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Preface
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trate the theoretical concepts covered.
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Introduction

Quiality can be defined in many ways, ranging from “satisfying customers’
requirements” to “fitness for use” to “conformance to requirements.” It is
obvious that any definition of quality should include customers, satisfying
whom must be the primary goal of any business. Experience during the last
two decades in the U.S. and world markets has clearly demonstrated that
quality is one of the most important factors for business success and growth.
Businesses achieving higher quality in their products enjoy significant
advantage over their competition; hence, it is important that the personnel
responsible for the design, development, and manufacture of products
understand properly the concepts and techniques used to improve the qual-
ity of products. Statistical quality control provides the statistical techniques
necessary to assure and improve the quality of products.

Most of the statistical quality control techniques used now have been devel-
oped during the last century. One of the most commonly used statistical tools,
control charts, was introduced by Dr. Walter Shewart in 1924 at Bell Laborato-
ries. The acceptance sampling techniques were developed by Dr. H. F. Dodge
and H. G. Romig in 1928, also at Bell Laboratories. The use of design of experi-
ments developed by Dr. R. A. Fisher in the U.K. began in the 1930s. The end of
World War Il saw increased interest in quality, primarily among the industries
in Japan, which were helped by Dr. W. E. Deming. Since the early 1980s, U.S.
industries have strived to improve the quality of their products. They have been
assisted in this endeavor by Dr. Genichi Taguchi, Philip Crosby, Dr. Deming,
and Dr. Joseph M. Juran. Industry in the 1980s also benefited from the contri-
butions of Dr. Taguchi to design of experiments, loss function, and robust design.
The recent emphasis on teamwork in design has produced concurrent engineer-
ing. The standards for a quality system, ISO 9000, were introduced in the early
1990s. They were later modified and enhanced substantially by the U.S. auto-
mobile industries, resulting in QS-9000.

The basic steps in statistical quality control methodology are represented in
Figure 1.1, which also lists the output of each step. This textbook covers most
of the steps shown in the figure. It should be emphasized here that the steps
given are by no means exhaustive. Also, most of the activities must be per-
formed in a parallel, not sequential, manner. In Chapter 2, Tolerancing, assem-
bly tolerance is allocated to the components of the assembly. Once tolerances
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Quality control methodology.

on the quality characteristics of the components are determined, processes
must be selected for manufacture of the components. The personnel responsible
for process selection must be cognizant of the effect of quality characteristic
variances on the quality of the product. This process, developed by Dr. Taguchi,
is discussed in Chaper 3, Loss Function. Robust design, which is based upon
loss function, is also discussed in this chapter. Process capability analysis,
which is an important step for selection of processes for manufacture of the
components and the product, is discussed in Chapter 4. Process capability
analysis cannot be completed without ascertaining that the process is in con-
trol. Even though this is usually achieved using control charts, this topic is
covered later in the book. The effect of measurement error, which is addressed
in Chapter 5, should also be taken into consideration. Emphasis in the text is
given to modeling of errors, estimation of error variances, and the effect of
measurement errors on decisions related to quality. After process selection
is completed, optimal means for obtaining the quality characteristics must be
determined, and these are discussed in Chapter 6, Optimal Process Levels.
The emphasis in this chapter is on the methodologies used and the development
of objective functions and solution procedures used by various researchers. The
next step in the methodology is process setting, as discussed in Chapter 7, in
which the actual process mean is brought as close as possible to the optimal
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value determined earlier. Once the process setting is completed, manufac-
ture of the components can begin. During the entire period of manufacture,
the mean and variance of the process must be kept at their respective target
values, which is accomplished, as described in Chapter 8, through process
control, using control charts. Design of experiments, discussed in Chapter 9,
can be used in any of the steps mentioned earlier. It serves as a valuable tool
for identifying causes of problem areas, reducing variance, determining the
levels of process parameters to achieve the target mean, and more.

Many of the steps described must be combined into one larger step. For
example, concurrent engineering might combine tolerancing, process selec-
tion, robust design, and optimum process level into one step. It is empha-
sized again that neither the quality methodology chart in Figure 1.1 nor the
treatment of topics in this book implies a sequential carrying out of the steps.
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2.1 Introduction

In mass production, products are assembled using parts or components
manufactured or processed on different processes or machines. This requires
complete interchangeability of parts while assembling them. On the other
hand, there will always be variations in the quality characteristics (length,
diameter, thickness, tensile strength, etc.) because of the inherent variability
introduced by the machines, tools, raw materials, and human operators. The
presence of unavoidable variation and the necessity of interchangeability
require that some limits be specified for the variation of any quality character-
istic. These allowable variations are specified as tolerances. Usually, the toler-
ances on the quality characteristics of the final assembly/product are specified
by either the customer directly or the designer based upon the functional
requirements specified by the customer. The important next step is to allocate
these assembly tolerances among the quality characteristics of the compo-
nents of the assembly. In this chapter, we will learn some methods that have
been developed for tolerance allocation among the components.

2.2 Preliminaries

We will consider assemblies consisting of k components (k > 2). The quality
characteristic of component i that is of interest to the designer (user) is
denoted by X;. This characteristic is assumed to be of the Nominal-the-Better
type. The upper and lower specification limits of X; are U; (USL;) and L, (LSL)),
respectively.

The assembly quality characteristic of interest to the designer (user)
denoted by X is a function of X;, i =1, 2,..., k. That is,

X =fXy, Xp..., Xy) 2.1)

At first, we will consider linear functions of X; only:
X:X1iX2iX3iiXk (2.2)

The upper and lower specification limits of X are U (USL) and L (LSL), respec-
tively. These are assumed to be given by the customer or determined by the
designer based on the functional requirements specified by the customer.
Some examples of the assemblies with linear relationships among the assem-
bly characteristics and component characteristics are given next.

Example 2.1
Three different assemblies are given in Figures 2.1a, b, and c. In the shaft and
sleeve assembly shown in Figure 2.1a, the inside diameter of the sleeve and
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FIGURE 2.1
Some examples of assemblies.

the outside diameter of the shaft are the component characteristics, and the
clearance between these diameters is the assembly characteristic. Let X; and X,
represent the inside diameter of the sleeve and the outside diameter of the
shaft, respectively, and let X denote the clearance between these two diame-
ters. Then, the relationship between the assembly characteristic and the com-
ponent characteristic is given by:

X=X,-X, (2.3)

In the assembly given in Figure 2.1b, the component characteristics are the
lengths of these components, denoted by X, X,, and X;, and X is the length of
the assembly. The relationship among the tolerances in this case is given by:

X = Xl + X2 + X3 (2.4)
©2001 CRC PressLLC



In Figure 2.1c¢, the assembly characteristic X is related to the component char-
acteristics X;, X,, and X; as:

X=X, - X, - X, (2.5)

In general, these relations can be written as in Eq. (2.2).

2.3 Additive Relationship

Tolerance is the difference between the upper and lower specification limits.
Let the tolerance of X;be T;, i=1, 2, ..., k, and let the tolerance of the assembly
characteristic X be T. Then,

Ti=u,v—Ll-, 121, 2,...,k (2.6)

where L; and Uj are the lower and upper specification limits of characteristic
X, respectively. Similarly,

T=U-1L, 2.7)

where L and U are the lower and upper specification limits of X, respectively.

The relationship between T and Tj,..., Ty can now be derived using the
assembly in Figure 2.1c as an example. The relationship among the tolerances
was given in Eq. (2.5) as:

X B Xl - X2 - X3
As U is the maximum allowable value of X, it is realized when X is at its max-
imum allowable value and X, and X; are at their respective minimum allow-
able values. Hence,

u = ul - L2 - L3 (2.8)
Similarly L, being the minimum allowable value of X, is obtained when X is
at its minimum allowable value and X, and X; are, respectively, at their max-
imum allowable values. Hence,

L = Ll - U2 - U3 (29)
Now, as per Eq. (2.7),
T=U-1L)
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which can be written using Egs.(2.8) and (2.9) as:
T=U,-L,-Ly) — (L, - U, - Uy)
=(U; - L)+ U, - L) + (U; - Ly)
T, + T, + T, (2.10)

In general, for any linear function X=X, + X, + X; +--- £ X,

T=T,+T,+Ty+---+ T, (2.11)

This is called an additive relationship. The design engineer can allocate toler-
ances T}, ..., T, among the k components, for a given (specified) T, using this
additive relationship. Let us now use this relationship in an example to allo-
cate tolerance among the components.

Example 2.2

Let us consider the assembly depicted in Figure 2.1a, having two components
(sleeve and shaft) with characteristics (diameters) X; and X,, respectively. The
assembly characteristic is the clearance between the sleeve and the shaft,
denoted by X, which is equal to:

X=X,-X, (2.12)
and
T=T,+T, (2.13)

Let us assume that the tolerance on X, which is T, is 0.001 in. Using Eq. (2.13),
we get:

T, + T, = 0.001 (2.14)

There are two unknowns, T; and T,, and only one equation. In general, if the
assembly has k components, there will be k unknowns and still only one
equation. We need (k — 1) more equations or relations among the components’
tolerances, T;'s, in order to solve for them. These relations usually reflect the
difficulties associated with maintaining these tolerances while machining/
processing the components. As we will see later, the manufacturing cost
decreases when the tolerance on the quality characteristic increases. Let us
assume that, in our example, the difficulty levels of maintaining both T, and
T, are the same, hence the designer would like these tolerances to be equal.
That is,

T, =T, (2.15)
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Using (2.14) and (2.15), we obtain

On the other hand, if it is more difficult to process component 1 than compo-
nent 2, then the designer would like to have T, greater than T,. For example,
the following relation can be used:

T, = 2T, (2.16)

In this case, using Egs. (2.14) and (2.16), we get:

2T,+T, = 0.001 - T,
T,

0.00033
0.00066

rounding off to five decimal places. It may be noted here that the number of
decimal places carried in the tolerance values depends upon the precision of
the instruments/gauges used to measure the characteristics.

