, 0], found to be out of control {text p. 521). Attention should be focused on the variables for
which d; are relatively large; for this sample, variables 2 and 3 should be investigated:

Obs., § 3 T* (from (<)) T d=T -7,
1 1 1154 1111 0.043
2 2 11,154 2778 8376
3 il 11.154 5.000 6.154

(¢) Suppose that a sample of observations resuits in the standardized observaticon vector ¥ = [2, 2, 1].
Caleulats the value of the T° statistic. Is an out-of-control signal generated?

The sample size is # = 1; use equation for individual cbservations {text p. 522).
. 2| |0 1 08 o0s8|ffz2] [0
IP=(y—p)s™' (y—p)=i{|2|-[0i[|0.8 1 08|{2]|-|0]|=21.800
1 |0fJl08 08 i] [0
Since {T" = 21.800) > (UCL = 7.815), 2n out-of-control signal is gencrated.
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(F) For the case in (g}, calculate the diagnostic quantities dp i =1, 2, 3 from the equation 10-22. Does this
information assist in identifying which process veriables have shifled?

Obs., i ¥ T (from () ' d=T - T
i 2 21.800 5.000 16.8090
2 2 21.80¢ 5000 16.808%
3 ! 21.800 4444 17.356

Since d; s relatively large for al three variables, cach variable should be investigated for contribution te the out-of-
control signal

10-13. Consider the first three process variables jn Table 10-5. Calculate an estimate of the sample covariance
matrix using both estimators §, and 8; discussed in Section 10-3.2.

The data in Table 10-5 are for » = 1 sample size; the estimators in Secticn 10-3.2 address this problem. S simply
pools all m sample observations; 5, uses differences between successive pairs of observations. There are r = 3
variables, m = 40 observations for each variable.

=¥ % %]=[15339 0104 88.125]

!
| - o af[m] e[ 15.339 4440 006 5395
Slxmz{x,—i)(xi—i)EME 5z |- 0104 | |5, |-L 0.tod |} =|-0.0t6 0001 -0.014
=1 =l 88125} § x| |88.125 5395 —0.014 27.599

Minitab Solution:

Tabl0-5x Tablo-5x  Tabl0-5x
Tabll-5x  4.439743
Tabl0-5x -0.016280 0.000364
Tabl0-5% 5.3594744 -0.914135 27.5993392

X2~y W fia07 12787 | [ 219

X2y 0.1-0.15 —0.05
32 X5y 96-91 | -1
v, -} xa—ma | 15.437;4.97}’ 046 T
vol Ve[| sl [ |msmna | ||| 007-0 | ofj00

=12 50-90 | b
Via ] [Supan =T : : ;

| 17162814747 1.547

T4 ¥
Xy40— T2 0.13-0.07 0.06
L X340~ %339 L 86—84 1t 2 i
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121101 —0.256 43.720 1553 ~0003 -0.561
V'V ={ 0256 0071 0.950 5 =% vy =|-0.003 000t 0012
43720 0950 S87.000 (=0 gs61 0012 7526

10-15. Suppose that there are p = 4 quality chamacteristics, and in correlation form a1l four variables have variance
unity and alf pairwise correlation coefficients are 0.75. The in-contrel vakue of the process mean vector is
r=1{0, {,0, 03, and we want to design an MEWMA control chart to provide good protection against a shift
to a pew mean vector of y*=[1, ¢, i, 1]. If an in-control ARE, of 200 is satisfactory, what value of A and
what upper control limit should be used? Approximately, what is the ARL; for detecting the shift in the
mean vector?

p= 4 ]
mu' = 4 [ 4] 0
Sigma = 1 G.75 0.75 0.75
0.75 1 0,75 075
.75 0.75 1 0.75
G.rs G.75 0.75 1 -
Sigma-i = 3.0769 -0.9231 -0.9231 -0.9231
-0.9231 3.0788 -0.9231 -0.9231 -
-0.9231 -0.923% 3.0769 09231
-0.9231 09231 -0.9231 3.0769
y' = 1 1 1 1
y = 1
1
1
1
y' Sigma-1=  0.308 0.308 0,308 0308 |
y' Slgma-1y= 1,231
delta = 1.10%
ARLO = 200

From Tabig 10-3, select (lambda, H) pair that closely minimizes ARL1.

delta = 1 15
lambda = 0.1 0.2
UCL=H= 12,73 13.87
ARLY = 12,17 6.53

Select A= 0.} with an UCL=H= 12,73, This gives an ARL, between 7.22 and 12.17.
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10-17.  Suppose that there are p = 2 quality characteristics, and in comelation formn all four variables have variance

H N : N N i For Response y¢
unity and ail pairwise correlation coefficients are 0.8. The incontrol value of the process mean vector is g*

= [0, 01, and we want to design an MEWMA contrel chart to provide good protection against a shift to a The regression equation is
new mean vector of ¥ = [L, 11 ifan in-control ARL, 0f 200 is satisfactory, what value of A and what upper Tabl0-5yl = 826 + (.474 TablC-5x1 + 1.41 Tabl0-5x2 - ¢.117 Tablo-5x3
comtrol litnit should be used? Approximately, what is the ARL; for detecting the shifi in the mean vector? - 0.0824 Tabl0-5x4 - 2,33 TablG-5x5 - 1.30 Tabl0-5x6
+ 2.18 Tabl0-5x7 + 2.98 Tabl0-5x8 s+ 113 TablC-5x9
p= z t Predictor Caoef SE Caoef T r
—— 0 3 Constant 825.8% 35.14 23.50 0.000
Tzb10-5x1 0.47410 0.089038 5.25 0.000
Sigma = 1 0.8 Tab10-5x2 1.413 6.250 0.23 0.423
0.8 1 Tabl-5x3 ~-0.11684 0.03511 -2.99 0.008
Tablo-5x4 -0.08237 0.02838 -2,90 0.007
Stgma-1 = 277178 -2.2222 Tabl0-5x5 -2.392 2.471 -0.97 0.341
-2.2222 27778 TablO-5xé -1.298 1.519 -0.85 0._400
- Tabl0-5x7 2.176 3.087 ‘0.0 G.486
y' = k] 1 Tabl0-5x8 2.9805 0.8497 3.51 6.001
v = 1 TablQ-5x9 113.22 26.12 4.33 0.000
i § = 0.8556 R-8g = 80,8% R-sgiadj) = 75.0%
y Sigma-1=_ 0.856 0556 |
— Analysis of Variance
y' Sigma-1y= 1,111 Source DF 88 M3 F B
delta = 1.054 Regression 9 92.462 10.274 14,03 0.900
Residual Error 30 21.962 0,732
ARLO = 200 Total is 114.424

From Table 10-3, select (Jambda, H) pair that closely minimizes ARLL

tand MR Chart for Ex10-19, Reslduals from Full y1 Model

delta = 1 1 15 158 z | .
fambda = a3 02 02 03 . /\
UCL=H= 864 985 965 10.08 %o \L\A/ AW /\\A,\W —
ARLY = 1015 1020 549 548 2. \a’v \/\/ L/
= a- LCL=1588
Select 1 =02 with an UCL = #=9.65. This gives an ARL; between 5.49 and 10.20. serap W = = by
10-19. Consider the cascade process data in Table 10-5. In fitting regression models to both y; and y; you will find 3 - ' * ! !
that not all of the process varizbles are required to obtzin a satisfactory regression model for the output g, wi-2en2
variables. Remove the nonsignificant variables from these equations and obtain subset regression models g /\ / \
for both yy and 3. Then construct individuals control charts for both sets of residuals. Compare them to the L Y Fay v
residual charts in the text (Fig. 10-11) and from Exercise 10-18, Are there any substantial differences | . e A AT .

between the charts from the twe different approaches to fitting the regression models?

With this many process variables, a multiple regression analysis package must be used. MINITAB™, IMPY and
STATGRAPHICS® Plus are three available software packages. The results below were obtained with MINITAB™
Relesase 13.1.

Observation 25 signals cut of controt on the Individuals chart, and subsequently observation 26 signals out of control

on the Moving Rangs chart.
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Remove insignificant variables, x;, x5, x5, and x; from consideration and re-fit the regression medel in varizbles x|,
X1, X3, X5, and Xg.

The regression equaticn is
TablD-Syl = 81% + 0.431 Tabl0o-5x1 - 0.124 TablQ-5x3 - 0.0%15 Tabl0-5x4
+ 2.84 Tabl0-5x8 + 115 Tabld-5x2

Predictor Coef SE Coef T P
Constant 818.80 29.14 28.10 ¢.000
Tabl0-5x1 0.43080 0.08113 5.31 G.000
Tabld-5x3 -0.12396 0.03539 -3.51 ¢.001
Tabl0-5x4 -0.09146 0.02438 ~3.75 ¢.001
Tabi0-5x8 2.6367 0.7604 3.47 0.001
Tabld-5x% 114,81 23,65 4.85 0.000
S = 0.8302 R-5g = 79.5% R-Sg{adj) = 7&6.5%

Analysis of Variance

Source or &8 ME F P
Regression 5 80.5%¢C 18.1498 25.40 0.co00
Reaidual Error 34 23.434 0.689%

Total 39 114.424

| and MR Chart for Ex 10-19, Residuals from Subset y1 Model

2 — ij\ A2 15
£ INA
S VAL | e
g 0 Mesn=T EELL
gdw \/\/\"»J \/\J (Ve
& 5 ] 1G22 1
Scbgrap ; é m é é

3 o
o T
g * /\
% T \j 7 \b’Jlﬂ\ Fentatd
I B~ NV A ARV VAl b

(fbservation 25 signals out of control on the Individuals chart, and subsequently observation 26 signals out of control
on the Moving Range chart.
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For Response y;:

The regression equation is

Tabl0-5y2 = 215 - 9.666 Tabl0-5x1 - 11.6 Tabl0-5x2 + 0.435 Table-5x3
+ 0.192 Table-5x4 - 3.2 Tablp-5x5 + 0.73 Tablo-Sxé
+ 6.1 Tabl0-5x7 + 10.9 Tablo-5x8 - 215 TablQ-5x9

predictor Coef SE Coet T P

Constant 214.6 153.1 1.449 C.171
Tabl0-5%1 ~0.66592 0.3935 -1.69 ¢.101
Tabl9-5%2 -11,83 27.22 ~0.43 G.672
Tabl0-5x3 0.4346 0,1704 2.55 ¢.016
Tabl0-5x4 0.1522 7.1236 1.55 0.130
Tabl0-5x3 --3.24 190.76 -0.30 0.768
Tabl0-5x6 0.728 5.615 0.11 0.912
Tabl0-5x7 6.12 13.4% 0.46 0.652
Tabl0-5x8 10.%922 3701 2,85 0.006
Tabl0-5x% -212.1 113.8 ~1.89 0.0868

8 = 3.727 R-8q = 68.0% R-8g{adj] = 58.4%

Analysis of Variance

Source DF £s ME F P
Regression 9 886.87 98.54 7.10 Q.000
Residual Error 30 416,63 131.88

Total 39 1303.50

I and MR Chart for Ex 10-18, Residuals from Full y2 Mode!

§
5 ueLEs 57
R
R
° — = Kex= [ LE 15
TN \VAwy Y.
z L] .
-
= 4 IR
{4“1 T T T
Sugop O i) k) 33 L]
I . P .
o ! wasaerz
§ .
=
g N
§ Re247m)
8 — o=z

Chservations 7 and 24 out of control on the Individuals chart, and cbservation 26 signals out of contro} on the
Moving Range chart.
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Remove Insignificant variables, x;, Xa, X1, %3, %, and x; from consideration and re-fit the regression model in
variables x3, x3, and x5.

The regression equation is
Tabl0-5y2 = 260 + 0.311 Tabl0-5%3 + 12.9 Tabl0-5x8 -~ 249 Tabl0-5x%

SE Coef T ‘P

Predictor Coef

Constant 260.0 106.2 2.45 0.018
Tablo-5x3 0.3108 ¢.1528 2.04 0.049
Table-5x8 12,902 3.433 1.78 0,001
Tabl0-5x%9% -248.87 87.40 -2.85 0.Q007

8 = 3.816 R-8q = 59.8% R-Sgl{adj) = 56.4%

Analysis of Variance

Source DF 58 Hs F P
Regression 3 779.27 259.76 17.84 0.000
Residual Error £l §24.23 14.56

Total g 1303.50

[ and B4R, Chart for Ex30-19 Reslduals from Subset y2 Madel

0 —
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19-21. Consider the p = 4 process variables in Table 10-6. Afier applyfng the PCA procedure to the first 20
observations data (see Table 10-7), suppese that the first three principal components are retained.

(a) Obtain the principal component scares. (Hint: Remember that you must work in standardized varizbles.)

The results below were obtained with JMP®, Version 4, To work in standardized variables in JMP, use the principal
components oa correlations.

x1 x2 x3 x4
x1 1.0000 0.9302 0.2060 {.3595
x2 0.9302 1.0000 01689 0.4502
x3 0.2060 0.1669 1.0000 0.3439
x4 03595 04502 0.3438 1.0000

ElgenValue Percent Cum Percent

. 1 LCLer 59
g N;J\AVAVN\/\ N o | s
% \\/ \kJ/’«‘/\/ [IEXE -
sor ;A P P4 a

o 10—' . ] 1 I ' el 3n
g,

2 /\ /\ /\ A FAN P,

- AV A ALY VAN

Observations 7 and 24 out of control on the Individuals chart, and observation 26 signals out of contrel on the
Moving Range chart,

For response y,, there is not a significant difference betwsen control charts for sesiduals from either the full (no out-
of-contro] observations) or subset {observations 25 and 2§ are 00C) regression medel.

For response yi, there is not a significant difference between control charts for residuals from either the full
(observations 7, 18, and 26 are QOC) or subset (observations 7, 24, and 26 are OOC) regression model.

2.3181 57952 §7.852
1.0118 25295 B3.247
0.6088 15221 98.467
0.0613 1.533 100.000
Eigenvectors -
x1 0.52410 -0.33393 0.25699 0.68519
x2 0.60704 -0.32960 0.08341 -0.71826
x3 028553 0.79369 053368 -0.06092
x4 0.44386  0.38717 -0.80137  0.10440

The first three eigenvalues sum to more than 90% of the variability, so use three principal components.

PRIN1 PRIN2 PRIN3 PRIN1 PRINZ PRIN3
0.291681 -0.6034 0.024961 0.944697  0.504711  0.179755
0.294281  0.491533 1.23823 -1.2195 -0.08129 111787
0187337  0.840837  -0.20787 28608666 -0.42176  -1.19166
0.83¢022  1.469579 0.03928% -0.12378  -0.08767  -0.19592
3.204876  0.879172  0.124203 -1.10423 1472593 0.012988
0.203271  -2.29514  0.625447 -0.27825  -0.94763  -1.31445
-0.99211 1670464  -0,58815 -2.65608  0.135288  .0.11243
-1.70241 036089 1.821569 2.36528 -1.30494  0.322855
-0.14246  0.560808 0.231003 0411311 -0.21893  0.644795
-0.99498 031493  0.3318641 -2.14662  -1.17849  -0.86838
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(b) Construct an appropriate set of pairwise plots of the principal component scores.

Perform a multivariate analysis on the principal components scores and examing the scatterplot. C H A PT E R 1 1

Engineering Process Control and SPC

(¢ Calculate the principal component scores for the fast 10 observations, Plat the scores oa the CHAPTER GOALS

charts from part (b) and interpret the results,

After completing this chapter, you wilf be able to:

1. Describe the EPC approach to variability reduction.

PRIN1 PRIN2 PRIN3 4 2. Explain the components of an integral contro! process adjustment scheme:
b >  Weighting factor, A
0.074126  0.239359  0.039691 ! ot g )
151756 024121 -1.789T71 ] > Process pain, g
1408476  -0.87591  3.300787 i ¥ Target, T
6.208001  -3.67398  2.172434 . i
» St X,
3.802025  -1.99584  2.268171 3 T T » % poit
490673 273143 1540329 [P N R SR Disturbance, N
2 738820 -1.37617  -1.41462 +] \\ R . L - /j N 3. Construct and apply a bounded adjustment chart, and understand the meaning of \he boundary value £..
4958747  -3.9485%1  2,166644 n e Y 4, Discuss the infegration of EPC with SPC.
5678092  -3.85838  0.125901 o 5 +
3.369657  -2.10878  0.891978 3 L
e R
od{ T} k‘-"‘"‘lj P
i R e
a

Several of the new observations (21—30) f21] outside the confidence ¢llipse based on the first 20 observations.
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Exercises

11-1.  Ify, are the observations and z, is the EWMA, show that the following relationships are true.-

@ z,—z,,= Jl()’, '—21—1)

¥; observation, z,= EWMA statistic

g =y, + (-2},

5 =Ay, +z2,, -4z,
zmr =AY ta —z Az
Z~z  =Ay,—dz
A= j'()'r -z}

(b) & —Q=Aye =3~ 5a

Z,_ — 5 =Aeg (asa result of pant (a))
Iy —Eatig e )= Ao, He —e.)
T te =T~ =g —(1-A)e

Y- Y= (-,

11-3,  Consider the data in Table 11-1. Construct a bounded adjustment chart using A= 0.4 and L = 10. Compare
the performaace of this chart to the one in Table £1-1 and Fig. 11-12.

Given the weighting factor is 4 = 0.4 and the boundary value is L = 10. Assume the target for the process variable is
T= 0 and the process gain is g = 0.8 {from Section 11-2.3).

Torig Output = 1724, 850,50 Gupr = 21,468

The method for determining the Adjusted Process Output is a little tricky. N, represents the disturbance in the
Original Process Output, &, = x, ~ x,,. Once the process is re-sct, the Adjusted Process Cutput at a single
observation (Adj Out_t) is the previous output (Adj Qut_t at #-1), plus tae disturbance (M), plus the adjustment
made {Adj Obs_t+1 ai £-1). Under real-time monitoring, it would pot be necessary 1o meke ihis typs of correction
to the observed Process Cutput,

At each observation, predict ¥, using an EWMA. If the forecast is less than or equal to L, no adjustment to the
manipulatable variable is made, 1f the forecast is greater than L, then an adjustment is made in the usual way. Thus,
process adjustments are only made in the periods for which the EWMA forecast is outside the + L bounds,

Engineering Process Control and SPC 11-3

Obs Orig Out_Orig Ni_Adj Oul_t EWMA_t IEWMA 1]>L? Adj Obs t+1 Cum Adj

i Y 0
2 16 18 16 6.400 no 0.0 0.0
3 24 8 24 13.440 yes -12.0 420
i+ 29 5 29 11.600 yes 4.5 265 |
5 34 5 18500  7.800 no 0.000 -26.500
48 12 9 0.625  -3.807 no 0.000 -23.375
49 3 -9 -8.375  -5.588 no 0.000 -23.375
50 12 9 0625  -3.163 no 0.000 -23.375

* Process is re-set after observation 4. Use original disturbance M, to determine adjusted process output.

Bounded Adjustrment Chart for Ex 113

o
LS
Ad|uotmant Scale

1 B 1" 16 Fal Fo 31 k] 41 44
Obs

[ +—Dig ot wAlodt —e-EWMAL —eAd Obst+1 |

gy s = 1.615, 88 15 e = 6344

E1-5,  The Variogram. Consider the variance of observations that are m perieds apari; that is, ¥, = F(yem — ¥
A graph of F,/¥ versus m is called a variogram. It is a nice way to check a data series for nonstationary
(drifiing mean) behavior, Ifa data series is completely uncorrelated (white noise) the variogram will always
produce a plot that stays near uaity. If the data serjes is autocorrelated but stationary, the plot of the
variogram wili increase for a while bui as m increases the plot of ¥, /%, will gradually stabilize and not
increase any further. The plot of ¥/, versus m will increase without bound for nonstationary data. Apply
this technique to the data in Table 11-1. s there an indication of nonstationary behavior? Caleulate the
sample autecorzelation function for the data, Compare the interpretation of both graphs.
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11-6.  Consider the observations shown in the following table. The target value for this process is 200.

¥ = "“{(Yn—l —y orallz=1, ..., 49] (a) Set up an integral controller for this process. Assume that the gain for the adjustment vadable is g = 1.2

=va,[(}‘1u Y0533 =2 )seees (50— ).49)} an:d assume that A = 0.2 in the EWMA forecasting procedure will provide adequate one-step-ahead
=var[(16-0),(24-16),....(2-3)} predictions.
=147.11 “Qrig_oul” is the reading y,, “Orig_MNt" is the disturbance A, “Adj_oui_t" is the adjusted output (previous adjusted
Letpericd m=1, output, pius disturbance, plus adjustment), “Adj_Cbs_t+1” is the adjustment to subsequent outpus), “Cum_Adj” is
the curmulative adjustment to the process,
t Yt m->1 2 3 4 5 8 7 8 ] 10 260 25 30 35
p o Obs,t Orig_out Orig_Nt Ad} out_t Ad] Obs t+1 Cum_Adj
2 i6 16 1 2158 0.0
3 # 8 M [ =2 1958  -200 1958 0.7 0.7 |
4 2 5 1B 2 3 1913 45 1820 13 20
1 5 4 5 10 18 34 4 185.3 -6.0 187.3 2.1 4.1
o 6 24 -0 5 0 B8 24 5 216.0 30.7 2201 -3.4 0.8
7 31 7 3 2 7 45 3
| 8 % -5 =2 & 3 2 o = 48 1332 7.0 195.9 0.7 83.4
' 9 ® 2 7 14 4 8 u = 3= 49 1450 118 2084 14 62.0
: 10 29 -9 2 -5 0 5 13 2% 50 128.5 -15.5 1915 1.4 63.4 ‘
! * Process is reset. Use original disturbance N, to determine adjusted process cutput.
48 9 a1 22 4 24 -8 -3 2 A7 M 37 ;W 35 23 M
: a7 3 12 4 40 2 4z 5 A s 5 8 13 49 38 23 e Contret o e 1500
B 48 12 g 21 -10 - 7 3 3 8 1 4 5 3 24 -1 - -
i 49 a9 o 12 a8 ¢ 2 A2 -6 4 8 3 3 26 3
50 12 9 0 9 21 -0 -1 7 3 3 8 4 5 A4 12 e R
’% = o
B Varm= tA7.11 17572 147.47 179.02 136.60 15139 16243 20153 13870 19218 236.95 22239 195.36 221.81 - .
] Var miar 1= 1000 1485 1.002 1217 0.929 1020 1104 1370 0943  1.306 1624 1512 1328 1.508 RN A R A_». . _ Al i
1 pm Samipla AGF for Table 111 Osiginal Process Qutput N =~ RNW‘VA AV VV\/\(T\ é
‘ 3= w d E Y -/" A Vi )
T B STV YA T
. /\ S - e i A I AT I v\/ "
‘ e s : g B TV SN i ey
. 2 53 . , _ .
e _Af\vj\f\) \'/ T T T 1 s " “ » D::. H = " =
; { +oa= At an1 —a bk Gl |
i 1. W o T @ g Gw T D
1 T ds e mn 1 4% wR sn
; Jih is ma 0 aa em em (b) How much reduction in variability around the target does the integral controller achieve?
T s T rmEE ora e
P s im ua Unadjusted  Adjusted
S8= 1,323,871.8 1,818,510.3
The variogram increases then stabitizes near 1.3, indicating that the data series is autocorrelated but stalionary (mean \?::;Tli‘: == ;g;g 123;

does not drift). The slow decline in the sample ACF also irdicates the data are correlated, L L. —
There is a significant reduction in variability with use of an integrat control scheme,
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(c} Rework perts (a) and (b) assuming that 1= 0.4. What chenge does this make in the variability around [1-7.  Use the data in Exercise 11-6 to construct 2 bounded adjustment chart. Use A = 0.2 and set I = 12. How
the target in comparison to that achievad with A = 0.2? does the bounded adjustment chart perform relative to the integral contzol adjustment procedure in part
T=200,A=04,g=132, (a) of Exercise 11-67
Obs,t Orig_oul Orig_Nt Adj out t Adj_Obs t+1 Cum_Ad] The solution is similar to that for bounded adjustment chart in Exercise 11-3, with T=200, =02, L= 12,g=1.2.
1 2358 0.0
[ =2 185.8 -20.0 195.8 1.4 14 | Obs Orig_out Orig_Nt Adj out t EWMA_t {EWMA t]>L? Ad] Obs_t¥1 Cum_Adj
3 1913 4.5 1827 24 38 1 215.8 o
4 185.3 -6.0 182.1 38 7.8 [ *2 195.8 -20 126 39.160 yes 0.7 0.7 |
5 216.0 30.7 2235 -7.8 04 3 191.3 -4.5 182.000 38400 yes 1.3 2.033
4 185.3 -6 187.333 37467 yes 2111 4.144
48 133.2 7.0 2034 -1.1 69.0 5 216.0 307 220144 44,029 yes -3.357 0.787
49 145.0 11.8 214.0 4.7 64.4
50 129.5 -15.5 193.9 2.0 66.4 48 133.2 7 195894  39.179 yes 0.684 63,379
* Process is reset. Use original disturbance M, to determing adjusted process output, 49 145.0 11.8 208.379 41676 yes -1.396 61,982
50 129.5 -15.5 191.482 38,206 yes 1.420 63.402
Itegeal Carteot ot Ex 1456] * Process is reset. Use original disturbance &, to determine adjusted process output.
EEE) Yy
Branded Adpaydreest Chat For Ex 157 -
1 =a
2
=1 =1 ]
- Fia]
!- Rl R0,
1 3 39
! P XQAWVQ&%A,WW.H i
' 1 - 13
. " I’L . 1 %
ma Ay, M‘v V\/\__f\ i i AN A A j\-sq 5, . A 3
A, n ~ v vl
. 11 ¥ V\v/ﬂ\ ! - L\K\W ,VK W VV\/\’/' w3
it [T =3 ¥ V M\/ v '
b 122 \'M s AL o
; . _ - _ A
T & " i i & E £ " L e it
: [-oIN]
4 [ ——an= TR A G & na
] 1 [ Ll k] n & " k] 41 £
2 [omer ™ Sraa ey —a-Exras s A% G=ua |
i Unadjusted Adjusted
) 58 = 1,323,871.8 1,888,995.0 Original  Adjusted
; Average = 161.3 195.9 8§ = 1,323,872 1,818,510
| Variance = 467.8 164.0 Averaga= 161.304 192.237

Variance = 467.8 160.9

| The variances are approximately the seme for each integral adjustment contro} scheme,
! The behavior of the bounded adjustment control scheme is similsr to both integral control schemes.
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11-8.  Rework Exercise 11-7 using A= 0.4 2nd L = 15. What differsnces in the results are obtained?