2.4 Probabilistic Relationship

As this relationship depends upon the probabilistic properties of the compo-
nent and assembly characteristics, it necessary to make certain assumptions
regarding these characteristics:

1. X/s are independent of each other.
2. Components are randomly assembled.

3. X;~N(u;00); that is, the characteristic X; is normally distributed
with a mean g; and a variance o’ (this assumption will be relaxed
later on).

4. The process that generates characteristic X; is adjusted and con-
trolled so that the mean of the distribution of X;, y, is equal to the
nominal size of X, denoted by B; which is the mid-point of the
tolerance region of X;. That is,

W= (2.17)

5. The standard deviation of the distribution of the characteristic X,
generated by the process, is such that 99.73% of the characteristic X;
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TABLE 2.1

Areas for Different Ranges Under Standard Normal Curve

% Covered within % Outside the Parts per million

Range the Range Range Outside the Range
(u-10) to (u+10) 68.26 31.74 317,400
(u-20) to (u+20) 95.44 4.56 45,600
(u-30) to (u+30) 99.73 0.27 2700
(u-4o0) to (u+40) 99.99366 0.00634 63.4
(u-50) to (u+50) 99.9999426 0.0000574 0.574

(u - 60) to (u+ 60) 99.9999998 0.0000002 0.002

falls within the specification limits for X;. Based upon the property
of normal distribution, this is represented as (see Table 2.1):

U-L=T=6c, i=1,2,..,k (2.18)

Let y and o be the mean and variance, respectively, of X. As X = X; £ X, +
X3+ xX,

S U iy IS T (2.19)
and as the X/'s are independent of each other,
0 =0 +0+-+0, (2.20)
Because of assumption 2 (above), the assembly characteristic X is also nor-
mally distributed.

Let us assume that 99.73% of all assemblies have characteristic X within the
specification limits U and L. This yields a relation similar to Eq. (2.18):

(U-L)=T=60 (2.21)
From Egs. (2.18) and (2.21), we get:

o = (E)Z, i=1,2,..k (2.22)
and
o = (I)z (2.23)
Combining Egs. (2.20), (2.22), and (2.23) yields:

B -GG @ e
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or

T = JTi+To+ - +T; (2.25)

The relationship given in Eq. (2.25) is called a probabilistic relationship and
provides another means for allocating tolerances among components for a
given assembly tolerance, T. Let us use this relationship to allocate tolerances
among the two components of the assembly considered earlier.

Example 2.3

We may recall that by using the additive relationship (and assuming that
T, = T,), the tolerances were obtained as T; = T, = 0.0005 in. Now setting T =
0.001 in Eq. (2.25) yields:

JT5+ T3 = 0.0005

We face the same problem we encountered earlier; that is, we have only one
equation, whereas the number of variables is 2 (in general, it is k). If we intro-
duce the same first relation used earlier (T, = T,), then Eq. (2.26) gives:

1% = 0001 > T, = 2001
2

Tl = T2 = 0.00071

if five significant digits are kept after the decimal point.

The component tolerances T, and T, obtained using the additive and prob-
abilistic relationships for the same assembly tolerance T =0.001 and the same
relationship between T, and T, (T, = T,) are summarized in Table 2.2.

It can be seen that the probabilistic relationship yields larger values for the
component tolerances compared to the additive relationship (43% more in
this example). We will examine the advantages and disadvantages of this
increase in component tolerances next.

Now, we have two relations between T and (T, ...,T}):

T=T,+T,+Ts+ -+ T, (2.26)
TABLE 2.2
Comparison of Additive and Probabilistic
Relationships
Additive Probabilistic
T, 0.0005 0.00071
T, 0.0005 0.00071
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and

T = JTi+Ts+ - +T; (2.27)

Let us denote T in (2.26) by T, and T in (2.27) by T, (T, and T, for compo-
nents); then:

T, =T, +T,+-+T, (2.28)

and

- 2 2 2
= JTm +To + 4T, (2.29)

In Examples (2 2) and (2.3), we set T, = T, =0.001 and solved for T, = T, =
0.005and T, p, = 0.00071. We saw that T,>T, and T, >T, .Now let us
examine the advantages and dlsadvantages of usmg the probab1hst1c rela-

tionship to allocate tolerances among the components.

2.4.1 Advantages of Using Probabilistic Relationship

It is a well-established fact that manufacturing cost decreases as the tolerance
on the quality characteristic increases, as shown in Figure 2.2. Hence, the man-
ufacturing cost of the components will decrease as a result of using the prob-
abilistic relationship.

Ci

FIGURE 2.2
Curve showing cost-tolerance relationship.
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2.4.2 Disadvantages of Using Probabilistic Relationship

If the probabilistic relationship is used, then the tolerance on the internal
diameter of the sleeve and the outside diameter of the shaft is 0.00071. This
implies that the maximum allowable range of the internal diameter of the
sleeve is 0.00071. Likewise, the maximum allowable range of the outside
diameter of the shaft is also 0.00071. Hence, the actual maximum range of
the clearance of the assemblies assembled using these components will be

T, + T, = 0.00071 + 0.00071 = 0.000142

The allowable range of the clearance of the assemblies, T, is 0.001. This will
obviously lead to rejection of the assemblies. In order to estimate the actual
proportion of rejection, we need the probability distribution of the assembly
characteristic, X, along with its mean and standard deviation.

If the component characteristics are normally distributed, then the assem-
bly characteristic is also normally distributed. If the means of the component
characteristics are equal to their respective nominal sizes, then the mean of
the assembly characteristic is equal to the assembly nominal size. The only
equation that contains the variance, o, is

0O =0 +0+-+0, (2.30)

The standard deviations, 6;, and o, are (per assumption (5) made earlier):

_ T, _ 0.00071 _
oy = o = === = 0.000118
and
T
o, = gz = 0.000118
Hence,
o = 4J0.000118 + 0.00118> = 0.000167

and

60 = 6 x 0.000167
=0.001

Because X is normally distributed, the range 66 contains 99.73% of the values
of X, which is the assembly characteristic (see Table 2.1). Hence, the percent-
age rejection of the assemblies is <0.27%. This is illustrated in Figure 2.3.
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FIGURE 2.3
The result of a probabilistic relationship.

Now, let us compare the percentage of rejection of the assemblies when the
component tolerances are determined using the additive relationship. Now
the standard deviations, o; and o, are

o, = % = 0.0000833
and
o, = 0.0000833
Hence,
o = /2 x0.0000833% = 0.0001179
and

60 =6 x 0.000117 = 0.00071

As 60 is less than the maximum allowable range (T = 0.001), the percentage
rejection now is =0. This is illustrated in Figure 2.4.
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FIGURE 2.4
The result of an additive relationship.

Thus, determining component tolerances using the probabilistic relation-
ship increases the percentage rejection of assemblies while decreasing the
manufacturing cost of the components. It also increases inspection cost (100%
inspection of assemblies).

2.4.3 Probabilistic Relationship for Non-Normal
Component Characteristics

Let the probability density function of X; be f(x;) with a mean y; and a vari-
ance O'f. We assume that the range that contains 100% or close to 100% of all
possible values of X; is g;0;. It is still assumed that:

Ti=gio; (2.31)
(ideally T; >>>> g;0;). This can be written as:

o, = L (2.32)
8&i

Now, given that X = X; £ X, £ X; £--- £ X, the distribution of X is approxi-

mately normal, because of the Central Limit Theorem. So,

T
T, =60—>0= —6’3,
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Uniform distribution.

. . 2 2 2 2
assuming 99.73% coverage. Using the formula 6° = o7+ 0, +--- + 0,

3 -
S R p)

2.4.3.1  Uniform Distribution
If f(x;) is a uniform distribution for all i, then (Figure 2.5):

_ (Range)2
Var(X,) = T
_ (U;-Ly)’
T12
(1)
o = 12

T, = J12 o; (&= «/ﬁ)

P 12 12 12

= BT +T5+ -+ T}

2 2 2
T = 6/\/5+12+...+&
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The assembly characteristic, X, can be assumed to be approximately nor-
mally distributed, and the probability tolerance relationship in Eq. (2.30) can
be used, even if the component characteristics are uniformly distributed,
when the number of components, k, is large, because of the Central Limit
Theorem. However, this approximation will yield poor results when k is
small, as illustrated by the following example.

Example 2.4

Consider an assembly consisting of two components with quality charac-
teristics X; and X,. The assembly characteristic X is related to X; and X, as
follows:

X:X1+X2

Assume that it is possible to select processes for manufacturing the compo-
nents such that X; and X, are uniformly distributed. The ranges of X; and X,
are (L;, U;) and (L,, U,), respectively. The tolerance on the assembly charac-
teristic is specified as 0.001. Allocate this tolerance among the components
using the probabilistic relationship, assuming that the component tolerances
are equal.

If we use the additive relationship, the tolerances T, and T, are

0.001 = T, +T,

T, =T, = (% = 0.0005

Now let us use the probabilistic relationship:

T, = J3JTi+T;

0.001 = ./3./2TF — T,(./6) = 0.001
T, = T, = 0.000408 = 0.00041.