The solution is similer ta that for bouaded adjustment chart in Exercise 11-3 with T= 200, A=0.4,L=15,g=1.2

Obs,t Orig_out Orig Nt Ad]_out_t EWMA_t |[EWMA_tL?7 Adj Obs_t+i Cum_Ad}

1 2168 0
[z 1858 -20 196 78.320 yes i4 14|
3 1913 - 45 192700  77.080 ves 24 3.833
4 185.3 6 189133 75.653 yes 3.622 7.456
5 2160 307 223456  89.382 yes -7.819 -0.363
48 1832 7 203360  81.344 yes 1120 69.040
. 49 1450 118 214040 85676 yes -4.680 84.360
: 50 4205 -165 193860 77544 yes 2047 66.407

* Process is reset. Use original disturbance Nt to determine adjusted process output.

4 Bomded Afjustment Chast for Ex 14

= =0

i b o3

: - wa

J g

o e

3 40 g

B 3 w §

4 i

i - 3 . JA 7 ) w3

i UAGSAAVARAAV.S4 VNN

b ¥ V\,/ Mas
20

i 28
=3 W%%&V'VWA‘ 0
seb— — 0

gEnL

Eoam i e e G|

o Original  Adjusted

| §S= 1,323,872 1,888,995
! Average=  161.304 195.934
! Variance=  467.81 164,02

Behavior of the hounded adjustment control scheme is similar to both integral contrel schemes.

CHAPTER 1 2

Factorial and Fractional Factorial
Experiments for Process Design and
Improvement

CHAPTER GOALS

After completing this chapter, you will be able to:
1. Ucderstand guidelines for defining, pedforming and analyzing desipned experiments
. Design and analyze one factor, factorial experimcnts'
. Design and analyze two factor, factorial experiments, incleding an interaction
. Perform residual aralysis for checking assumptions and model adequacy
. Design and analyze 2* factorial designs

. Use centerpoints to augment experimental designs to check for model curvature

P IR~ SN . S-S PRI N

. Design and analyze fractional 2°7 factorial designs
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Replicate Replicate
Exercises Treatment Comblnation I I Treatment Combination I B 1}
L . . i X . [4)] 150 193 d 198 195
12-1 An article in Industrial Quality Control (1936, pp. 5-8) describes an experiment to investigate the effect of P 174 178 ad 172 176
glass type and phosphor type on the brightness of a television tube, The tesponse measured is the current B 181 185 bd 187 183
necessary (in microamps) to obtain a specified brightness level, The data are shown here. Anatyze the data ab 183 180 abd 185 186
and draw conclusions, e 7 178 od 199 190
ac 241 180 acd 179 175
Glass Type be 188 182 bed 187 184
Glass Type 1 2 3 abe 173 170 abed 180 180
1 i) 300 29
0 D :f:c:::ssar A Normal Dfﬂ]
29 310 28
0 5 . .
28 295 29 W e
5 0 3 - Lt
2 23 260 22 i
1] 0 [
23 240 22 LA
5 5 5 =l 9,
24 235 23 s Mec /
1] ] 3 /
Response: Current
ANOVA for Selected Factorial Modet oo
Analysis of Variance table [Partial sum of squares] Erect
Sum of ean F From magnitude of effects, 4 {type of sweetner) is dominant, along with interactions involving ratio of symp to water
Source Squares DF Square Value Prob>F ) (4BC, ABD, AB), and D (temperature). A hierarchical modzl should be built to include all main factors in the
Aode! 15516.67 k) 3103.33 38.50 < 0.0001 significant interactions.
A 144306.00 i 14450.00 273.7% < 0.0001
B 93333 2 466.67 8.84 2.0044
Response:  Taste Score
AR 113.33 2 66.67 1.26 0.3178 Hierarchical Terms Added after Manual Regression
Pure Error 633.33 12 32.78 B CAC AD BC BD
Cor Total 16150.00 7 ANOVA for Selected Factorial Model
Std. Dev, 726 R-Squared 0.9508 Analysis of »'ar]ance.st::!le‘)EPartnai sum ;i:;;:ares] .
Mean 26333 PAdé ]}i‘g’q“a rag g;ﬁ; Source Squares DF  Sguoare Yalue  Prob>F
C.v. 276 red R-Square - Mode! 12059 1 129.14 1249 <0.000!
PRESS 1425.00 Adeq Precision 18.27% A 637.03 ] 857.03 61.52 < 0.009]
Lo R L. . A B 1378 { 13.78 1.33 0.2620
No indication of interaction. Glass type (4} and phosphor ype (B) significantly affect television tube brightness, c 57.78 i 57.78 5.59 0.0283
The Prob>F statistic for 4 and B are less than 0.05, oran a=0.5. D 7124.03 i 124.03 11.99 0.0025
_ K AB 132.03 1 132.03 12.76 00059
124,  Four factors are thought to possible jnfluence the taste of a sofi-drink beverage: type of sweetener (4), ratio AC 3178 1 198 0.37 0.5522
of syrup to water (B), carbonation level (C), and the temperature (D). Each factor can be run at two levels AD 3828 1 2828 370 0.0687
producing a 2' design. At each run in the design, samples of the beverage are given to test a panel BC 253 1 253 0.24 0.6262
consisting of 20 people. Each tester assigns point score from 1 to [6 to the beverage. Total score is the BD 0.28 i 0.28 0.027 0.8767
response variable, and the objective is to find a formulation that maximizes tofal score. Two replicates of
this design are run, and the results are shown here. Analyze the data and draw cenclusions.
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ABC

ABD
Residual
Lack of Fit
Pure Error
Cor Total

Std. Dev.
Mean
C.V.
PRESS

215.28 1 215.28
175.78 H 175.78
206.88 20 10.34
84.38 L4 21.09
122.50 16 7.66
162747 31
322 R-Squared
182.78 Adj R-Squared
L.76 Pred R-Sguared
529.60 Adeq Precision

20.81
16,99

2.76

0.0002
0.0005

0.0644

0.8729
0.8030
0.6746

13.646

12-5.  Consider the expsriment in Exercise 12-4. Plot the residvals against the factor levels 4, &, Cand D. Also

censtruct a normal probability plot of the residuals, Comment oa these plots.
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12-5

There appears to be a stight indication of ineguality of variance for sweetener and syrup ratio, as well as a slight
indication of an outlier, This is not serious enough to warrant cencern.

12-6.  Find the standard emor of the effects for the experiment in Exercise 12-4. Using the standard errors as a
guids, what factors appear significant?

a
- .
] g
] a
gl
" a
et 3
a -
- I
ERTE L
-3

RETo Syp

Residuals vs. Temperabra

CoefTicient Std

5% C1 95% CI
Factor Estimate DF Error Low High
Intercept 182.78 i) 0.37 181,60 183,97
A-Sweetener -4.53 1 0.57 -5.72 -3.35
B-Syrup ratio -0.66 i 0.57 -1.84 0.53
C-Carbonation -1.34 I 0.57 -2.53 -0.14%
D-Temperanmre 197 I 0.57 078 3.15%
AB 2.03 i 0.57 0.85 3.22%
AC 0.34 ! 0.57 -0.84 1.53
AD -1.0% I 0.57 -2.28 0.092
BC -0.28 1 057 . -1.47 .50
BD -0.094 1 0.57 -1.28 109
ABC -2.59 1 0.57 -3.78 -1 4I*
ABD 2.34 I 0.57 1.16 333+

E)
s
T
2 5
E a
; i
st r
]
Hi B

Temperakire

The mtie of the cocfficient estimate to the standard error is distributed as 7 siatistic, and a value greater than
approximately |2 would be considered significant. Also, if the confidence intervat includes zero, the factor is not
significant. From examination of the above table, factors 4, C, D, 4B, ABC and ABD appear to be significant.
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12-7.  Suppose that only the data from replicate T in Exercise 124 were available. Analyze the data and draw
appropriate conciusions. ABCDE Treatment
s c o . ]n!er:ct.io Camblratio Block
Response:  Taste Score -1 - 5 1 3 ] (?) Ajﬁl;m&m
ANOVA for Selected Factorial Medel 1 -1 -1 -1 -f 1 a 2
Analysis of variance table [Partial sum of squares] K] 1 1 1 a 3 c 2
Sum of MMean F 1 1 -1 -1 -1 -1 ab 5
Source Squares DF Square Value Prob>F -1 B 1 - - 1 e 2
Afodel 400.00 7 460.00 10.00 0.006% 1 -1 1 -1 -1 -1 ac 1
A 400.00 1 400,00 16.00 0.0069 - 1 1 -1 A -1 e 1
Residual 358.73 14 39.98 1 1 1 -1 -1 1 abe 2
Cor Total 959.75 15 - -1 -1 K -1 1 d 2
1 A B 1 T A -1 ad 1
B 5id. Dev, 6,32 R-Squared 0.4148 -t 1 - 1 -1 A hd 1
1 Mean 183,38 Adj R-Squared 0.3751 1 1 -1 1 -1 1 abd 2
; Ccv. 345 Pred R-Squared 0.2382 - - 1 1 -1 -1 od 1
i PRESS 731.10 Adeq Precision 4.473 1 -1 1 1 -1 1 acd 2
: -1 1 1 1 -1 1 bed 2
Coeffictent Std 95% CI 95% CI B K sbod !
Factor Estimate DF Error Low High .4 A e i 1 4 e ]
Intercept 183.38 J) 1.58 179.98 186.77 A 1 4 1 1 4 be ;
A-Sweetener -5.00 I 1.38 -8.39 -1.61 1 1 -1 -1 i 1 abe 2 ;
CESIGNEAFERT Piat Nomal plot ofresideals CESGREXFERT Pizt Hesiduals vs. Pradicled 1 -1 ! -1 T - ce 1
Tage Seam Tags $eem 1 -1 1 1 1 1 ace 2
rons H -1 1 1 -1 1 1 bee 2
" 1 1 1 -1 1 -1 abca 1
3 " /!' vl ® -1 -1 -1 1 1 E dz 1
2. e ; S o :
2 n = 2 a o - - la
E “ ,,nvB EPe T H 1 -1 1 1 -1 abda 1
s u 5 g é ® -1 -1 i 1 1 1 ede 2
E = o . 1 -1 1 i i -1 acde 1
z ':- /,-n e - 1 b 1 4 4 beda 1
! § . e 1 1 1 1 1 1 abede 2
Z N — [ Biock 1 Block 2
i [PLEL P S P [ S N 0 P p -
: Residuat Frediies ab be L4 abe
: ac ce ¢ ace
i 12-9.  Show how a 2° experiment coutd be set up in two blocks of 16 runs each. Specifically, which runs would be abee abe bee
f be made in each block. ad de d ade
L bd abde abd bde
A 2% design in two blocks will lose the ABCDE interacéion 1o blocks. Cempute the cantrast for the ABCDE Z‘f a, gﬁje acd  cde
interaction. Where the interaction is at the low level, assign those treatment combinations to Black 1. Where the abe i bed abede
: interaction is at the high level, assign those treatment combinations to Block 2,




12-§ Factorial 2nd Fractional Factorial Experiments for Process Design and Improvemsnt Factorial and Fractional Factorial Experiments for Process Design and Improveogt 12-11

12-11.  Anarticle in /ndustrial and Engineering Chemistry (“More on Planning Experiments to Increase Research CERGHEXPERT Piot Mosmat plot
Efficiency, * 1970, pp. 60-65) uses a 2 77 design to investigate the effect of A = condensation temperature, s
B = amount of material 1, C = solveat velume, D = condensation time, and £ = amount of matesial 2, on il =
yield. The results obtained ase as follows: bl i =
E-A-tlagd 2 " “/
e=232 ad=16.9 ed=23.8 bde =168 E - ,"
ab=155___ be=162 ace=234  abede=18.1 i 5.
a 8
(a) Verify that the design generators used were § = ACE and I = BDE, zg : - )
L -
From Design Expert, Design, Evaluation: .
Factorial Effects Diefining Contrast
1= ACE = BDE = ABCD L e A
() Write down 2 complete defining relation and the aliases from this design. £
Response: Yield
Factorial Effects Aliases ANOVA for Selected Factorial Model
[Est, Terms]  Alfased Terms Analysls of varlance table {Partial sum of squares]
[Intercept] = Intercept + ACE + BDE Sum of Mean F
[A] =4 + CE + BCD Saource Squares DF Syuare Value Prob>7¥
[B] =B+ DE + ACD Model 79.83 3 1397 3.22 0.2537 not significant .
[C] = C+ A + 48D 4 4.65 1 4.65 0.94 0.4349
[D} =D+ BE  ARC B 33.56 1 53.56 10.81 0.0814
[E] =E+AC+ BD C 10.35 ! 10.35 2.09 0.2853
= D 0.91 ! 0.9} 0.18 0.7098
BC] =BC+ AD + ABE + CDE
g E 1035 1 1035 2.09 0.2853
. " Residual 2571 2 4.96
{c) Estimate the main effects. Cor Total 80.74 7
Aodel .y Terrm Effect SumSqr % Contribtn () Plot the residuals versus the fitted values. Also constuct a normal probability plot of the residuzls.
062 Alercep Commeat on the resulls.
Error A -1.525 4.65125 3.1831
Model B -5.175 53.5613 59.6858 S ] -
Ervor c 2275 103513 115349 Tea STTES Reslduslsys Prodicied  EReTETON Nomal plolof residuals
Error D -0.675 0.91125 101545 e .
P Error E 2275 10.3313 11,5349 7
< Error AB 1.825 6.66125 7.42294 a1 . T '
Error AD -1.275 3.25125 3.62302 § . ~a
; 2 [ E 2 = g -~
: H [ '
(d) Prepare an analysis of variance table, Verify that the A and AD interactions are available to use as H N . g e "
EfTor. : § 2t
ard L
From the normal probability plot of effects below, the main effect 2 is the only significant effect; hence AR and 4D A
¢an be used as emor. 1a] o
! » LR B S
Precicted Resial
E The residuals appear to be satisfactory.
1
X i
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12-13. Reconsider the data in Exercise 12-12. Suppose that four center points were added to this experiment. The

molecular weights at the center point are 90, 87, 86, and 93.

Problem 12-12 A 2* factoral design has been run in a pilot plant to investigate the effect of four factors on
the melecular weight of a polymer, The data from this experiment are as follows {velues are coded by

dividing by 10).

(a) Analyze the data as you did in Exercise 12-12, but include a test for curvature,

{=88
a=80
=389
ab =87
c=86
ac=8l
bo= 82
abe =80

d=88
ad=3§1
bd=85
abd =86
ed=385
acd=T9
bed= 84
abed =§1

Factorial and Fractional Factorial Experiments for Process Design and Improvement 12-11

Response:  MolecularWt
ANOQOVA for Selected Factorial Model
Analysis of variance table [Partial sum of squares]

BESIGMN-ERPERT Pist

Myentafth

[

Nofmal % probeblliy
wid NE B dB B R

Nomal piot
LT
A
5
I"'P.’B
A
K
Gc/
L
e
T T T T T
L O Y
Efect

Effects 4, C, AB, and BC are significant. Effect B is included due to hierarchy.

Sur of Mean F
Source Squares DF Square ValueProbh>F
Mode] 13250 ° 5 26.50 7.10 0.0021 sigrificant
A 36.25 1 56.25 I5.08 20019
B 4.00 1 4.00 147 03193
C 36.00 i 36.00 2.65 00083
AB 20.25 i 2025 343 00386
BC 16.00 1 16.00 4.29 0.0388
Curvature 88.20 i 88.20 23.64 0.0003 significant
Residwal 48.50 13 373
Lack of Fit 18.50 1 1.85 .19 0.9820 not significant
Pure Error 30.00 3 10.00
Cor Total 269.20 19
ESGNEEAT it Normal plot of residuals CESTREXPERT Pict Reslduals vs. Predicted
£ Octer 20 54 OZer 20 2 '
i X EF B0
978 e vd
1A
. 3 " -
2 = ‘ ] T
'E = T I' § ¥ ! 4
§ 2 B" B g LIS a .
a3 = . [»4
E :_ |l/u./‘/“ ol LY * LI
! -I/ X
3 T
LAV N S nh Ha Wy We me
Rasidus? . ’ Predicizd

Run 8, standard order 20, appears to be an outlier, This is one of the four center points, and could be the cause for
the significant curvature effect. It may be of interest to re-analyze the experiment with this run removed.

(b) If curvature is significant in an experiment such as this one, deseribe what strategy you would pursue
next to Improve your model of the process.

Augment the experiment with additional blacked runs resulting in a central compesite experiment as described in
Chapter 13,

12-15. A 2*' design has been used to investigate the effect of four factors on the resistivity of a silicen wafer. The
data from this experiment are shown here,
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4
L
t
2!
<]

Resistivity
332
4.6
32
9.6
40.6
1624
- 394
Q 158.6
3 63.4
[0 62.6
0
0

+ 4
!

+
PRI
'
===

+ 1

58.7
60.9

e~
oocoo+
cocoo+ +
SO0+ + + +

{a) Estimate the factor effects. Plot the effect estimates ona nomal probability scale.

Factorial and Fractional Factorial Experiments for Process Design and Improvement 12-13

Response:

Resistivity
ANOVA, for Selected Factorial hModel
Analysts of variance table [Partial sum of squares]

Sum of hiean
Source Squares DF Square
Model 2814298 3 938099
A 4350.58 I 4550.58
C 12892.72 1 1299272
AC 10399.68 i 10599.68
Curvature 5.61 i 5.61
Residnal 35.42 7 5.06
Lack of Fit 22.44 4 .61
Pure Eyror 1298 3 4.33
Cor Total 28184.01 11
The model is as follows:
Resistivity =
+59,95
+23385% A
+40.30 *C
+i640*A*C

F
Value
1853.95
§99.32
2567.73
2094.80
L

1.30

Prop>F
< 0.0001 significant
< 0.0001
< 0.0001
< 0.0001
0.3273 not significant

0.4327 not significant

(c) Plot the residuais from the model in part (b) versus the predicted resistivity. Is there 2ny indication on

this plot of model inadequacy?

O SGNERFEAT Pt

Rasiduab vs. Predicted

GESIEN EXFERT Pl

TFerm Effect SumSqr % Coniribin
Model Intercept .
Model A4 47.7 4530.58 16.148
Error B 0.5 0.5 0.00177406
Madel c 80.6 12992.7 46,0996
Error D -2.4 11.52 0.0408742
Error AR 11 2.42 0.00838643
Mode! ac 728 10599.7 37.6088
Error AD -2 8 0.0283849
Error Curvature 1.67432 5.60667 0.0198931
DESIGHEXPERT Fiat HNormal plot
Passhizy T
AA
&8
[
[z wid / [
z Jl 0
R 1
E o
£ o,
£
= 3
,[‘., B PR M
Efed

(b) Identify 2 tentative model for this process. Fit the model and test for curvature.

From the normal probability plot of effects, the tentative model includes the intercept, factors 4, C, and the AC
v interaction,

Fagaey

Resmeiy

Rasldunla
2

T8

Normnal plot of residuas

Notmat % probatity
4 BN E xm oA
"

»

.

Resicuat

There is no indication of madel inadequacy due to the consistency of variance.

(d) Construct a normal probability plot of the residuals. Is there any reasen to doubt the validity of the

nermality assumption?

Although the normal probability piet suggests that the tails of the distribution may be slightly “thicker”, i is not
enough ta dowbi the validity of the normality assumption.




CHAPTER 1 3

Process Optimization with Designed
Experiments

CHAPTER GOALS

After completing this chapter, you will be able to:
1. Use the information of the factorial design to find 2 path of steepest ascent for process optitnization
2. Design and analyze response surface designs for estimating secoad order models

3. Apply evolutionary operation, EVOP, to optimize process output characteristics through a series of small,
systematic chenges .

Exercises

13-I.  Consider the first-order mode]
F=715+10x; +6x,

(2) Sketch the contouss of constant predicted response over the range —1< %, S +1,i =1, 2.
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13-2 Process Optimization with Designed Experiments . - .

Contour Plot of Flrst-Order Madet (0} Fit 2 quadratic model to the response, using the mefhod of least squares.

. ! ' ! ! \'4 Design-Expert® 6.0.0, Analysis {partial output)
o Sum of DMean F
06k E Source Squares DF Square Vaiuze Preb=>F
) Model 30583.44 5 6116.69 73.18 < 0.0091
] 1 Residual 30048 5 §3.58
w2 Lack of Fit 15.48 3 516 6032 0.9909
18 Pure Ervor 486.00 E 162.60
2r Cor Total 31084.92 11
DET ] Coefficient Std 95% C1  95% CI
80 Factor Estimate DF Error Low High VIF
ik, . , . \ . Intercept 160.87 H 4.56 149.72 17201
50 65 70 75 A-xl -38.29 1 34 -65.97 -50.62 100
4 46 02 02 06 1 B-x2 2.41 1 1 -5.26 10.08 160
: % A2 -10.85 1 332 -18.57 -2.74 107
B2 6.92 I 3.32 -1,19 I5.04 1.07
(b} Find the direction of steepest ascent. AB 075 I 4.37 -11.54 16.44 100
Final Equation in Terms of Actual Factors:
Giver the equation, find the ratio of coefficients for the step size. 4 -
F=T5+10x b -1 Sx Sh-1Sx €1 +160.86815
5 6 -58.29412 * x1
Zm—=06 +241176 * x2
5 0 -16.85464 * x12
Ay =k A, =06 +6.92314 * x22
-0.75060 * x1 *x2

13-3.  An experiment was nun to stady the effect of two facters, time and temperature, on the inorganic impurity
levels i paper pulp. The results of this experiment are E}ET here:

Xy X2 ¥

(¢) Censtruct the fitted impurity response surface. What values of x, and 1, would you recoremend if you
wznt to minimize the impurity level?

-1 -1 210

\ —l] 29158 Design-Expert® 6.0.0, Numerical Optisnization (partial tmtbut)

.ll [ 100 Lower  Upper Lower  Upper

L5 0 275 Name  Goal Limit Limit Wi Wi Importance
-1'5 0 50 x1 is in range -1.5 L3 1 1 3

[‘) 15 175 x2 is in range -I.5 1.3 1 1 3

0 -1 '5 180 y minimize 50 225 1 1 3

g g 1;; Namber .31 x2 ¥y  Desirability

g o 153 1 1.50 -0.22 49.263 1060 Selected

Q i 166

() What type of experimental design has beea used in this study? Is the design rotatable?

This design is a CCD with k=2 and = 1.5. The design is not rotatable because

152 Yy iy = ¥4 =1.414
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(a} What type of experimental design has been used? Is it rotatable?

EESSXECFEAT Bt Desirablity
'Y"::’ The design isa CCD with k=2 and o= 1.4, The design is rotatable, @ =3, =43 =1.4.
-
¥ Besga Fara
. 7 {b} Fit a quadratic mode! to these data. What values of x and x, will maximize the Mooney viscosity?
i 2 1y Design-Expert® 6.0.9, Analysis (partial output)
i : Sum of Mean F 7
i 3 Source Squares DF Square Value Prob>F
an AModel 216 5 0.43 46.56 < G.0001
. Residial 0.065 7 9.285E-00G3
Lack of Fit 0033 3 .01 1.35 0.376%
. Pure Error 0.032 4 8.070E-003
oo Cor Total 2.23 12
Aoxiiimae
Coefficient Std 95% C1  95% CI
At(1.50,-0.22), p=49.263 Factor Estimate DF Error Low High VIF
150 o3 Intercept 13.73 I 0043 13.63 1383
_lemp X, =—— 7 where temperature is in °C and time is in hours. Find A-xl 6.30 1 0.034 0.22 038 .00
() Suppose that x, === T v B2 -0.41 / 0.03¢ 049 -0.33 1.00
the eptimum operating conditions in terms of the natural variables temperature and time. A2 -0.12 i 0.037 -0.21 -0.037 1.01 -
B2 -0.079 1 0.037 -0.17 8§.634E-003 1!
Plug in (1.59, -0.22) into the coding equations for the x's 1o obtain the natural variables: AB 0.035 1 0.048 -0.05% 017 1.60

=50 = 50(+1.50)+ 75G =825, Time=15x, +30=15(-0.22)+30=26.7
Temp = 505 +730 = 50(1.50) 2 Final Equation in Terms of Actual Factors:

135, Anarticle in Rubber Chemistry and Technology (Vob. 47, 1974, pp. 825-836} describes an experiment that

studies the rslationship of the Mooney viscosity of ubber to several variables, including silica filler (parts +_}3;§;—;§ .
per hundred) and ot filler (parts per hundred). Some of the data ferm this experiment are shown here, _0:40797 s
where -0.12493 * x12
_ stlica=80 _ oil 21 -0.075008 * x22
WETT T ORTTs +0,055000 * x1 *x2
Coded  Levels Design-Expert” 6.0.0, Numerical Optimization (partial outpr:t)
Xp %2 b Lower Upper Lower  Upper
) -t 13.71 Name Goal Limif Limit Wit Wt Importance
1 -1 14.15 xi is [n range -1.4 1.4 i 1 3
-1 1 12.87 X2 is in range -1.4 14 1 1 3
1 1 13.53 y maximize 12.87 14.16 1 I 3
-l1.4 0 12.99
1.4 o} 13.89 Number xl x2 ¥y  Desirability
0 L4 1416 1 095  -1.08 141888  L.00D Selected
0 14 1250
0 4] 13.75
0 0 13.66
1] 0 13.86
0 0 13.63
0 4] 13.74
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‘The maximum caa be found at (0.95-1.08) for a viscosity of 14,1888.

13-7.  An atticle by J. 1. Pignatiello, Jr, and §. S. Ramberg in the Jowrnal of Quality Technology {Vol. 17, 1985,
pp. 198-206) desceibes the nse of a replicated fractional factorial to investigate the effect of five factors on
the free height of leaf springs used in 2n automotive application. The factors are 4 = fumace temperature, B
= heating time, ' = transfer time, J = hold down time, and E = quench oil temperature.  The data are

shown here.

A B © D E

_ - - - . 718 178 181
+ - - + - 815 818 7188
-+ - 4+ - 17150 7.56 150
+ o+ - - - 159 756 M5
- -+ - 754 800 .38
+ -+ - - 7.69 809 8.6
- +  + - - 756 7152 744
+ + + + - 75 181 7169
- - - - + 150 725 712
+ - - + + 788 7188 7.4
-+ + + 750 756 75D
+ 4 - -+ 763 775 156
- -+ 4+ o+ 732 744 44
+ -+ -+ 156 769 162
- + o+ - + 718 718 725
+ + 4+ + + 181 130 7159

(a) Write out the alias structurs for this design, What is the resolution of this design?

A+BCD AB+CD CE+ABDE
B+ACD AC+BD DE+ABCE
C+ABD AD+BC ABE+CDE
D+ABC AE+BCDE ACE+BDE

E BEYACDE ADE+BCE

Process Optimization with Designed Experiments 13-7

This is a resolution IV design. All main effects are clear of 2-factor interactions, but some 2-factor intezractions are
aliased with each other.

{b) Analyze the data. What facters influence mean free height?