It can be seen that the probabilistic relationship yields tolerances that are
smaller than the tolerances obtained using the additive relationship. The
reason for this is that the assembly characteristic X is not normally distrib-
uted. The Central Limit Theorem is true only for large values of k.

The actual distribution of X is a triangular distribution. Figure 2.6 contains
this distribution, obtained as result of adding two independent uniform ran-
dom variables with the same minimum and maximum limits (that is, assum-
ing L, =L, and U, = U,). Here, the range containing 100% of X is

Zul - 2L1 = 2(u1 - Ll) = 2T1
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Sum of two uniform distributions.

Hence, the correct probabilistic relationship is
T, = 2T,, notT, = J6T,

This example highlights the problem in using the probabilistic relationship
when the component characteristics are not normally distributed and when
k is small.

Example 2.5
Now let us assume that the number of components is 10 (that is, k = 10
instead of 2). We assume that the component characteristics are uniformly
distributed in the ranges of the respective specification intervals and that the
tolerances (T)) are all equal.

The additive relationship yields:

10T, = 0.001 > T, = T, = -+ Ty = 0.0001

The probabilistic relationship yields

J3410T3 = 0.001 = T,./30 = 0.001
T, =T, = Ty = 29 = 0000183
/30

In this case, the tolerances obtained using the probabilistic relationship are
larger than the tolerances resulting from the additive relationship. This is
because the distribution of X is closer to the normal distribution as k is large (10).
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2.4.3.2 Beta Distribution

The beta distribution is a more flexible probability density function com-
pared to the normal distribution because it can accommodate different
ranges (not always from —eo to +oo, as in the normal distribution) and differ-
ent shapes from left skewed to symmetrical to right skewed (not always
symmetric, as in the normal distribution). It has four parameters: a and b,
which are, respectively, the minimum and maximum values that a beta ran-
dom variable can assume, and yand 7, which are the shape parameters. The
density function is

_ 1 x—a1"r. x—a]m
O = B mlboe] | Thoa] ¢ 0S¥SP @
where
LTI _ ' or1q _ -
B(y, ) = NOZT jov (1-0)""do (2.39)
and
I'(y) = (y=-1)! (2.40)

Though the density function is not a simple function, the flexibility it offers
and its finite range make it an excellent candidate for representing many
quality characteristics in real life. The shape of the density function depends
upon the values of the shape parameters yand 7.

The mean and variance of the beta distribution are given next. The shape
parameters y and 7 are also expressed as functions of the mean and vari-
ance below. Finally, the range of the beta distribution is expressed in terms
of the standard deviation.

E(X) = u = a+(b—a)(y3_/n) = (’g:%” (2.41)

Var(X) = o = — (=21 (2.42)
(y+n+D(y+n)’

y= (W= ’(b =)~ (u-a) (2.43)
o’ (b—a)
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n= W=D -—w - b-p (2.44)
O'Z(b—a)

2
(b—a) = Range = t; = J(y+n+%(7+n) o; (2.45)

It can be seen from Eq. (2.42) that for the beta distribution:

= [rn+D+n)’ 046
8i J = (2.46)

Hence, for component characteristics that follow the beta distribution, the
probabilistic relationship in Eq. (2.30) becomes:

T, = 6J m JT+ T2+ o + T2 (2.47)
(y+n+

D(y+n)?

The formulas we derived so far are based on the following assumptions:

1. The probability distributions of the quality characteristics gener-
ated by the processes are known.

2. The capability of the process matches the (engineering) specification
tolerance (T)) of the quality characteristic X;. (Here, capability means
the range of all possible values of the quality characteristic generated
by the process.) In other words, the range of all possible values of
quality characteristic X is equal to the range of allowable values as
per specifications (that is, the range U; - L)):

(Ti=gz‘0'i)

3. The mean of the distribution of the characteristic X; generated by
the process y; is equal to the nominal size, B, which is the mid-
point of the tolerance interval. That is,

o (U;+ L))

.u:Bl 2 4

; fori =1,2,..,k

Let us consider assumption (2). The range of all possible values of any qual-
ity characteristic generated by a process is called the natural process tolerance
of that process and is denoted by t;. This is different from T, which is the
allowable range of X

ti = glo'l (248)
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TABLE 2.3

Natural Process Tolerances

Distributions tAg:0)
Normal 60; (99.73%)
Uniform J12 o, (100%)

Beta [ n* Dy +;T;(7+ 0 (00%)

The range of allowable values of the quality characteristic X; is the engineer-
ing tolerance, which is denoted by T;. Per assumption (2), T;=t; (ideally, T; > t;).
Table 2.3 gives the natural process tolerances for the normal, uniform, and
beta distributions obtained earlier.

The natural process tolerance is called process capability in real-life applica-
tions. For a given machine or process, t; depends upon the operation per-
formed on the machine (such as turning, forming, etc.) and the material used
(brass, stainless steel, etc.).

Assumption (3) is not realistic, because in real-life applications it is very
difficult to make the mean of X, u,, exactly equal to the nominal size, B;. It
requires a long time to achieve this, hence industries allow a maximum nonzero
deviation between the mean and the nominal size. In the next section, we will
consider the component tolerance allocation problem in cases where the pro-
cess means (y;) are not equal to the respective nominal sizes (B;), which are
assumed to be the mid-points of the respective tolerance intervals. That is,

NiiBi(Nz‘iE%_Ui)

2.5 Tolerance Allocation When the Means Are Not Equal
to the Nominal Sizes

The method of component tolerance allocation for a given assembly tolerance
discussed in this section is based on the paper, “The Application of Probabil-
ity to Tolerances Used in Engineering Designs.”® The following assumptions
are made:

1. X/s are independent of each other.
2. Components are randomly assembled.

3. X;~N(u, 07); thatis, the characteristic X; is normally distributed
with a mean g; and a variance 0',2.
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FIGURE 2.7
Right shift in the mean of X.

4. The standard deviation of the distribution of the characteristic X;
generated by the process is such that the natural process tolerance
of Xi(=t,) is less than Ti(= U, — L,). That is, the actual range of all
possible values of X; is contained within the allowable range of the
values of X;.

5. The relationship between the assembly characteristic and the com-
ponent characteristic is assumed to be

The location of the mean of the distribution of X, y; is fixed while setting
the process. Let the maximum allowable difference between the mean y; and
the midpoint B; (nominal size of X;) of the tolerance region be a;,.

Case 1, when y; > B;. Let us consider the worst case, when y; is at its maxi-
mum allowable location, fori=1, 2,..., k. From Figure 2.7:

u; = B,+%—>Bi :Ui—%
:,u,+t§"+,u, = U,—%’
4 —B, = g_% (2.49)
izgiz‘_ti) (2.50)
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FIGURE 2.8
Left shift in the mean of X..

Case 2, when g, < B;. Again, let us consider the worst case, when y; is at its
minimum allowable location, fori=1, 2, ..., k. From Figure 2.8:

L = B,.—%ABi = L,.+%'
B,—y, = g_% (2.51)
0 = (Tiz‘tl) (2.52)

Now let us consider the assembly characteristic X. As we do not know the
exact location of ; anymore (all we know is that maximum |u; — B| = a,), we
do not know the exact location of u either. Let the maximum and minimum
possible values of u be u,,,, and u,,;,, respectively (Figure 2.9). In the figure:

k
Honax — Mmin = zzai (253)

i=1

At any given position of y in the range (i, Uy, the range containing all
possible (99.73% for normal distribution) values of X is

t:60':6/\/;2 6A/G%+G§+-~~+Gi
BV (1)
= —| +[(=| +
6J(6) 3)

0
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FIGURE 2.9
Distribution of X.
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FIGURE 2.10
Assembly in Example 2.6.

using Eq. (2.30) and setting all g; = 6.0 for the normal distribution:

t= JE+H+. +h (2.54)
Let the total spread of X (that is, the range of all possible values of X) be T..
From Figure 2.10:
k k
T, =2Ya+ |3 (2.55)
i=1 i=1
T.—t.
As a; = (’Z—tl) (Egs. (1.48) and (1.50)) and 24, = (T; - t;), Eq. (2.53) can be
written as:

1
M-
=
|
1M~
+

k k
ST S+ [3P
=Tt 2 (2.56)
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where T, is the assembly tolerance obtained by adding all the component tol-
erances (Eq. (2.26) with T, = T)).

When the processes are able to satisfy the tolerances exactly and when p; =
B, for all i,

T.=t;and a;=0, fori=1,2,..., k

k
TS:IEyszp
i=1

which is the probabilistic relationship as per Eq. (2.27).
Rewriting Eq. (2.54):

Hence,

T, = Ts+zk“ti— itf (2.57)
I i=1

In the above equation, the t; is known if the processes have been selected
for the manufacture of components (each ¢, is the natural process tolerance).
LetL = G (aconstant), fori=1,2,..., k. This ratio is called the process capability
ratio (PCR, or C,), and will be discussed in Chapter 4. For a process generating
a quality characteristic that follows a normal distribution, ¢, is usually taken as
60;. Some industries select processes for manufacturing such that T,=120;, so
G for such industries is

_120; _
G = 6—@ = 2(C,)

It is reasonable to assume that G is the same for all quality characteristics,
hence:

from which
T.=Gt, (2.58)
From Eq. (2.26), setting T, =T,

T,=Ti+T,+ -+ T,
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which, using Eq. (2.56), becomes:

Ta = th + Gtz + -+ Gtk
k 2.59
G[ztl) (259)
i=1

Combining Egs. (2.55) and (2.57), we get:

k k

G(}Zkl‘ti] =T, + Y t— Dk

i=1 i=1
from which G can be written as:

k2
i=1 ti

_ T +Z =

G
k
Ziok

(2.60)

In the above equation, G (PCR, or C,) is specified by the manufacturer (as a
target value), and T, can be set equal to T, which is the given (known) assem-
bly tolerance. So the only unknown variables are t;, i = 1,..., k. Once these are
found, the tolerances Tj,..., T, can be obtained using Eq. (2.56). But, the main
problem in solving for t, i =1, 2,..., k, is the nonlinear term in Eq. (2.58). The
following approximate solution procedure can be used to obtain the toler-
ances, T;.