Design-Expert” 6.0.0, Analysis (partial output)

Respense: free height
ANOVA for Selected Factorial Model
Analysis of Variance table [Partizl sum of squares]

Sum of Mean F
Source Squares DF Square Yalue Prob>F
Model 2.08 5 0.42 21,67 < 0.0001
Residual 0.8 42 0.019
Lack of Fit 013 10 0.018 0.97 0.5393
Pure Ervor 0.63 32 0.020
Cor Total 2.89 47
Coeff Std 95% CI 5% C1
Factor Est DF Error Low High VIF
Intercept 7.63 I 0.020 7.58 7.67
A-furn temp 0.12 ) 0.020 0050 or6 100
B-heat time -0.081 I 0.020 - 12 -0.041 Log -
D-hold time 0.046 ! 0.026 5.66E-003 0.086 1.00
E-oil temp -0.12 I 0.020 -0.16 -0.078 1.00
BE 0.077 1 0.026 0.036 12 1.00
Final Equation in Terms of Actual Factors:
free height =
+7.62604

+0.12063 * fom temp
-0.081458 * heat time
+0.046042 * hold time
-0.11896 * oil ternp

+0.076875 * heat time * oil temp

{c} Calculate the range and standard deviation of free height for each run. Is there any indication that any of
these facters affects variability in the free height?

Design-Expert” 6.0.0, Analysis (partial output)

Response: Range
ANOVA for Selected Factorial Dlodel
Analysis ef variance fable [Partial sum of squares]

Sum of Mean F
Source Squares DF Square Value Prob>F
Madel 0.26 6 0.044 822 02.0630
A 0.050 1 0.050 922 0.0141
B 0.061 ! 2061 1141 0.0081
[ 2.26E-003 1 256E-003 042 0.5322
E 3.06E-004 1 S06E-004  0.094 0.7657
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CE 0.077 I 0.077 i4.35 00043
ADE{=BCE) 0.074 ! 0.074 i13.83 0.0048
Residual 0.043 9 3.37E-003
Cor Total 0.31 15
Coeffielent Std 95% CI  95% CI
Factor Estimate by Error Low High YI¥
Intercept 0.22 1 0.078 0.18 0.26
Avfurn temp 0.050 1 0.G18 0.014 0.097 1.00
B-heat time -0.662 i 0.0/8 -0.i0 -0.020 Loo
C-trans time 0.012 ! 0.018 -0.930 0.053 1.00
E-gil temp -5.62E-003 ] 0.018 -0.047 0.036 1.00
CE -0.069 i a.018 0.1 -0.028 1.00
ADE{=BCE} 0.068 i 8.018 0.027 0.11 L.0¢
Response: StdDev
ANOVA for Sefected Factorial Model
Analysis of variance table [Partial sum of squares]
. Sum of Mean F
Source Squares D¥ Square Value Prob>F
Afodel 0.076 [ oid 893 6.0023
4 0.016 I 0016 10.96 8.0091
R 0026 ] 0.020 13.75 5.0049
c 4.00E-004 1 4.00E-004 028 0.6091
E LODE-G04 I LODE-004  0.070 0.7970
cE 0021 I 0021 1475 0.0040
ADE(=BCE) 0.020 i 0026 1375 0.0049
Residial 0.013 g 1.425E-003
Cor Total 0.08% 15
Coeff Std 95% CI  95% C1
Factor Estim bF Err Low Righ VIF
Intercept 0.12 ! 9.437E-003  0.057 0.14
A-furn tamp 0.031 i D.437E-603  L.901E-003 0.053 Log
B-heat time -0.035 1 9A437E-003 -0.056 -0.014 rLo0
C-frans time S.60E-003 9437E-003 -0.016  0.026 Loo
E-oil temp -2 30E-003 BAIZE-Q03 -0.024  0.049 100
CE -0.036 1 $437E-003 -0.058 -0.01F 00
ADE(=BCE) 0.035 1 9.437E-003 0.004  0.056 1.00

Interactions CE (transfer ime % quench oil temperatuce) and ADE=BCE, along with fac.tors B (heating time) and A
{furpace temperature) are significant for both models of variability. Factors Cand E are included to keep the models

hiererchical.
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(dy Analyze the residuals from this experiment and comment on your findings.

Mean helght: Plot of residuals versus predicted indicates constant variance assumption is reasonable, Normal

probability plat of residuals support the normality assumption, Plots of residuals versus each factor show that
variance is less at low level of factor E.

Range: Plot of residuals versus predicted shows that varance is approximately constant cver range of predicted
values. Residuals normal probability plot indicate normality assumption is reasonable Plots of residuals versus each
factor indicate that the variance may be differeat at different levels of factor D.

Standard Deviation: Residuals versus predicted plot and residuals normal probability plet support constant

variance and normality assumptions. Plots of residuals versus each factor indicate that the variaace may be differsnt
at different levels of factor D.

(=) Is this the best possible design for five factors in 16 runs? Specifically, can you find a fractional desi| n
for factors in 16 runs with higher resotution than this one?

This is not the best 16-run design for five factors. A resolution V design can be generated with £ = + ABCD, then
none of the 2-factor interactions will be aliased with each other.

[3-9.  Consider the leaf spring experiment in Exercise 13-7. Rework this preblem, assuming that factors, 4, B,
and C are ezsy to control but factors D and £ are hard 1o control. -

Factors [ and £ are uoise varizbles, Assume that 6} =6} =1, Using equations (13-6) and {13-7), the mean and
variance are:

Mean Free Height = 7.63 + 0.124 - 0.081F

Variance of Free Height = o5 (+0.046)° + &g (—0.12 + 0.0778): + o
Using ¢° = Ms, = 002:

Variance of Free Height = (0.046) + (-0.12 + 0.0778)* + 0.02

The plot shows a solution with mean Free Height = 7.50 and minfmum standard deviation of Frea Height to be (4 =
—0.42, B = 0.99),
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13-11. The following data were collected by a chemical engineer.
temperature, and x; is pressure. Fit a second-order model.

The response y is filtration time, x, is

Xy X2 ¥
-1 -1 54
1 -1 45
-1 1 32
1 1 47
-1.414 0 50
1414 4] 53
0 -1414 47
0 1414 51
a M 4]
i} o 39
0 0 44
0 i 42
0 0 40
Design-Expert® 6.0.0, Analysis (partial output}
Response:  y:filtration fime
ANOVA for Response Surface Quadratic Model
Analysis of varfance table [Partial sum of squares}
Sum of Mean ¥
Source Sguares DF Square Value Peob > F
Model 31560 5 63.12 2.86 01015
Residual 154.40 7 22.06
Lack of Fit 139.60 3 46.53 12.58 0.0167
Pure Error 14.80 4 370
Cor Total 470.060 12
Coefficieat Std 95% CI 95% CI
Factor Estimate DF Error Low High YIF
Intercep! 41,20 i 2.16 36.23 46.17
Axl -1.97 I 1.68 -5.90 196 1.00
B-x2 146 1 166 -2.47 538 100
A2 3.71 1 1.78 -0.50 7.92 162
B2 246 1 1.78 -1.75 6.67 L2
AB 6.00 I 235 0.45 1155 LG0

Final Equation in Terms of Actual Factors:

+41.20000

-1.96967 *x1
+[.4571] *x2
+3,71250 *x12
+2.46250 * x22
+6.00000 *x1 *x2

CESGNEXFERT Fist

Bi%2: prasabia
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yfiliration ima

Acxizemgerare

{a) What operating conditions would you recommend if the objective is to minimize the filtration time?

Design-Expert® 6.0.0, Numerical Optimization (partial output)

Name Goal

x1 is in range
x2 is in range
Vi minimize

Selntions
Number x1
1 000

Lower
Limit
-1
-1
32

x2
-1.000

Upper  Lower  Upper

Limit

Wt Wt Importance -
1 1 3
1 1 3
1 i 3

¥ Desirability

37.9482

0.730 Setected
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(b) What operating conditions would you recommend if the objective is to operate the process at a mean

filtration rate very close to 467

Design-Expert® 6.0.0, Numerical Optimization (partial output)

Lower Upper Lower  Upper

Name Goeal Limit Limit YWt Wit Importance
x1 is in range -1 1 3 1 3
x2 is in range -1 1 I 1 3
¥ is target = 46 32 54 1 1 3
Solutions
Number xl x2 ¥ Desirability
4 0.825 0.509  45.5999  L.00G Selected
2 0734 0355 460013 100G
3 -0.870  -0.070  46.0009  1.000
4 -0.801 -0.217 46,0006 1.000
5 -0.576  -0.668  45.599%  1.000
[ 0.614 0595 459995 1.000
7 0352 0.878  45.9985  1.000
8 0.302 0916 46.0012  1.000
9 -0.50% 0798 45998 1.000
10 0564 -0.681 459997 1.000

—
™
—
w

model (equation 13-7). Suppose that in the zesponse model we use

E r r
hxz)= 27}4 +225?~sz} + 2 22572,-2,-
=t

i= =1 i<j=2

What effect does including the interaction ferms between the noise variables have on the variance model?

Consider the respense mode! in equation 13-5 and the fransmission of error approach to finding the variance

r kT i
I A{x, 1) = Y 1z ¢ 9 9 dpxiz; , then %= Yi+ 9,8, and
i=1 d

=1 =1 w=l

r

It 2
V[y(x,z)]=cr§2[n +26ﬂxy} +o’
o=l

=t

r L r r
i h(x,z):E}f,z,- +226yx,.z DIV
i=1

1=l j=1 ej=1

then iahé—?‘?f"ii%xﬁi 3 Hylertzg),and

i=l F =1 =1 icf=2

' - £ r
¥yix2)]= Vzl}’r +Eam'xu +Zj'§(zi + Zj)]zs +a?
=1

= =

There will be additional terms in the variance expression arising from the third term jnside the square brackets.

CHAPTER 1 4

Lot-by-Lot Acceptance Sampling for
Attributes

CHAPTER GOALS

After completing this chapter, you will be able to:

1. Discuss three key concepis to application of acceptance sampling: used to seatence lots (not estimate
lot quality), used to accept/reject lots (not control quality), and used to audit process output (not inspect

quality into the product},

2. Describe fypical situations in which acceptance sampling is used, and explain the advantages and

disadvantages of acceptance sampling.

3. Understand the considerations invelved in forming [ots for inspection and the importance of random

sampling.

4. For single-sampling plans for attcibutes with given lot size ¥, sample size 1, and acceptance number ¢,

calculate P, and construct operating-characteristic curves,

MNote: Many of the exercises in this chapter are easily solved with spreadsheet application software, such a
BINOMDHST and HYPGEOMDIST functions in Excel.

s the
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Exercises

14-1.  Draw the type-B OC curve for the siogle-sampling plan n= 50, ¢ =L,

This is a single-sampling plan for attributes, To censtruct operating characteristic (OC} curve we plot the probability
of accepting a lot, P,, versus various values of the lot fraction defective, p.

The probability of acceptance is the probability that the mumber of defectives, d, in & sample of _size.n is less thaz} or
equal to acceptance number ¢. The lot size, &, is relatively large, so the distribution of defectives in a sample isa
binomial distribution with parameters i and p. We need to find the probability of observing exactly d=0 defective
and the probability of observing exsctly @= 1 defective. The formulas are given on text p. 683 {eqn 14-1 and 14-2);
the spreadsheet sotution is below:

B - ) C 8]
50

A
1 {n=
2 jc= i
3 ld= [ 1
4 |p f{d=0) f{g=1) Prid<=c}
5.10.001 [=FACT{$B31) =FACT(3BS1Y =+B5+C5

(FACT(BS3) FACT($B51-B$3))" [(FACT(CS3)FACT(SBS1-C33)"
($A5*B53)"{(1-SASYSBS1-BE3)) |(SAS*CE3){(1-SAS1(§B81-CS3))

Typa- B OC Curve far 0350, e=1

P Ifd=8) f{d=1] Pr{d<=c}_

5.001 095121 0.04761 0.99881
0.002 0.90475 0.09066 0.99540
0.003 0.85051 012847 0.28998 w
0.004 0.81840 016434 088274
0.005 0.77831 0.19556 0.97387
0006 074015 022338 0.95353
0.007 070382 0.24807 0.85190
0.008 0.66624 0.26985 0.93910
0.009 0.63833 0.28895 0.92528
0.010 0.60501 030556 0.91056 wn
0.020 0.36417 037160 0.73577

Prisoompiarast
5

»
L3

[t

0100 0.00515 0.02863 0.03370 e ie e e e em om

The BINOMDIST function could alse be used with various values of p and 4.
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14-3.  Suppese that a product is shipped in lots of size N = 5000. The receiving inspection procedure used is
single sampling withn =50 and ¢ = §.

{a) Draw ths type-A OC curve for the plan.

A type-A OC curve is used for an isolated lot, of finite size N. The appropriate sampling distibution is the
hypergeomstric, with lot size I, sample size #, and acceplance number ¢, The sample items are selected at random
without replacement. The hypergeomeiric probability distribution is giver on text p, 57 (eqn. 2-8) as:

[DIN—D)
X H—Xx
plxy= ¥

n

where p(x) is the probability of selecting x defectives from D, the number of defective items in a lot of ¥ ftems. To
plot P, versus p, find the number of defectives, & = N * p, The spreadsheet solution using the Excel
HYPGEOMDIST function is below.

i T o 5 R —F
i jN= 5000
2 in= 150
3 o= 1
4 1d= o i .
5 _ip N'p D 1(d=0) fa=1) Prid<=c}
Is 0,601 {=$831°A6  [=INT(B6) |=HYPGEOMDIST =HYPGECMDIST =D+EG

($884,58$2,5C5,5B31) |(§C$4,8B32 $C6,50851)
p__Np D fa=0) fid=1) Pr{d<=c} TreA 66 Curvn fer Nesigd, st ce1

0001 5 5 0.95097 0.04807 0.89904

0.002 10 10 0.90430 0.0915% 0.59581

0003 15 15 0.85988 0.13065 0.89053 "
0.004 20 20 0.81759 0.16581 0988340 o
0008 25 25 0.77735 0.19726 0.67461
0.006 30 30 0.73905 0.22527 0.96432
0007 35 35 070260 0.25011 0.85271
0.008 375 37 0.68852 0.25921 094773
0.008 40 40 066791 027201 0.83992 2]
0.003 45 45 0.63491 0.290118 0.92609

0.01¢ 50 50 0.60350 0.30785 0.981135 tem e et om b o wm oim
0.020 10C 100 0.36234 037347 0.73581 i

0.030 150 150 0.2164% 0.33807 0.58448

0.040 200 200 0.12856 0.27058% 0.38915

0.050 230 250 0.07595 0.20196 . 0.27791

0.060 300 300 0044862 0,143 0.18854

0.070 350 350 0.02607 0.09914 012521

[—




P

| =

14-4 Lot-by-Lot Acceptance Sample for Attributes

(b) Draw the type-B OC curve for this plan and compare it ta the type-A OC curve found in part (a).