Approximate Solution Procedure

If we assume that all the natural process tolerances are equal—that is, t, =
ty=--- =t = t—then:

k
Y2 =kt = ek

i=1

_ kt _ Zit

koo Jk

So,

G = Jk 2.61)
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from which,

(2.62)

Now, t; and then T; can be obtained using the following steps:

1. Specify a value for G.
2. Set T, = T in Eq. (2.44) and find =},
3. Based on the natural process tolerances of the available processes

on the shop floor, select the processes (that is, select each t;) such
that =f, t; is as close as possible to the value obtained in step 2.

4. Find the actual value of G using Eq. (2.58).

5. Depending upon the difference between the specified G and the
actual G, change the t; if necessary.

6. Find T, for i =1, 2,..., k, using Eq. (2.56).

Example 2.6

An assembly consists of five components. The tolerance on the assembly
characteristic is given as 0.001. The manufacturer of the components wants
the minimum value of G to be 1.33. The natural process tolerances (process
capabilities) of the processes available on the shop floor for manufacturing
the components are given in Table 2.4. Select the suitable processes and find
the tolerances, T, i=1, 2,..., k.

SOLUTION

Givenk=5; T=0.001; G=1.33:

Step 1—The value of G is given as 1.33.
Step 2—Setting T, = T = 0.001 and G = 1.33 in (1.60) gives

2 ; 0.001
e g—
P 1.33-1+14/5

= 0.00129
TABLE 2.4
Available Processes (t; Values)
i=1 i=2 i=3 i=4 i=5
A; 0.0002 A, 0.0001 A; 0.0001 A, 0.0002 As 0.0001
B; 0.0003 B, 0.0002 B; 0.0003 B, 0.0004 Bs 0.0004
C, 0.0004 C, 0.0003  C; 0.0005 C, 0.0006  Cs 0.0005
D, 0.0005 D, 00004 D, 0.0006
E, 0.0006 E, 0.0005 E; 0.0007
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Step 3—One possible combination is to select:

A 0.0002
G, 0.0003
B, 0.0003
B, 0.0004
As 0.0001
St = 00013

Step 4—The actual value of G using Eq. (2.42) is obtained as:

_ 0.001 +0.00130 — 4/0.0002% + --- + 0.0001>

G 0.00130

= 1.29.

Step 5—The specified value of G is 1.33. Assume that the manu-
facturer is not satisfied with the value of G obtained. Let us select
the following combination of processes:

A 0.0002

B, 0.0002
B, 0.0003
B, 0.0004
As 0.0001
Nt = 0.0012

Using (2.58), now G is 1.35. This is larger than the specified value,
thus the manufacturer decides to use these processes, which are
Al/ BZr B3/ B41 and AS'

Step 6—The tolerance, T, is now obtained using Eq. (2.56) as
follows:

T, = t;x 1.35 = 0.0002 x 1.35 =0.00027  (0.0003)
T, = t,x 1.35= 0.0002 x 1.35 =0.00027  (0.0003)
T; = t;x 1.35 = 0.0003 x 1.35 = 0.000405 (0.0004)
T, = t,x 1.35= 0.0004 x 1.35=0.00054  (0.0005)
Ts = tsx 1.35 = 0.0001 x 1.35 = 0.000135  (0.0002)
N.T; = 0.0017

(The values within parentheses are rounded off to four significant
digits after the decimal point.)

It can be seen that the actual range of the assembly characteristic is

w % 100 = 73% larger than the allowable range, which is T = 0.001.
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We will now represent this increase in the range in the probability distribu-
tion of the assembly characteristic. First, we will compute the actual variance
of the assembly characteristic, X. For X=X, £ X, £ X3 £ X, £ X;,

2 2 2 2
o = Joitoyt+ .-+ 05

o, = % = (% = 0.000033
o, = % - % = 0.000033
o, = %3 - % = 0.000050
o, = %4 : % = 0.000067
o, = %5 = % = 0.000017

o = (0.000033)> + --- + (0.000017)*
= 9455999 x 10°; & = 0.000097

As X is normally distributed, the natural process tolerance for X (the range
containing 99.73% of all values) at any given location of its mean is

t =60 =6 x0.000097 = 0.000582

Now let us calculate the g; values fori=1, 2,..., k:

0 = (le—tl) _ (0.0003;0-0002) = 0.00005

. (0.000350.0002) = 0.00005

as; = ay = as = 0.00005

The distribution of X, with these values, is given in Figure 2.11.

The formulas derived and the values we obtained assume the worst-case
scenario (that is, the shift between 1, and B; is either +a; or —a; for all i), but in
most of the situations, the shift between y; and B; may not be equal to a; for
alli. Only after the manufacture is completed will we know the exact location
of i, for all i and hence the location of the mean of X, which is u. So, we do
not have to consider an interval or range for .

Let us consider a case in which the maximum shift allowed (that is, a;) is
not used while setting the processes. We will use the data from Example 2.6.
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FIGURE 2.11
Expected distribution of X in Example 2.6.

The maximum shifts (4;) and the actual shifts are given below.

Component () a;= (T, - )2 Actual Shift
1 (0.0003 - 0.0002)/2 = 0.00005 +0.00002
2 (0.0003 - 0.0002)/2 = 0.00005 —0.00001
3 (0.0004 — 0.0003)/2 = 0.00005 +0.00004
4 0.00005 +0.00005
5 0.00005 —0.00002

Let us assume that the assembly is as shown in Figure 2.10. In this assem-
bly, the assembly characteristic is

X=X-X-X-X,-X;
The nominal size of X is
B=B,— B, By~ B, — Bs
and the mean of X is
M=M=t = Hs— Hy = Hs

Based on the assumptions about the actual shifts,

[y = B, +0.00002; B, = u, —0.00002
L, = B,— 0.00001; B, = u,+0.00001
s = By+0.00004; B, = s —0.00004
s = B,+0.00005; B, = u,—0.00005
s = Bs— 0.00002; B, = ps+0.00002
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FIGURE 2.12
Actual distribution of X in Example 2.6.

Hence, the nominal size of X is

B = (u,—-0.00002) — (u, + 0.00001) — (5 —0.00004)
— (¢, —0.00005) — (us +0.00002)
= (U — Uy — Uz — Hy — Us) —0.00002 — 0.00001
+0.00004 + 0.00005 —0.00002
u+0.00004
B —0.00004

u
That is, the mean of distribution of X is located to the left of the nominal size B
at a distance of 0.00004. From earlier calculation, the standard deviation of X
is

o = 0.000097

The actual distribution of X is given in Figure 2.12. Now the actual propor-
tion of undersized and oversized components can be estimated separately.

UNDERSIZED
©—LSL = 0.0005—0.00004 = 0.00046
o = 0.000097
(U=LSL) _ 0.00046 _ , ... . _
= So0005s = 474 (u-LSL) = 4740
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Table A.5 in the Appendix gives the proportion of defectives for some standard
normal values not found in the commonly used standard normal tables. It con-
tains the cumulative probabilities for Z values in the range (-3.00 to —6.00) and
the parts per million (ppm) values obtained by multiplying the cumulative
probabilities by 10°. From the table, the proportion of undersized compo-
nents (p,) is z =—4.74 = 1.07 ppm.

OVERSIZED
(USL — ) = 0.0005 +0.00004 = 0.00054
00005
= 0.000007 @ = 92670

From Table A.5, the proportion of oversized components (p,,) is z = -5.57 =
0.0128 ppm. In none of the tolerance assignment methods discussed earlier
was an objective function used. In the next section, minimization of the total
cost of manufacture will be used as the objective function in allocating toler-
ance among components.

2.6 Tolerance Allocation that Minimizes the Total
Manufacturing Cost

(This section is based on the paper by Bennett and Gupta, “Least-Cost
Tolerances—I.”*) The objective here is to determine the component tolerances
for a given (specified) assembly tolerance. The main differences between this
discussion and the earlier methods we used to allocate tolerances among the
components of an assembly are as follows:

1. An objective function is included: to minimize the total cost of
manufacturing the components.

2. The relationship between the assembly tolerance, T, and the com-
ponent tolerances, T; is given by:

k
T =YNxT, (2.63)

i=1

3. We can see that the relationship is still linear, but the coefficients
of the T; need not be equal to 1. (In the paper by Mansoor® and
earlier discussions, we assumed that N; =1 for all i.)

4. Process selection is not explicitly addressed (t; is not used). It is
assumed that the manufacturing cost of component i (with char-
acteristic X; and tolerance T;) is assumed to be

C, = h;xT; (2.64)
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In this equation, ; and o are constants which affect the shape of the cost-
tolerance curve, and ¢; < 0. This cost relationship satisfies two basic require-
ments: (1) When T;=0, C; = ; and (2) C; should be a decreasing function of T;.

2.6.1 Formulation of the Problem

The decision variables are T}, T, ..., T}. The objective function is to minimize
the total cost of manufacture. That is, to minimize:

cC=SnTt" (2.65)

1 1

'ﬁ*Ma-
L
R

where C is the total manufacturing cost of the components. The constraint in
this problem guarantees that the sum of the component tolerances selected
does not exceed the given tolerance on the assembly characteristic; that is,

SNT, =T (2.66)

All the component tolerances are non-negative; that is,
T,20, i=1,2,...,k
Now the formulation can be summarized as find:
Ty, Ty,..., Ty

so as to minimize:

subject to:

and
T;>20.0, foralli

(T/s are assumed to be continuous.)
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This is a nonlinear programming problem that can be solved using the
method of LaGrange multipliers.' The first step is to transform this corn-
strained optimization problem to an unconstrained optimization problem. The
objective function of this unconstrained problem is written as:

k
Y N.T,~T

i=1

k
F=YnT +21

i=1

(2.67)

Now the problem is to find the optimum values of T, i=1, 2, ..., k, and A
that minimize F. This is a simpler problem than the original problem because
the optimum values of T; and A can be obtained by differentiating F with
respect to the T; and A and setting the derivatives equal to 0:

g%_ = T AN, =0, i=1,2.,k
ho T = —AN,
1
V.
T, = {H} , 1=1,2,...,k (2.68)
<0

:ﬁMgff%mmw (2.69)

Let:

Hence,

k
T = YK (AN)" (2.70)

i=1
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In the above equation, the only unknown variable is A. If the value of A that
satisfies the above equation can be found, then Eq. (2.66) can be used to
obtainT,i=1,2, ...,k

Let us consider the following equation obtained from Eq. (2.68):

k
F) = TKANY =T 2.71)

i=1

This is a polynomial in A. The problem now is to find the root of Eq. (2.69),
which is equivalent to solving for A. The following is a modified Newton-
Raphson method.”

2.6.2 Steps for the Newton-Raphson Method
2
1. First find f() = "—I%’D and f"(A) = %@1
: 1)
f = zKibi(lNi) "N, (2.72)

i=1

)

k
) = Y Kbibi-1)(AN) " N? (2.73)
=1

2. Assume a starting value for A(4y). A possible value is

T (a-1)
Xy = {m (2.74)
i=1 itV
where
k
5 = ((ZQNZ\,-[O;Z-) (2.75)
i=1+Vi
Set A = A,.
3. Find:
U = ]j:(()/i)) (2.76)
and
Uy = 1R (2.77)
) PO '
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4. Find:

S = T (2.78)
5 Set A=A+
6. If || < some pre-specified value g, stop. A is the root; otherwise, go
to step 3.

Example 2.7

An assembly consisting of six components is considered. The tolerance on the
assembly characteristic is 0.012. The ¢; and h; values of the six components are
as follows:

Component i Q; h;
A -0.60 1.00
B -0.80 1.75
C -0.60 0.90
D —0.40 1.30
E -0.40 1.10
G -0.70 0.95

N; =1 for all i.

Find Ty, Ty ..., Te.

SOLUTION
Step 1:

6
F) = YKOAN)"-T
i=1

1

K, = 1 D 072668
T ( (=0.60) X (1.00)) o

1

K, = 1 U 205542
27 ( (=0.80) X (1.75)) T

K; =0.6803715; K, = 0.6268235

K5 =0.5563183; K, = 0.7866426
©2001 CRC PressLLC



by = ey = 0625
b, = — = 05556
27 -0.8-1 :

by =-0.625; b, =-0.7143

bs =-0.7143; b, =-0.5882

F(A) = 0.72668(1) "% +1.205542(A) "7 + 0.6803715(A) %
+0.626823(1) 7 +0.5563183(1) 7' + 0.7866426(1) ¥ — 0.012

The objective is to find the value of A that makes f(4) = 0.0. The function f(4)
is a monotonically decreasing function of A, because each term with A in (1)
is a monotonically decreasing function of A. This implies that (1) has at most
one root. If the optimization problem has a feasible solution, then there has
to be at least one value of A that satisfies (A) = 0. Hence, f(A) has exactly one
root.

Now the modified Newton-Raphson method is used to find this root.
After finding the first and second derivatives of f(4), the following steps are
executed.

Step 2:

0.012]*"
o = |2 = 12,246.83
Y4 K;

6
(a = ZT”X - —0.5833)

as N;=1, for all i.
Set A= A,.
Steps 3, 4, 5, and 6:

6 b1
f'(ﬂ,) = zKibi(A)’
i=1

6 b2
(A = sz’bi(bi_l)(/’L)l

©2001 CRC PressLLC



Iteration A 1)
1 12,246.83 8368.66
2 20,615.49 -2693.33
3 17,922.16 -306.04
4 17,616.12 —4.28
5 17,611.84 0
6 17,611.84 0
A=17,611.84

Let us solve this problem with different starting values for A.

TRIAL 1: 4, = 800,000

TRIAL 2: 1, = 8000

Iteration A 6
1 800,000 —482,170.20
2 317,829.80 —184,580.60
8 17,622.01 -10.12
9 17,611.89 -0.00919
10 17,611.88 0
11 17,611.88 0
A=17,611.88
Iteration A 6
1 8000 -811,748.90

The values of A moved away from 17,611.88 and the solution did not con-
verge. In this problem, the starting value for A has to be at least 8050 (approx-
imately) in order for the solution to converge to the correct value. Hence, it is
advised that the starting value recommended earlier be used.

Once the value of A4 has been obtained, the values of T,, T},
be determined using Eq. (2.66):

Ty

| _17611.84
(1.00)(—0.60),

1

1(=0.6-1)

The value for T, is rounded off to 0.0016.

Total:
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 _17611.84 |

1
(-0.8-1)

(1.75)(—0.80)
0.0015105 (0.
0.00058133 (0.

0015)
0006)

0.00051594 (0.0005)
0.0025017 (0.0025)

0.0120

0.0016133 (0.0016)

0.0052771 (0.0053)

...,and T; can



The final component tolerances and the associated manufacturing costs are
as follows:

C; (Cost of Manufacture)

Final T, ()
A 0.0016 47.59
B 0.0053 115.78
C 0.0015 44.52
D 0.0005 27.19
E 0.0005 23.00
G 0.0025 62.97
Total 0.0120 321.05

In the next section, this method is extended to problems with more than one
assembly characteristic.

2.7 Tolerance Allocation in Assemblies with More Than One
Quality Characteristic

This section is based on the paper, “Least-Cost Tolerances—II.”* Let us

assume that an assembly, consisting of five components, has two quality

characteristics, X and Y. Let the relationships among the characteristics be as
follows:

X
Y

X, + X, + X5+ X, + X5

So,
T, =T +T,+T,+T,+Ts

X

T, = T,+Ts+T;

In general, let us assume that an assembly has m characteristics with the fol-
lowing relationships among the tolerances:

k
T = Y N,T,
i=1
k
T® = Y N, T,
i=1
k
T = YN, T, (2.79)

i=1
Each of the above m relationships is a constraint.
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The total manufacturing cost that has to be minimized is
k
o
i=1

Now the problem can be stated as: Find T}, T,, ..., and T} so as to minimize
C = S5 T/, subject to SLNT, = TV, forj=1,2, ..., m,and T;> 0, for all .

This problem can be solved using LaGrange multipliers, with one LaGrange
multiplier for each constraint. The objective function for the unconstrained
optimization problem is

k k k
F = zhiTil + /'Ll {leiTi_T(l)} + ..+ AZ{ZNZZ_TI__T(Z)}...
i=1 i=1

i=1
k
+ //lm {ENIMTI‘ _T(m)} (280)
i=1

The values of Ty, T, ..., Ty and A;, 4, ..., and A, [(k + m) decision variables]
can be obtained by solving the following equations:

dF _ . _
d_T,- =0, fori=1,2,...,k
and
dF .
- = f =1,2 cery
dA; O forj i
I

2.8 Tolerance Allocation When the Number of Processes

is Finite
The formulation of the tolerance problem in the previous section assumes
that the decision variables T;, T, ..., T are continuous, which indirectly
assumes that there is an infinite number of processes available. This may not

be realistic in real-life applications. Let us now consider the situation for
which there is only a finite number of processes available.

2.8.1 Assumptions

1. The assembly has k components.

2. There are I; processes available for machining component i (for
generating characteristic X;), i=1, 2,..., k.
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3. The cost per unit time of process j for partiis C;, i=1,2,..., k and
j = 1, 2,..., l,‘.

4. The relationship among the tolerances is assumed to be

5. The process capability ratio for all the processes is G; that is,

L2 G, foralliand (2.81)

tij

where t; is the natural process tolerance of process j used for com-
ponenti, i=1,2,..,kandj=1,2,..., 1.

6. The unit cost of machining component i on process jis C, i=1,2,...,
kandj=1,2,..., I

The problem is to find T}, T, ..., T; that minimize the total cost of manufacture
and satisfy all constraints. Thls problem can be formulated asa mathematical
programming problem using zero—one decision variables.”

2.8.2 Decision Variables

Y; = 1 (yes), if processj is selected for component i

0 (no), if process j is not selected for component i

2.8.3 Objective Function

Minimize

2.8.4 Constraints

The first constraint guarantees that the sum of the tolerances of components
does not exceed the given tolerance on the assembly characteristic:

L

I
iT,s iz Gt Y, <T

i=1 i=1 i=1
kb T
Y Y t,Y, ;<= (1 constraint) (2.82)
i=li=1 ' ’ G
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The second constraint set ensures that exactly one process is selected for each
of the k components.