The type-B OC curve was constructed in exercise 14-1. Both curves are shown in the graph below:

Commparivan of Typa-A ta Typs-8 GC Curva
for HxS nesd, o=

(c) Which curve is appropriate for this situation?

The difference between the two curves is smalf; either is appropriate.

14-5.  Find a single-sampling plan for which p, = 0.05, &= 0.05, p» = 0.15, and § = 0.10.

A lotis accepted if ¢ or fewer defective items arz found in the sample of size n.

To specify a sampling plan, it does not matter which twe points on the operating characteristic (OC) curve are
specified. if p, = 0.05 is considered an “‘acceptable” lot and p, = 0.15 is considered an “wzacceptable™ lot, we can
use the producer’s risk « and the consumer’s risk 3 to determine a sampling plan. The probability of accepting lots
with p; = 0.05 fraction defective is desired to be 1 —a= 1~ 0,05 = 0.95. The probability of accepting lots with pa =
.15 fraction defective is desired 0 be f=0.10.

Use the binomial nomograph, Figure 14-5 on text p. 63¢. Draw one line connscting p( = 0.05 on the left with 0.95
on the right. Diraw the second line connecting p; = 035 on the left with 0.10 an the right. The sampling plan is # =
80ande=7.

147. A company uses the following acceptance-sampling procedure. A sample equal to 10% of the lot is taken.
If 2% or less of the items in the sample are defective, the lot is accepted; otherwise it is rejected. I
submitted lots vary in size fram 5000 to 10,000 units, what can you say about the protection by this plan? If
0.05 is the desired LTPD, does this scheme offer reasonable protecticn to the consemer?

The poorest quality level or percent defective that a consumer is will tolerate (accept) in a single lot is the LTPD.

The minimum lot size is ¥; = 5000 units, the maximum is 7 = 10, 000 units. Sample size is proportionate to the lot

size, #="0.10 * . The consumer desires an LTPD =2% = 0.05 fraction defective.

The LTPD along with the lot size N establishes the maximum number of defective units, c, that can exist. For
various values of lot fraction defective p, we can evaluate the single-sampling plan and the probability of rejecting
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the lot. The formulas on text p. 683 {(egn. i4-1 and 14-2) apply. The spreadsheet selution using the Excel
BINOMDIST fuaction is below:

A iE] [ o JE . F
1__JLTPC=_ [0.05
2
3 N = 5000 N2= 10000
4 ni = =0.1*C3 nt= =0.1'F3
E- pmax = 0,02 pmax = 0.92
(] cmax = =C5'C4 cmax = =F5'F4
7 binomia! binomial
8 Pr{d<=30} Prireject} Prid<=20} Fi{reject}
{9 {0001 |=BINOMDIST(SC5,5C34 A0, TRUE) |=1-B9 =BINOMDIST(3F56,5F53,A9, TRUE) |=1-E9

I:] Prid<=10] Prfrefect}  Pr{d<=20) Pr{reject} difference

0.0010 1.00000  0.0G00 100000  0.0000 .00000
0.0020 1.00000  0.0000 1.00000  0.0000 0.60000
0.0030  1.00000  0.0000 100060  0.0000 ©.00000
00040 099989  0.0000 1.00000  D0.0000 -0.000GT
00050 099984  0.0001 1.00000  0.0000 -0.00006
00080 0.99972  0.0003 100000  0.0000 -0.00027
00070 0.99903  0.0010 0.99999  0.0000 -0,00095
0.0080 099728  0.0027 089931  0.000t -0.00263
00090 099359  (.0084 0.99958  0.0004 -0.00600 .
00100 098876  0.0132 099850  0.0015 -0.01175
0.0200 0.58304 04170 0.55910 0.4409 0.02395
[0.0250 0.29404  0.7080 0.18221 0.8178 0.11183 |
0.0300 0.11479  0.8852 0.03328  0.9867 0.08151
0.0400 000967  0.9903 0.0003¢  0.9097 0.00238
[0.0500 0.00046  0.9995 6.60006 1.0000 0.00046 |
0.0600 0.00001  1.0000 0.0000C  1.0000 0.00001
0.0700 0.00000  1.0000 0.00000  1.0600 0.00G00

Different sample sizes offer differeat levels of protection. For N = 5,000, P.(p = 0.025) = 0,204; while for ¥ =
10,009, P{p = 0.025) = 0.182. Also, the consumer is protected from a LTPD = 0.05 by P.(N = 5,000} = 0.00046
and PN = 10,000) = 0.00000, but pays for the high probability of rcfecting acceptable lots like those with p =
0.023.

14-8,  Consider the single-sampling plan found in Exercise 14-4. Suppose that lots of N = 2009 are submitted.
Draw the AT! curve for this plan. Draw the AOQ curve and find the AGQL.

From Exercise 14-4: py=0.01, 1 - ¢=1-005=10.95, p;=0.10, f=0.10. From the binomial nomograph, select n
=35 and ¢ = 1, resulting in actual &= 0.04786 and B=0.12238. Single-sampling plzn for N=2,000isa=35and ¢
=1. The formulas on text p. 683 (eqn. 14-1 and 14-2) apply.

A0QL PP =m) _ Fup{2000-35)
N 2000
AOQL =0.0234

ATI=n+(1-B}N-n}=35+(1- P, Y2000~ 35) = 2000 —1965F,

= {L965/2000)£,p
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The spreadsheet solution using the Excel BINOMDIST function is below:

A__ 1B c [0 [E_JF
N=_ [2000

1 |n= |35

2 Je= It

3 |p Pa=Prd<=1} AT AOQ

4 [0.001 [=BINOMDIST (SB33.5B%2,A4 TRUE) =$B831-{SB51-8B32)'B4 =B4°A4"($B31-8832)/5831

P Pa=Pr{d<=1} ATI A0Q
0.0010  0.99942 36 0.6010
0.0026  0.89772 39 0.0020
0.0030  0.994%9 48 0.0028
0.0040  0.99128 52 0.0039
0.0050  0.98667 61 0.0048
0.0060  0.98121 72 0.0058
0.0670  0.97498 84 0.0087
0.0080  0.96802 a8 0.0076
0.0090  ©0.95039 113 0.0085
00100  0.85214 129 0.0094
0.0400  0.58903 843 0.0231
0.0450 052873 961
0.0500 047203 1072 0.9232
03000  0.00008 2000 0.0000
ATl Curve £ 23S, €31 M5 Curmb for RAJE, £
g §

14-11. Suppese that a vendor ships comporents in lots of size 5000, A single-sampling plan with » = 50 and ¢ =2
is being used for receiving inspection. Rejected lats are screened, and all defective items are reworked and
returned to the lot,

(a) Draw the OC curve for this plan

Draw a type-B OC curve; the formuias on text p. 633 (eqn. 14-1 and 14-2) apply. The spreadsheet solution using the
Excel BINOMDIST function is below;
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A 8 c
1 |N=5000jn= 50
2 c= 2
3 binomial
4 In Pa=Fr{d==1} Prireject}
5 {0.001 =BINOMOIST($C52,3CS 1 A5, TRUE) {=1-BS

0 Curva for =89, &2

P Pa=Pr{d=<=1} Pr{rgfect}
0.0010 0.89998  0.00002
00020  0.99985 0.00015
0.0030  0.59952 0.00048
0.0040  0.99891 0.0010%

[[0.0050 0.99794 0.00208
0.0060  0.88657 0.00343
0.0070  0.99474 0.00526
0.0080 099242  0.00758
00090 098957 001043
00100  0.986186  0.01382
0.4020  0.10368  0.89832 IR GG vm e wan e G aam twa oo

[ c.1030 0.08985 050015 Frastonsefve.p
0.9040  0.09614 0.90386
0.2500 000008  0.59991
0.3000  0.00000 1.00000

5

B

b
PRUBSRRTEARST
g

3

(b) Find the leve! of lot quality that will be rejected 90% of the time.

From reading the spreadsheet table, p = G.1030 will be rejected about 50% of the time. From visuval examination of
the OC curve, at P,=0.10, p = 0.10.

(¢} Maragement has ebjected to the use of the above sampling procedure and wants to use a plan with an
accepiance number ¢ = 0, arguing that this is more consistent with their zero-defects program, What do you
think of this? :

A zero-defects sampling plan, with acceptance number ¢ = ¢, will be extremely hazd on the vendor because the P, is
low even if the lot fraction defective is extremely low. Generally, quality improvement begins with the
manufacturing pracess control, not the sempling plan.

{d) Bresign a sinpgle-samplisg plan with ¢ = 0 that will give a §.90 probability of rejection of lots having the
quality level found in pari (b). Note that the two plans are now matched at the LTPD point. Praw the OC
curve for this plan and compare it to the one for 7= 50, ¢ =2 in part {a).

From the nomograph in Figure 14-9 (text p, 650), select n = 29, yielding P, =1 — 0.11372 = 0.88638 = 0.90. The
OC curve for this zero-defects plan is much steeper.
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©F Gurves for {o) nas, 652
pnd 5] 529, ©2d)

p Pa=Pr{d<=0) Pr{refect}
0.0010 028012 0.01981
00020  0.86075 0.03925
0.0030  ©£.94188 0.05832
0.0040  0.92297 0.07703

[0.0050 0.90451 008539 |
0.0060  0.B8660 0.11340
0.0070  0.86893 0.13107
0.0080  0.85160 0.14840
0.0090  0.83459 0.16541
60100 081791 0.18209 ’

0.0200  0.66761 0.33239

azs

{2) Suppose that incoming lots are 0.3% noncorforming. What is the probability of rejecting these lots
under both plans? Caleulate the ATI at this point for both plans. Which plan do you prefer? Why?

Prireject| p = 0.005,c = 0} =0.09539

Primject] p=0.005,c = 2} = 0.002060

ATig =5 +{1— P, XN —n) =20 +(0.00539)5000 - 20} = 495

ATl .y =50+ (0.00206)X 5000 —50) = 60

The ¢ = 2 plan s preferred because the ¢ = 0 plan will reject good lots 10% of the time. In addition, the average total
inspection required by the ¢ = 2 sampling plan is much less at 60 inspections per lot versus 495,

14-13. (a) Derive an itern-by-item sequential-sampling plan for which p; = 0.01, = 0.05, py = 0.10, and B=20.10.

pr=0.01, @=0.05, p,=90.10,and f=0.10
btog P20 B 1 0100000 0,
all=p)  C001(1—0.10)

- [-0.05
log— | /k=|1 1.0414=0.9389
(Og A ]/ [ug 0.10 ]/
1-p 1-0.01
=[log—L | /&=l log 10414 = 0.0397
: (0"1—;;1]/ (""1—0.10)/
X =—h+sn=-09385+0.03%7n
KX =hy +5n=1205440.0397n

ﬁ:(logéJ/ [ ]010]/1.0-114=1.2054

A 8 C 3] IE
pi="lo6i = =LOGHBZ (1B 1YET(1-82})

2 [p2=_ Jo.d hi= —(L.OG{(1-BIYBA)YET
alpha = [0.05 h2 = =(LOG{(1-B4/BI)¥ET

14 Tbeta= [0 5= SLOGI(1-B1Y(1-B2VET

S_[n XA xR Acc Ref _

g 11 TSE53+3E54°A6 |*3ES3+SES4 AR [=IFLBB<0, can't accepl FLOORIBE, 11)|=IF(CE<0,"can't refect” CERING(CE, 1))
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XA XR Ace
-0.899 1.245 can'taccept
-0.859 1.285 can'taccepl
-0.820 1.325 can'taccept
-0.780 1,384 can't accept
-0,740 1.404 can't accept
-0,700 1.444 can't accept
-0.661 1.484 can'taccept
-0.821 1.523 can't accept
-0.581 1.563 can't accept
-0.541 1.603 can't accept

X
2,

SWo N ;RN =
MMM NN

23 -0.025 2120 can't accept
24 0.015 2150 Q

45 0.850 2.994
46 (1,890 3.034
47 0.929 3.074
48 0.969 3.113
49 1.009 3.153
50 1.04¢ 3.183

- =000
g b B W

The sampling plan is n =49; Acc=1; Rej=4.

(b} Draw the GC curve for this pfan.

Three points on the OC curve are:
p=00L P =1-0x =095
hy
hthy

P =010, R, =f=010

p=5=0039T; F, =

14-15.  Consider rectifying inspection for single sampling. Develop an AQQ equation assuming that all defective
iterns are removed but not replaced with good ones.

Incoming lots of size & are of quzlity p. A sample of size # is drawn; the defective units are not replaced, Incoming
lots have an expected number of defective units equal to Np. The expected number of defective units in the sample

© . is Py x np. After sampling, inspection, and removal of defective uaits, outgoing lots have an expected number of

defective units equal to P, x p x (W —n).

AOQ = Defective units in uninspected portion of lot

N —[Defective units removedAcceptance + Defective units remeved|Rejection ]
B xpx{N-n

TN [B#mp) H(1- B % (Np)]




14-18 Lot-by-Lot Acceptance Sample for Attributes

14-16. A vendor ships a componsnt in lots of size N=3000. The AQL has been established for this product at 1%.
Find the normal, tightened, and reduced single-sampling plans for this situation from MiL STD 103E,
assuming that general inspection Jevel 11 is appropriate.

Given: N=3000, AQL = 1%, General Inspection Level 1, Single Sampling

From Table 14-4: Sample size code letter =K.

From Table 14-5, Nomal sampling plan: 5 = 125, Ac =3, Re=4

From Table 14-6, Tightened sampling plan: »= 1235, Ac=2,Re=3

From Table 14-7, Reduced sampling plan: n = 50, Ac = |, Re = 4 (meanirg the Lot would be accepted if two
defectives were found, but the next lot would be inspected uader normal inspection, text p, 707, 4b)

14-17. Repeat Exercise 14-16, using general inspection level L Discuss the differences is the various sampling
plans.

Given: N=23000, AQL = 1%, General Inspection Level ], Single Sampling

From Table 14-4: Sample size code letter = H

From Tzble 14-5, Normal sampling plan: n=50, Ac=1,Re=2

From Table 14-6, Tightened sampling plan: use sample size code lefter =1, 5= 80, Ac=1,Re=2

From Table 14-7, Reduced sampling plam: 7 = 20, Ac = 0, Re = 2 (meaning the ot would be accepted if one
defective was found, but the next lot would be inspected under normal inspection, text p. 707, 4b)

The primary difference between general inspection levels 1 and 1L is the amount of inspection required. For example,
Normal sampling requires 50 items for I versus 125 for IL Level I is the usual plan; Level 1 is generally selected
when less discrimination is needed.

14-19. MIL STD 105E is being used to inspect incoming fots of size & = 5000. Single sampling, general
inspection level I, and an AQL of 0.65% are being used.

{a) Find the normal, tightened, and reduced inspection plans.

Given: N=5000, AQL =0.65%, General Inspectior Level 11, Single Sampling

From Table 14-4: Sample size code letter=L

From Table 14-3, Normal sampling plas: =200, Ac=3,Re=4

From Table 14-6, Tightened sampling plan: 7=200, Ac=2,Re=3

From Tzble 14-7, Reduced sampling plan: n = 80, Ac = [, Re = 4 (meaning the fot would be accepied if two
defectives were found, but the next fot would be inspected under normal inspection, text p. 707, 40}

{b) Draw the OC curves of the normal, tightened, and reduced inspection pians on the same graph.

Draw a type-B OC curve; the formulas on text p. 683 {eqn. 14-1 and 14-2) apply. The spreadshest solution using the
Excel BINOMDIST function is below:

A 3 3 D 1
1 |N=5000 [nonmal tightened ‘Euced
2 |n= 200 200 - 80
3 Jc= 3 2 il
4 Ip Pa=prid<=3} Pa=Pr{d<=2} Pa=Pr{d<=1}
5 0.001 RINOMDIST($B33.5B%2,A5 TRUE) =BINOMOISTISCS3,$C52. A5 TRUE) =BINOMDIST(3053.8032,A5, TRUE) |
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fa) PasPr{d<=3} Pa=Pr{d<=2) FasPr{d<={}

0.001¢ 0.9899 0.9988 0.9970
0.0020 0.9892 0.9922 0.9885
0.0030 0.9857 0.9771 0.9755
0.0040 0.9911 0.9529 0.9588
0.0050 0.9813 0.9202 0.9389
0.005¢ 0.8857 0.8800 0.9153
0.007¢ 0.8459 0.8340 . 0.8915
0.0080 0.9220 0.7838 0.8553
0.009C 0.8922 0.7309 0.8377
0.0100 0.8580 .5757 0.80¢2
0.0200 0.4315 0.2351 0.5230
0.0400 0.0395 0.0125 0.16554
0.0500 0.0018 0.0004 0.0433
0.0800 0.0001 0.0000 0.0101

OC Curves for N=2003, B, AGL=0.65%

Bu, Pr{ssgeplonas)

omum (21 (e
B propartion defethd

e e e

14-21, We wish to find a single-sampling plan for a situation where lots are shipped fom a vendor, The vendor’s
g;o;oess operates at a fallout level of 0.50% defective. We went the AOQL from the inspection activity to
%

(a) Find the appropriate Dodge-Remig plan.

We desire a I?odg&Rcmig, single sampling, AOQL plan with an AOQL = 3% for an average process fallout of p =
0.50“? defelcnv?. Refer to Table 14-8 for AOQL = 3.0%, and use the second celumn *0.07-0.56%". The minimum
sampling plan (requiring the least amount of inspection) that meets the quality requirements is to form lot i

50,001 <N < 100,000; n=55;¢=3. - sty reiemerts ! o o of size

(1)) Draw. the OC curve and the ATI curve for this plan. How much inspection will be necessary, on the
average, if the vendor’s process operates close to the average fallout level?

For the type-B OC curve; (].:LB formulas on text p. 583 (eqn. 14-1 and 14-2) apply. For the ATI curve, the formula on
text p. 593 (equ 14-5) applies. The spreadsheet solutions using the Excel BINOMDIST function are below:
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p
0.001

0.002
0003
0.004
0.005
0.008
0.007
0.005
0.009
0.010
0.020
0.040
0.060
0.080
0100
0.101

0.102
0.103
0.104
0.105
0.110
0.120
0.130
o140
0.150
0.200

letV =

B
50001

RIEIFEE

N

55

o

OO [ 03 N

¢.001

Pa
=BINOMDIST{$053,$852 A5 TRUE)

ATL
=SBS2+(1-BS}'($BS1-5852)

Pa
1.00000
0.99999
0.98895
0.99985
0.99957
0.99934
0.99884
(.99812
0.98713
0.98583
0.95852
0.73783
0.44765
0.22527
0.09955
0.09525
0.09112
0.08714
0.08331
0.07953
0.05327
0.03923
0.02377
0.01410
0.00820
0.00042

50,001

123
159
208
273
2131
131457
27547
38702
45030
45244
45451
45550
45641
45025
45841
48042
48814
49207
49592
49980

OC Curve for DedgeRorlg, =55, &=3

[E)

i

i

(=0

Probebliity of noaaplancs, Pa
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P, = Binom(3,65,0,005) = 0.99967

ATE =g+ (b~ B YN — 1} = 65+ (1 - 0.99967)(50,001-65) =82
On average, if the vendor's process operates close {o process average, the average mspecuon required will be 82

units.

CHAPTER 1 5

Other Acceptance-Sampling
Techniques

CHAPTER GOALS

After completing this chapter, you will be able to:
1. Discuss the advantages and disadvantages of variables sampling plans:
»  Advantages include smaljer sample sizes with more information

> Disadvantages include need to knew distribution of characteristics, separate plans for each
charmeteristic, and can reject a lot without a defect

2. Construct and apply MiL STD 414 variables-sampling plans

3. Construct and apply ather variables sampling procedures:
¥ Chain sampling for situations in which testing is destructive or very expensive
*  Continuous sampling, especiaily CSP-1, for continvous production where lots are not naturally formed
> Skip-lot sampling for product from a supplier of consistently good quality

(c) What is the LTPD protection for this plan?

Table 14-8 also gives the LTPD for an AOQL plan. The LTPD for this plan is 10.3%, which is slso the point on the
QC curve for which P, = 0.10. This provides assurance that 90% of incoming fets that are as bad as 10.3% defective

will be rejected.
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Exercises

15-1.  The density of a plastic part used in a cellular telephone is required 10 be at least 0.70 g/em3. The parts are
supplied in large Iots, and a variables sampling plan is to be used 10 sentence the lots, Et is desired to have
pl = 0.02, p2 = 0.10, er = .10, and B = 0.05. The process variability of the manufacturing process is
unknown but will be estimated by the sample standard deviation.

(a} Find an appropriate variables sampling plan, using Procedure 1.

We can vse Procedure 1 (text p, 724), where a lot is rejected if the estimate of the critical distance k is greater than
7,5 (indicating the mean is to close to the lower specification limity. The lower specification limit is LSL = 0.070

g/em’.

Te specify a sampling plan, it does not matter which two points o the operating chazacteristic (OC) curve are
specified. if p, = 0.02 is considered an “acceptable” lot and p; = 0.10 is considered 2n “unacceptable”™ lot, we can
use the producer's risk o and the consumer’s risk f# to determine a samplieg plan. The probability of accepting lots
with p, = 0.02 fraction defective is desired to be 1 —a=1-0.10=10.50. The probabitity of accepting lots with p; =
0,10 fraction defective is desired to be §=0.05.

Use the variables nomograph, Figure 15-2 on text p. 726. To find the sampling plan, draw one line connecting o, =
0.02 on the left with 0.90 on the right. Draw the second line connecting p; = 0.10 on the left with 0.05 en the right.
At the intersection of the lines we read k = 1.7. Follow the curved kne from the intersection point to the upper
sampte size scale (for o unknown) and interpolate i = 35,

The procedure is to select a random sample of » = 35 parts, record the density, calculate the sample ¥ and §, and

accept the lot ift

7—LSL
AL ;5 217

(b) Suppose that a semple of the appropriate size was tzken, and ¥ =0.73, §=1.03 x 10-2. Should the lot
be accepted or tejected?

F=07385=1,05x107
_073-0.70

T 1.05%107
So accept the lot,

- =2.8571217
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{e) Sketch the OC curve for this saepling plen. Find the probability of accepting lots that are 5% defective.

From the variables nomograph at 7 = 35 and & = 1.7, select values of p and find P,.

GG Grryy for n=24, k1.7

b Prfaccept)

0010  0.888 e
0.016  0.945

pt 0.020 0800  1{-alpha - v
0.025 0820 .
0.030 0730 s
0.040 0560 H
0.050  0.400 3
0070 0.120 o

p2 0.100  0.050 bota
0.450  0.005 "
0190 0.001

P,_,{p - 0.05} - 0,38 (ﬁom nﬂmﬂg_[aph) 11 [ i~1g 00ad hbed LE_T) L [Tr:] ey [320] L[5 ] 1=

153, Desc:.ibe how rectifying inspection can be used with varisbles sampling. What are the appropriate
_equ‘atlons for the AQQ and the AT, assuming single sampling and requiting that 2l defective items found
in either sampling or 100% igspection are replaced by good ones? -

R'ECaII.tPat rectifying inspection programs require that discovered defective items are either removed for further
disposition or are replaced with known good items. Rejected lots are screened and have zero defective items.
Accepted lots have soms outgoing fraction defective p, less than the incoming fraction defective pg.

The equations do rot change:
AQQ="F.p (N-nr)/N{equ 144, text p. 691)
ATI=n+(F - F,) (N—m) {eqn. 14-6, text p_ 693)

The design of a variables plan in rectifying fuspection is somewhat different from the atiribute plan design, and
generally involves some trial-and-error search. For example, for a given AQQL = P, p,, (N —n)/ N (where p., is the
value of p that maximizes AQQ), we know n and k are related, because both P, and p,, are functions of n and k.
Supposc n s ashitrarily specified. Then a k can be found to satisfy the AOQL equation. Wo convenient
mathematical method exists to do this, and special Romig tables are usually employed. Now, for a specified process
average, # and k will define P,

Finally, ATI is found from the above equation. Repeat until the »# and & that minimize ATT are found.
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i ili i i i jth an AQL of 1.5%, assuming
X spector for a military agency desires a variables sampling plan for use wit . s
14 ﬁmztullotie;:e of size 7000, If the standard deviation of the lot or process is unknown, derive a sampling plan

using Procedure | from MIL STD 414.

Given: AQL = 1.5%, &= 7600, standard deviaticn uqlmown ) N
Assume: Single-Specification limit—Fomn 1, Inspection Level IV (“rormal”)
Teble 15-1 (Table A-2): Sample Size Code Letter=M . i B
g‘r})ﬁ Taablz 15-2 ((?Fable B-1}: #t= 50, Ky = 1.80 (read from AQL headings at top of table}, Kisresca = 1.93 (read

from AQL headings at bottem of table)

Consult a copy of MIL STD 414 for complete 1ables containing the reduced sampling plan (Mreaces = 20, Frotieed =
1.51)

15-5. How does the sample size found in Exercise 15-4 compare with what would have been used under ML
STD 105E?

Under MIL STD 105E with Inspection level If, Sampte size code letter = L, use Tables 14-4 through 14-7:

Normal Tightened Reduced

n 200 200 80
Ac T 5 3
Re 3 ] [

The MIL STE 414 sample sizes are considerably smaller than those for MIL STD 105E.

i eturnable glass bottles from a veador. The lower specification on

B bhu;?ﬁ:?gnﬁniljhiubrﬁszsiSDZO;; psi. The lﬁunler wish‘es 1o use variables samp}ing to sentence' thie Ilots,

and has decided to use an AQL of 1%. Find an appropriate set of normal an‘d t1gEened sampling E ains

from the standard. Suppose that a lot is submitied, and the sz?mp_ie results yield X = 255 and 5 = 10.
Determine the disposition of the lot using Procedure 1. The lot size js N = 100,080,

Given: AQL= 1%, N = 100,000, Standard Deviation unknows, Single-Specification limit—Form 1, LSL =225 psi
Assume: Inspection Level [V {“non'nal"). Code Letter =0

Table 15-1 (Tzble A-2): Sample Size e Letter = )
E:zﬁ T:ble 15-2 ETab]e B-1), Normal Sampling: 5 = 100, ki = 2.00 (read from AQL headings a't top of btable) .
From Teble 15-2 (Table B-1), Tightened Sampling: # = 100, Kigeered = 2.14 (read from AQL headings at bottom o

table)

Assume Normal Sampling is currently in effect.
T=2558=10
_¥~18L _255-223

= =3.040 > 2.00
Zis S 0

So accept the lot.
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15-9. A standard of 0.3 ppm has been established for formaldehyde emission levels in wood products, Suppose
that the standard deviation of emissions in ap individual board is o= 0.10 ppm. Any lot that contains 1% of
its items above 0.3 ppan is considered acceptable. Any lot that has §% or more of its iterns above 0.3 ppm
is considered unacceptable. Good lots are to be aceepted with probability 0.95, and bad lots aze to be
rejected with probability 0.5¢.