IL.

ZYU =1, fori=1,2,3,..,k (kconstraints) (2.83)

This is a zero—one integer programming problem and can be solved by a linear
programming software such as LINDO.

Example 2.8
An assembly consists of three components. The relationship among the quality
characteristics is as follows:

X:X1_X2+X3

The processes available for processing the components along with the respec-
tive unit costs and the natural process tolerances are as follows:

Process t Unit Cost ($)
Component 1
1 0.001 50
2 0.002 35
3 0.005 25
Component 2
1 0.001 60
2 0.003 35
Component 3
1 0.004 30
2 0.006 18

The tolerance on the assembly characteristic is 0.011, and the ratio of the com-
ponent tolerance to the natural process tolerance is 1.3 (G) for all components.
Formulate this as a zero—one integer programming problem to find T, for i =
1, 2, and 3 to minimize the total cost of manufacture.

2.8.5 Formulation

2.8.5.1 Decision Variable

Yij

1, if process j is selected for manufacturing component i

0, if process j is not selected for manufacturing component i
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2.8.5.2 Objective Function
Minimize

C

k Ii
22.CYy

i=1 j=1

50 Yy +35 Y +25 Yys+ 60 Yoy +35 Yy +30 Yy +18 Y

2.8.5.3 Constraints

0.001 Y;; +0.002 Yy, +0.005 Y3+ 0.001 Y, +0.003 Yy,
+0.004 Y5 +0.006 Y,, <0.011/1.3(0.0085)

2. Y, =1, fori =1,2,3,..., k (3 constraints)

Y, +Y, = 1.0
Yy +Ys, = 1.0

2.8.5.4 Solution
This problem was solved using LINDO, and the solution was obtained as follows:

Y1, = 1.0 (Yy = Yi3 = 0); process 2 is selected for component 1.
Y, = 1.0 (Yo, = 0); process 1 is selected for component 2.

Y3 = 1.0 (Y3, = 0); process 1 is selected for component 3.
Now, the tolerances are determined as follows:

t, = 0.002; hence, T, = 0.002 x 1.3 = 0.0036.
t,; = 0.001; hence, T, = 0.001 x 1.3 = 0.0013.
t,, = 0.004; hence, T, = 0.004 x 1.3 = 0.0052.

The sum of T/s is 0.0101.

It may be noted that this example problem, being small, can be solved by
hand and does not require a formulation and software to solve. The advan-
tage of formulation and software is obvious in large-scale problems.

In all the tolerance allocation problems we have studied so far, the follow-
ing linear relationship among the tolerances was assumed:

szliX2iX3i'“iX5

This assumption about the linear relationship will be relaxed in the next section.
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2.9 Tolerance Allocation for Nonlinear Relationships
among Components

So far, we assumed that N; =1 for all 7 in the equation:

N; represents the contribution of dimension X; (characteristic X;) to the
assembly characteristic X. This is also the sensitivity of assembly characteris-
tic X to characteristic X; and is equal to the ratio of the change in the assembly
characteristic X to a small change in X;. That is, if X = AX;, X, ..., Xi), then:

N, = | X XD g0,k (2.84)
X,

which can be used in the relation:

Example 2.9
Consider the simple helical spring shown in Figure 2.13. There are two assem-
bly characteristics of interest to the user:

1. Spring rate (R), which is equal to:

Ex(d,)*

=———* — (Ib/in.) (2.85)
8(d;+d,) xM

where E = modulus of elasticity in shear; d,, = wire diameter; d; =
inside diameter of spring; and M = number of active coils.

2. Outside diameter of the spring (d,), which is equal to:

dy = d,+2d, (2.86)

We have to ﬁnd (dR)/(d(d,))| = N,,, , the contribution of d, to R;
(dR)/(d(d))) = Nd , the contribution Ofd;[OR (dR)/(dM) = Ny, the contri-
bution of M to R (dd(do))/(d(d)) = Nd, the contribution of d; to d,;
(d(dy))/(d(d,)) = N, the contribution of d, to d,.
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e

dy(0.11in.)
N =10 (no. of active coils)
FIGURE 2.13

Spring in Example 2.9.

Let the nominal sizes of d,,, d;,, and M be 0.1", 1.0", and 10", respectively, and
let E=11.5x10%

dR_ _ E | 4d, 3d.,
dd,)  8M (g vy (d,+d,)

_ 105x10° {4><0.13 _ 3xo0.1*
(

= = 402.50
8x10 1401y (1+0.1)J

Thatis, N; = 402.50.

dR Ed, 1
dM 8, +d,)’ M’
_115x10°%x0.1* 1

8x(1.1)° 100

= —-1.08

That is, N}, = 1.08.
ddy) _ . _ e
a@y ~ TN
ddy) _ ., _
id,) 27 Na

Let the specified tolerance on R be By £ 0.54 Ib/in. (T =2 x 0.54 = 1.08) and
the tolerance on d, be B, + 0.020" (T, =2 x 0.020 = 0.04").
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The problem is to find the optimum tolerances on the component charac-
teristics: d,,, d, and M, so that the total cost of manufacture is minimized. The
constraints are

4025 T;+3799 T, +1.08 T;<1.08 (2.87)
and
2T, +T,<0.04 (2.88)

The constraint in Eq. (2.84) relates the tolerances on d,,, d;, and M to the given
tolerance on R and the constraint in Eq. (2.85) relates the tolerances on d,, and
d; to the given tolerance on d,.

A suitable objective function such as the cost minimization objective func-
tion given earlier in Eq. (2.63) can be used in this problem; that is, minimize:

3
c=3nt (2.89)
i=1

Using the LaGrange multiplier, the unconstrained objective function becomes:

3
F =Y 1T +M[4025T, +37.99 T, +1.08 T, — 1.08]
i=1

+ 2,[2 T, +T,—0.04] (2.90)

Now, the unknowns, T;, T,, T3, 4, and A,, can be found by differentiating
Eq. (2.87) with respect to these variables and setting the resulting derivatives
to zero. This problem can also be solved using nonlinear programming soft-
ware such as GINO.

2.10 Other Topics in Tolerancing

This chapter does not cover all the methods for solving tolerance allocation
problems. Dynamic programming can be effectively used to allocate the
assembly tolerance among the components. Zhang and Huq'’ give an excel-
lent review of tolerancing techniques. A recent problem is sequential toler-
ance control, suitable for parts moving through a sequence of operations
specified in the process plan.*” It uses real-time measurements to sequentially
and selectively adjust the target point of machining operations to maximize
the final output quality. Wheeler et al.’ developed a probabilistic approach to
select an optimum subset of technological processes required to execute a
process plan under a conventional tolerance control strategy.
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2.12 Problems

1. In a shaft/sleeve assembly, the inside diameter of the sleeve (X)
follows normal distribution with a mean of 20 and a standard devi-
ation of 0.3. The outside diameter of the shaft (X,) follows normal
distribution with a mean of 19.6 and a standard deviation of 0.4. The
specification for the clearance between the mating parts is 0.5 + 0.40.

a. What fraction of assemblies will fail to meet the specification
limits?

b. Ignore the values of the means and standard deviations of X; and
X, given above. Find T, and T, (tolerances of X; and X,) using the
additive and probabilistic relationships, assuming T, = 1.5 T,.

2. Consider an assembly consisting of three components. The length

of the assembly (X) is the sum of the lengths of the three compo-
nents, X;, X,, and X;, which are normally distributed with means
1.00, 3.00, and 2.00, respectively. The proportions of X, X;, X,, and
X; outside the respective specification limits are specified as 0.0027.
Assume that the variances of X;, X,, and X; are equal and that the
means of X;, X,, and X; are equal to the respective nominal sizes.
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a. What are the specification limits for X;, X,, and X;?

b. What are the tolerances for X;, X,, and X;, if additive relationship
is used? Assume that T} = T, = T3, and that the specification limits
for the assembly characteristics are 6  0.006.

3. Three resistors are to be connected in series so that their resistances
add together for the total resistance. One is a 150-ohm resistor and
the other two are 100-ohm resistors. The respective specification
limits are 150 + 7.5 and 100 % 6. If the resistances of the three resistors
are normally distributed and the tolerance for the resistance of each
resistor is equal to 6 X the respective standard deviation,

a. What are the two values within which the total resistance will
lie 99.73% of the time?

b. How many standard deviations from the nominal value will the
limits of the additive tolerance for the total resistance lie?

4. Consider an assembly characteristic X = X; + X, — X;. The specifi-
cation (tolerance) limits on X are 3.00 £ 0.05 in. Let the character-
istics X;, X, and X3 be normally and independently distributed
with means 1, = 0.5 in., g, = 1.50 in., and y = 1.00 in., respectively.
The variances of the characteristics are equal. The processes are
selected such that 99.73% of the characteristics fall within the tol-
erance limits. The means of the characteristics are equal to the
respective basic sizes. It is desired that 99.9937% of the assembly
characteristic falls within the tolerance limits 3.00 £ 0.05 in. Deter-
mine the tolerances (T, i = 1, 2, and 3) on the characteristics X;, X,,
and X; using the probabilistic tolerance relationship.

5. Consider an assembly such that its characteristic X is X = X; +
X,, where X; and X, are the characteristics of the components.
The characteristics X; and X, follow uniform distribution within
the respective lower and upper tolerance limits. Assume that the
tolerance limits of X; and X, are equal. The assembly tolerance
(T) is equal to 0.002. Find the tolerances on X; and X, such that
100% of the values of the assembly characteristic X is contained
within its tolerance limits.

6. An assembly consists of three components. The relationship between
the assembly characteristic X and the component characteristics is X =
X, — X, — X;. The processes available for machining these component
characteristics and their natural process tolerances are as follows:

Component 1 Component 2 Component 3
Process t Process t Process t

1 0.0001 1 0.0001 1 0.0004

2 0.0002 2 0.0002 2 0.0005

3 0.0004 3 0.0004 3 0.0006
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The tolerance on the assembly dimension is 0.0008. Find the toler-
ances on X;, X,, and X;. Assume that G = 1.3 and that the component
characteristics are normally distributed. Use the technique devel-
oped by Mansoor. Please try to achieve a value of G which is as close
as possible to 1.3, but not less than 1.3.

7. In the above problem, assume that the actual shifts between the
means and the respective basic sizes of the component character-
istics are as follows:

Component 1: Actual shift = -4 of the maximum shift allowed
(mean is located to the left of the basic size).

Component 2: Actual shift = + maximum shift allowed (mean is
located to the right of the basic size).

Component 3: Actual shift = + 14 of the maximum shift allowed.
Estimate the proportion of undersized and oversized assemblies.

8. An assembly consists of three components. The relationship among
the quality characteristics is: X = X; + X, — X;. The processes for
generating these characteristics with the respective unit costs and
natural process tolerances are given below:

Component 1 Component 2 Component 3
Unit Unit Unit
Process t Cost Process t Cost  Process t Cost
1 0.0001 $15 1 0.0001 $13 1 0.0004 $15
2 0.0002 %7 2 0.0002 $8 2 0.0005 $11
3 0.0004  $5 3 0.0004 $6 3 0.0006 $9

The tolerance on the assembly characteristic is 0.0008. Formulate
(that is, define the decision variables and write the objective function
and constraints) this problem as a zero—one integer programming
problem to find T, i = 1, 2, and 3, that minimize the total unit cost
of manufacture and achieve a G value that is at least 1.3. (Do not
solve for T)).

9. An assembly consists of five components.a'_l“he manufacturing costs
of these components are givenby C; = h,T;" where T;is the tolerance
on the characteristic of component i and ¢; and #; are given in the
following table:

i o; h;

1 -0.50 1.50
2 -0.80 1.00
3 -0.70 1.80
4 -0.60 0.90
5 -0.40 1.20
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The assembly tolerance is specified as 0.01 and is related to the
component characteristics as T=T, + T, + T3 + Ty + Ts.

Find the tolerances T, i =1, 2, 3, 4, and 5, so that the total cost is
minimized and the tolerance relationship is satisfied.

10. Consider the problem analyzed by Mansoor in his paper.” Please
make the following change in the assumption made by him: X;
follows a beta distribution with parameters y=1n=2.0, for all i. Keep
all other assumptions. Derive all relevant equations and describe
the steps of a solution procedure by which we can obtain the toler-
ances of the k components of an assembly.

11. Consider a dc circuit in which the voltage, V, across the points is
required to be in the range 100 % 2 volts. The specifications on the
current I and the resistance R are 25 £ T;/2 and 4 + Ty/2, respec-
tively. The voltage V = IR. The cost of manufacturing a resistance
with tolerance Ty is 5/ Tk and the cost of a current source with
tolerance T is 2/ T}. Determine the tolerances T, and Ty so that the
total cost is minimized.

12. An assembly consists of five components. Thgz manufacturing costs
of these components are given by C; = i;T;', where T, is the tol-
erance on the characteristic of component i and ¢; and ; are given
in the following table:

i o; h;

1 -1.00 1.00
2 -1.00 1.50
3 -1.00 1.80
4 -0.50 1.00
5 -1.00 1.00

The assembly tolerance should not exceed 0.02. The relationship
among the assembly characteristic and the component character-
istics is

_ Xy x Xy x Xyx Xy

X
Xs

The nominal sizes of X, X,, X5, X,, and X; are 1.0, 1.5, 1.0, 2.0, and
1.0, respectively. Find the tolerances on X; that minimize the total
unit manufacturing cost and satisfy the tolerance relationship.

13. An assembly characteristic is related to the characteristics of the
three components in the assembly by X = 2X; — X, + X;. The
processes available for manufacturing the components along with
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the associated unit costs and the natural process tolerances are as

follows:
Component 1 Component 2 Component 3
Unit Unit Unit
Process t Cost  Process t Cost  Process t Cost
1 0.001  $100 1 0.001  $120 1 0.002 $90
2 0.002  $80 2 0.003  $90 2 0.003 $80
3 0.003  $65 3 0.004  $80 3 0.005 $50

The tolerance on X is 0.006 and the ratio of the component toler-
ance to the natural process is 1.3 (G) for all components. Formulate
(that is, define the decision variables and write the objective func-
tion and constraints) this problem as a zero—one integer program-
ming problem to find T}, i =1, 2, and 3, that minimize the total unit
cost of manufacture. (Do not solve for T)).

14. An assembly characteristic is related to the characteristics of the
three components in the assembly by X = X, + X, + X;. The processes
available for manufacturing the components along with the asso-
ciated unit costs and the natural process tolerances are as follows:

Component 1 Component 2 Component 3
Process t Process t Process t
1 2.0 1 1.0 1 1.0
2 3.0 2 2.0 2 3.0
3 4.0 3 3.0 3 4.0

The tolerance on X is 7.0 and the ratio of the component tolerance to
the natural process tolerance is 1.3 (G) for all components. The char-
acteristic X; follows a beta distribution with parameters y= 71 = 3.0
for all i. You can assume that the distribution of X is approximately
normal. Make all other assumptions made by Mansoor® and find
(solve) the tolerances T; for I =1, 2, and 3, using his method so that
the actual value of G is in the range (1.3-1.35). (This means that
the actual G must not be less than 1.3 and not be greater than 1.35.)
You need to find any one set of T; that satisfy this requirement.
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3

Loss Function

CONTENTS
3.1 Introduction
3.2 Development of Loss Function
3.3 Loss Functions for Different Types of Quality Characteristics
3.3.1 Nominal-the-Best Type (N Type)
3.3.1.1 Equal Tolerances on Both Sides of the
Nominal Size
3.3.1.2 Unequal Tolerances on Both Sides of the Nominal
Size
3.3.2 Smaller-the-Better Type (S Type)
3.3.3 Larger-the-Better Type (L Type)
3.4 Robust Design using Loss Function
3.4.1 Methodology
3.4.2 Some Recent Developments in Robust Design
3.4.2.1 System Design
3.4.2.2 Parameter Design
3.4.2.3 Tolerance Design
3.5 References
3.6 Problems

3.1 Introduction

Let us consider the diameter of a shaft with specifications 1"+ 0.04", which
means that the nominal value is 1"(B), the lower specification limit (LSL) is
0.96", and the upper specification limit (USL) is 1.04". Let the diameter (X)
follow a density function f(x) with a mean of y and a variance of .
Assume that the cost of reworking an oversized shaft is C,, and the cost of
scrapping an undersized shaft is C,. We will also assume that a shaft that
is reworked will fall within the specification limits (this may not be realis-
tic, but this assumption is being made to simplify the expression). Let the
manufacturing cost per shaft be C,,. Then, the expected cost per shaft can
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Cost A
: Cu
cs + ——— |
E P Diameter
0.96 11.00 1.04
FIGURE 3.1
Cost versus diameter.
be written as:
LSL oo
E(TC)=C,, + csj Fx)dx + cwj F(x)dx (3.1)
—o USL

In Eq. (3.1), C,, is a constant with respect to X (the diameter), so let us delete
it from the expected cost expression. Figure 3.1 contains the plot of the cost
per shaft as a function of X. This graph assumes that there is no cost (other
than the manufacturing cost) incurred, as long as the diameter is between the
LSL (0.96") and the USL (1.04"). It is not a valid approach, however, because
all the shafts produced at 1.00" should carry a very low quality-liability cost that
could even be $0 if they are perfect. They would mate with bearings or sleeves
perfectly and not wear out prematurely. In other words, these shafts would
not cause warranty costs, customer inconvenience, or loss of goodwill for the
manufacturer.

Let us consider a shaft whose diameter is 0.970", which is still within the
specification limits (0.96"-1.04") but on the loose side. This shaft will fit
loosely with a bearing or sleeve (unless matched), increasing the probability
of customer complaint and possibly failing prematurely. This example illus-
trates that even though the allowable range of diameters is 0.96"-1.04", the
manufacturer must strive to keep the diameters as close as possible to 17,
which becomes the target value.

Let us consider another example involving two types of resistors. The quality
characteristic is the resistance that has a tolerance range from 950 to 1050 ochms.
The nominal value is 1000 ohms. The histograms of the resistances of 50 resis-
tors of each type are given in Figures 3.2a and b. It can be seen that even
though the ranges of the resistances of both types are within the tolerance
range, the width of the range of type-A resistors is much narrower than the
width of the range of type-B resistors. It is obvious that customers prefer
type-A resistors to type-B, because a randomly selected type-A resistor has a
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»
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950 Nominal Size = 1000 1050
a.
A
| Resistance
950 Nominal Size = 1000 1050
b.
FIGURE 3.2

(a) Histogram of resistances, type A. (b) Histogram of resistances, type B.

larger probability of being closer to the target value than a randomly selected
type-B resistor.