(a) Derive a variables sampling plan for this situation.

Use the variables nomograph, Figure 15-2 on text p. 726. To find the sampling plan, draw one line connecting p, =

0.01 on the left with 1 — &= (.95 on the right. Draw the second line connecting p; = 0,08 on the left with =1 -
$.90 = 0.10 on the right.

At the intersection of the lines we read k¥ = 1.8, Follow the curved line from the intersection poiat to the lower
sample size scale (for o known) and interpolate 12 = 30. ‘The sampling plan is n = 30 and 4= 1.8,

(b) Using the 1% nonconformance level as an AQL, and assumning that lots consist of 5000 panels, find an
appropriate set of sampling plans from MIL ST 414, assurning ¢ unknown. Compare the sample sizes and
the protection that both producer and consumer obtain from this plan with the plan derived in part (a).

© Given: AQL= 1%, ¥ = 5000, o unknown, single specification limit

Assume: Inspection Level IV

From Table 15-1 (MIL STD 414, Table A-2): Sample Size Code Letter=M

From Table 15-2 (MIL STD 414, Table B-1), Nermal Sampling: r= 50, k= 1.93
From Table 15-2 (MIL STD 414, Table B-1), Tightened Sampling: n = 50, k=2.08

4 sampling plan constructed with o knowa (7 = 30) requires smaller sample sizes than o unknown 5 = 50).

The plan in part (a) is designed with p; = 1%, representing the level of quality for which the producer desires a high
probability (0.95) of acceptance, and with py = 8%, the level of qualily that a consumer wants a low probability
(0.10) of accepting. in part (b) an AQL of 1% represents the poorest level of quality that the consumer considers
acceptable—focusing on the producer's risk end of the OC curve, and the consumer's protection varies depending an
the choice of inspection level,

{c) Find an attributes sampling plan that has the same OC curve as the variables sampling plan derived in
part (a). Compare the sample sizes required for equivalent protection. Under what circumstances would
vaniables sampling be more economically efficient?

Use the binomial nomograph, Figure 14-9 on text p. 690. To find the sampling pian, draw on¢ line connecting p, =
0.01 on the left with I — &2= 0.95 on the right, Draw the second line connecting p; = 0,08 on the left with B=1—
0.9¢=0.10 on the right. The sampling planis # = 60 and c = 2.

The sample size is slightly larger than required for the variables plan (a). Note that the variables sampling would he
maze efficient if o were known. :




15-6 Other Acceptance-Sampling Techniques

(d} Using the 1% nonconformiag as an AQL, find an aftributes sampling plan from M'IL STD 105E.
Compare the szmple sizes and the pretection obiained from this plan with the plans derived in parts (a), (b),
and (c).

Given: ¥ = 5000, AQL = 1%, Single Sampling

Assume: General Inspection Level It

From Table 14-4: Sample size code fettec =L

From Table 14-5, Normal sampling plan: #=200, Ac=5,Re= [
From Table 14-6, Tightened sampling plan; 7=200, Ac=3, Re= 4
From Table 14-7, Reduced sampling plan: #— 80, Ac=2,Re = 5

The sample size of the MIL STD 105E aomal sampling plan, r = 200, is much larger than for }he ather plans (30,
50, and 60 respectively). The comparisea of the protection offered by plan (a} versus plan (b}, is the same for plan
(c) and plan (d).

15-i1. An electronics menufacturer buys memory devices in lots of 30,000 from a vendor. The vendor has & long
record of good quality performance, with an average frection defective of approximately 0_.]0%. The
quality engineering department has suggested using a conventional acceptance-sampling plan with w =32, ¢

(2) Draw the OC curve of this sampling plan.

For the type-B OC curve; the formulas on text p. 683 (eqn. 14-1 and 14-2) apply. The spreadsheet solutions using
the Excel BINOMDIST function are:

A B [
i [N=26000 |n= 32
2 c= 0
3 binomial
4 FPa Prireject}
5 [0.001 =BINOMDIST{SC32,5C51,A5 TRUE) |=1-B5
OC Chist for 22, ¢=0
P Pa Prireject}
0.0010 0.9685 00315 e
0.0015 0.9531 0.0469
0.0020 0.9379 0.0621 o
0.0030 0.8083 0.0917 .
0.0040 0.8786 0.1204 H
0.0050 0.8518 0.1482 g“
0.0060 0.8248 0.1752 2
0.0070 0.7987 0.2013 fu
0.0080 0.7733 0.2267 z
0.0090 0.7488 (.2512 £
0.0100 0.7250 0.2750 Y
0.0200 0.5239 0.4761
0.0400 0 .2708 0'7292 e l_ an L123 a9 (4} as (3] s (3] ai LH
0.0600¢ 0.1381 0.8819 b ko oo

6.0800 0.0694 0.9306
0.1000 0.0343 0.9657
0.2000 0.0008 0.9992
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{b) If lots are of a quality that is near the verdor’s long-term process averape, what is the average total
inspection at that level of quality?

Equation 14-6 {text p. 693) stifl applies: ATE=+(1—P, (¥ —n)=32+(1-0.9685)(30006-32) =976

{¢) Cansider a chain-sampling plan with s =32, c=§, and i = 3, Conltrast the performance of this plan with
the conventional sampling plan# =32, ¢= 0.

Using equ. 15-3 {text p. 37), where P(0, »} is the probability of obtaining & defective and P(1, 1) is the probability of
obtaining 1 defective.:

B, = P(0,)+ P(L,m)[P(0,n)]
P0,.n)=P(0,32)=0.9685
P(La)=P(1,32)=0.0310

P, =0.9685+(0.0310)0.9685)° =0.9968

Using eqn. 14-6 on text p. 633, ATI = n+ (I — Pa) (¥ —m) =32 + (1 - 0.9957) (30,000 — 32) = 131, Compared to

conventional sampling, the P, for chain sampling is slightly larger, but the average pumber inspected is much
smaller. .

(d} How would the performance of this chain-sampling plan change if we substituted i = 4 in part (¢)? -

The formula on text p. 737 (eqr. 15-3) applies. The spreadskeet solution using the Excel BINOMDIST function is
below:

E F - - - G - H o
1 |P{0.32) P{1,32} Pa parifc) Pa par{d)
21 [=BINOMDIST(0,32,0,001,FALSE) [ =BINOMBIST(1,32,0.001,FALSE] | ~E21+F21'E21"3| =E21+F21'E214

P{0,32) F{1,32) Pa pari{c} Pa part{d}
0.9685 0.0310 0.9967  0.9958

P, ={.9958, there is little change in performance by increasin'g i, Using eqn. 14-6 ontext p. 693, ATI=n+ (1 —FPa)
{N—n)=32+(1-0.9958) (30,000 - 32} = 158

15-13. A chain-sampling plan is used for the inspection of lots of size ¥ = 500. The sample size is » = 6. If the
sample contains no defectives, the lot is accepted I one defective is found, the lot is accepted provided

that the samples from the four previous lots are free of defectives. Determine the probability of acceptance
of a lot that is 2% defective.

N=500,n=6
The sampling plan is to accept the lot if ¢ = 0, If¢ =1, accept the Iot if { = 4 previous lots were free of defectives.

To find P,{p= 0.02}, use eqn. 15-3 (text p. 737):
By = PO,)+ PULEPO,)) = P(O,6)+ POLEL PO, 6
=0.88584+ 0.19847({}.88584)4 =(.9526%
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15-14, Suppose that a manufacturing process operates in continuous preduction, such that confinuous sampling
plans could be applied. Determine three different CSP-1 sampling plaas that could be used for an ACGQL of
0.198%.

We need to find f; the fraction of units to be inspected acd 4, the clearance number. From Table 15-3, for AOQL =
0.198%, select any three values of fand find the vatue for i, Three different CSP-1 plans would be:

1. f=tsandi=140

2. Sf=U10andi=550

3. f=1i/100 and { = 1302
The final choice of # and £ is based on practical rmanufacturing considerations.

Ta use one of the plans, begin by inspecting ail units 100%. As soon as f consecutive units are found to be defect-
free, discontinue 100% inspection and inspection fraction 7. Sample units are randomly selected, one at a time, from
the production flow. Lf a unit is defective, [00% inspection is resumed. Defective ugits are either reworked or
replaced with good units.

15-15. For the sampling plans developed in Exercise 15-14, compare the plans” performance in terms of average
fraction inspected, given that the process is in control at an average fallout level 0.15%. Compare the plans
in terms of their operating characteristic carves.

The average process fallout is p = 0,15% = 0.0015, so ¢ = | — p = 0.9985. Use equs. 15-4 = 15-7 to evaluate OC
curves (text pp. 738 - 739). The Excel spreadsheet solutions are:

A c nd
ACQL =0.198%
z lp= 9.0015
q= =1-B2
4
5 |f= 6.5
6 |i= 140
7
g lu= =(1-§853*B6)/ (3852 B33 "E6)
9 jv= =1/(65°58%52)
10 [AFI= =(B8+BS'BI)/(BA+BY)
[15_|Pafp=.0015}= [=BSKBB+BY)
12
13 |p B v Pa
14 10.601 =(11{1-A14)3B5EV(A14"(1-A14)"$B56) [=1/{5BI5'A14) [=C14KBT4+C14

fa1/2and =140 f=1/10 and i = 550 f=1/109 and i = 1302
p u v Pa o v Pa o v Pa

0.0010 1.5035E+07 2000,00 0.9301 7.3374E+02 10000.00 0.9316 2.6790E+03 100000.00 0.9739
0.0015 1.5507E+02 1333.33 0.8953 8.5553E+02 6566.67 0.8863 4.C401E+03 6G666.67 0.8429
0,0020 1,6175E+02 1000.00 0.8608 1.0037E+03 5000.00 0.8328 62785E+03 50000.00 0.8885
0.0025 1.8768C+02 S00.00 08266 1.184BE203 4000.00 07715 1.0010E+04 4000000 G798
0.0030 1.7431E+02 666,67 0.7927 1.4066E+03 3333.33 0.7032 1.6331E+04 3333333 06712
0.0035 £.8106E+02 57143 0.7594 1.67955+13 285714 0.6288 27161E+04 28571.43 05127
00040 1.8816E+02 500,00 07768 201622403 2500.00 0.5536 4.5912E+04 23000.00 0.3526
0.0045 1.9562E+02 444.44 0.6044 2.4320E+03 222222 0.4774 T.BGTSE+)4 2222222 02262
0.0050 2.0346E+02 400,00 0.6628 2.9502E+03 2000,00 0.4040 1.3638E+05 2000000 0.1279
0.0060 2 2037E+02 333.33 0.602C 4.3972E+03 1GB6.67 02749 4.2931E+05 (E666.67 0.0381
0.0070 2.3005E+02 285.71 0.5444 GE619E+03 142857 0.1766 1.3305E+06 14285.71 0.0108
0.0080 2.5984E+02 250.00 04904 1.0238E+04 1250.00 0.1088 4.3521E+05 12500.00 0.0029
0.0000 2 8284E+02 222.22 0.4400 1.5930E+05 1111.11 0.0652 1.4383E+07 11119.11 0.0008
0.0100 3.0830E+02 200.00 03834 2.5056E+04 1000.00 0.0384 4.B192E+07 10000.00 $.0002
0.0200 7.0500E+02 100,00 0.1116 33467E:06 500.00 00061 1,3262E+13 500000 0.0000
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f=1/2andf=140 F=1/10 andi= §50 1= 1/00 and I = 1302

fl o v Fa v I'd Pa u v Fa
0.0300 23371£+03 66.67 0.0277 62867E+08 333.33 0.0000 5.5729E+18 333333 0.0000
0.0400 7.5602E+03 5000 0.0066 1.4085E+11 250,00 00000 3.0255E+24 2500.00 0.0000
0.0500 2.6266E+04 4000 0.0015 3.5731E+13 200.00 0.0060 2.0179FE+30 2000.00 0.0000

0.0600 9.6355E+04 3333 0.0003 1.0035E+16 166.67 0.0000 1.6195E+36 1666.67 0.000C

1. J=Yeand i=140: »= 155915, v=1333.3, AFI = 0.5523, P, = 0.8933
2. Sf=110and i=550: u=4855530, v=6666.7, AFI= 0.2024, F, = 0.8863
3. f=1/100 and i =1302: u = 4040.000, v = 66,666.7, AFI = 0.0666, P, = 0.9429

OC Curves for 3 €SP Plans

0
am ant no2 o0 0 005 005
P

(S~ F172i=140 —=—=1110,i=550 —+— [=1100=1302

The QC curves for the I* and 2* plans (/= Y% and i = 140, f= 1/10 and { = 550) are much steeper, indicating more
discriminating plans.

A