Studies'’ have also shown that products with quality characteristics follow-
ing normal distributions result in less failures, lower warranty costs, and
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higher customer satisfaction compared to products with quality characteris-
tics following a uniform distribution, even though the range of this uniform
distribution is within the tolerance range, resulting in zero proportion of
defectives. This is because the uniform distribution has a larger variance than
a truncated normal distribution with the same range.

The above examples emphasize the fact that the traditionally used quality
metric—proportion of defectives that affect the internal failure costs—alone
is not sufficient to measure the quality of a product. They also indicate that
the parameters of the probability distribution of the quality characteristic of
the product affect the performance of the product, which impacts the external
failure costs. Even though external failure costs incurred after the product
leaves the premises of the manufacturer are widely used in industries, there
is no method available to predict these costs based on the parameters of the
distribution of the quality characteristic. The loss function developed by
Taguchi remedies this problem."’

3.2 Development of Loss Function

According to Taguchi, the cost of deviating from the target (1" in our first
example) increases as the diameter moves away from the target. This cost is
zero when the quality characteristic (X) is exactly equal to the target value,
denoted by X, (see Figure 3.3). The cost of deviating from the target value is
given by the loss function derived as follows.

Cost A
Cw
C, ——
P Diameter
FIGURE 3.3

True cost curve.
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The loss function, when the quality characteristic is X, is denoted by L(X).
This can be written as:

LX) = L(X, + X — X) (3.2)

Expanding the right-hand side using the Taylor series,

2
(f(X) = f(a +X—a) = f(a) + (Xl__'u)f’(g) + dz;!wf”(u) + )
we obtain:

(X-X)’

L(X) = L(Xo) + (X = Xo)L"(X) + =7

L"(X,) + - (3.3)

where L’(X,) and L”(X,) are the first and second derivatives of L(X), respec-
tively, evaluated at X,.

As per the assumption made earlier, the loss when the quality characteris-
tic, X, is equal to its target value, X, is zero, and L(X,) is zero. Also, as the
function L(X) attains its minimum value when X is equal to X, its first deriv-
ative (slope) at X, L' (X,), is zero. Let us neglect the terms of third and higher
orders. Then, Eq. (3.3) becomes:

L”(Xo)

L(X) = ———=(X = X,)*

k(X -X,)?, LSL<X<USL (3.4)

where k' = w is a proportionality constant. According to Taguchi, this
function represents the loss (in $) incurred by the customer, the manufacturer,
and society (due to warranty costs, customer dissatisfaction, etc.) caused by
deviation of the quality characteristic from its target value. The dimension of
(X —X,) is the square of the dimension of X. For example, if X is the diameter
of a shaft measured in inches, then the dimension of (X — X,)* is inch’. As the
dimension of L(X) is $, the dimension of the proportionality constant, k’, has
to be $/(dimension of X)’. The derivation of k' for various types of quality
characteristics will be done later on.
Now we will derive the expected value of L(X) given in Eq. (3.4):

E[L(X)] = E[K'(X —X,)*] = K’E[(X — X,)’], assuming the LSL and USL
are contained within the range of X
= KE[(X—p+p—Xp)’]
= KE[(X —p0)” +2(X — ) (1= X,) + (4= X)’]
K'[E(X —p)* +2(— Xo) E(X — 1) + E(u — X,)’] (3.5)
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where u and X, are constants. As Var(X) = E(X — ,u)z, Eq. (3.5) can be written
as:

E[L(X)] = K'[Var(X) +2(u - Xo)[E(X) = ] + (= Xo)*]
= Ko+ (u—Xo)’] (3.6)

where E(X) = 1, and Var(X) = o". From Eq. (3.6):
E[(X - Xl = [0 + (u — X))’] (3.7)

We will derive the proportionality constant, k’, and the estimates of E[L(X)]
for different types of quality characteristics in the next section.

3.3 Loss Functions for Different Types
of Quality Characteristics

3.3.1 Nominal-the-Best Type (N Type)

3.3.1.1 Equal Tolerances on Both Sides of the Nominal Size

Tolerances for these types of characteristics are specified as B + A, where Bis
the nominal value and hence is the target value, and A is the allowance on
either side of the nominal size (the tolerance is 2A). The lower specification
limit and the upper specification limit are B— A and B +A, respectively. Let
the rejection costs incurred by the manufacturer be C, and C,, when X is less
than LSL and X is greater than USL, respectively.

When the costs C, and C, are equal, the loss function is

k(X -X,)° LSL <X< USL,

= 0, otherwise

LX) (3.8)

Let C,=C, = C. It is assumed that when X = LSL or when X = USL, the loss,
L(X) = C may not be true. The resulting loss function is given in Figure 3.4:

L(LSL) = k’(LSL —X,)* = k’A”
= C; hence
K = A% (3.9)
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Lo A
A A
Cs Cu
y A 4 »
LsL Xo usL > X
FIGURE 3.4
Loss when rejection costs are equal.
The expected value of the loss function defined in Eq. (3.8) is
USL )
E[L(X)] = k'j (x = Xo)* f(x) dx (3.10)
LSL
=k'v* (3.11)

where v” is called the mean-squared deviation and is equal to:

USL
vt = jLSL (x = Xo) f(x) dx

= E(X —X,)’, assuming that LSL and USL are within the range of X

= [0" + (u—X,)’], per Eq. (3.7) (3.12)

The estimate of the expected loss defined in Eq. (3.11) is

E[L(X)] = k3" (3.13)
where
o 1
= - ;(Xi—XO)Z (3.14)
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The set Ain Eq. (3.14) contains all observations in the range (LSL — USL). The
right-hand side of Eq. (3.14) is the unbiased estimator of Eq. (3.12) which is
also [0 + (,u—XO)Z]. Also, n in Eq. (3.14) is the total number of observations in
the sample batch collected to estimate the expected loss. Now we will show
that the right-hand side of Eq. (3.14) is an unbiased estimator of [0° + (u X,
assuming that all n observations are within the range (LSL — USL):

EEZ(XI- —Xﬂ

i=1

1. <, 2 2
nE{Z(Xz’ —2X:Xo*+ Xo)

i=1
= %Z[E(Xf) —2X,E(X;) + E(X;)]
i=1

As ¢® = E(X})-[E(X))’ and E(X)) = ,

1 n 1 n

E{;Z(X,-—Xof} = 2200+ 1) —(2Xopt + X0)]
i=1 i=1

%[nc72+ny2—2Xonu+nX§]

[0” +u* —2Xou + X3 ]

= [0+ (1u—Xo)’] (3.15)

While estimating [0" + (u— X,)?], it is natural to use [S*+ (X —XO)Z], in
which S is the sample variance (the unbiased estimator of ¢°) andX is the
sample mean (the unbiased estimator of u). But, it can be shown that [S* +
(X - XO)Z] is a biased estimator of [0 + (u— X,)’], as follows:

E[S*+ (X=X 1 =E[S*+ X —2XX, + X} ]
= E(S%) + E(X)) -2X,E(X) + X}
As Var (X) = E(X*)-[E(X)]’and E(S%) = o,
E[S*+(X -X,)’] = 0 + Var(X) + [E(X)]* =2X E(X) + X»

2

As E(X) =y and Var (X) = <,

E[S*+ (X —X,)’]

2
o'+ 4 =2 X+ X;

2
o+ (U—Xo) + % (3.16)
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It can be seen from Eq. (3.16) that the estimator [S®+ (X —XO)Z] overesti-
mates [0” + (u — X,)’] by %2 . This bias will decrease as 1 increases.

Example 3.1

The specification limits for the resistance of a resistor are 1000 + 50 ohms.
A resistor with resistance outside these limits will be discarded at a cost of
$0.50. A sample of 15 resistors yielded the following observations (in
ohms).

1020 1040 980 1000 980 1000 1010 1000 1030 970 1000 960 990 1040 960

Estimate the expected loss per resistor.

LSL = 950

USL = 1050

B = X, = 1000
A =50

C, =C, = $0.50

k' (X-1000)>, 950 < X <1050

0, otherwise

L(X)

From Eq. (3.9):

k=220 =550

50
From Egq. (3.10):
1050 2
E[L(X)] =K[ " (x=1000)"f(x) dx
950
The estimate of E[L(X)] = k’?°, where, as per Eq. (3.14):
# = = ¥ (X,-1000)’
15 €A 1
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The set A contains all the observations in the range (950 — 1050). Hence,

o = %5[(1020 —1000)* + (1040 — 1000)* + (980 — 1000)* + (1000 — 1000)*
+ (980 —1000)* + (1000 — 1000)° + (1010 — 1000)> + (1000 — 1000)
+ (1030 —1000)° + (970 —1000)° + (1000 — 1000)> + (960 — 1000)°
+(990 — 1000)” + (1040 — 1000)> + (960 — 1000)°]
_ 9600 _ 0.96 x 10*

15 15

Now,

4
E[L(X)] =2x107*x 9—'961—;1—0- = $0.13

When the costs C, and C,, are not equal, the loss function is
L(X) = k{ (X-X,)?, LSL<X<X,

ki (X=X,)?, X,<X< USL
0, otherwise (3.17)

It is assumed that when X = LSL, the loss L(X) = C,, and when X = USL, the
associated loss L(X) = C,,. The resulting loss function is given in Figure 3.5.

»

L(x) 4

LSL Xo usL

FIGURE 3.5
Loss when costs are unequal.
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Based upon these assumptions:

L(LSL) = k/(LSL—X,)* = k{ A’
= CS
hence:
K :i—; (3.18)
Similarly,
L(USL) = k} (USL — X,)* = k} A?
= Cw
hence:
Ky = So (3.19)
A

Now the expected value of the loss function defined in Eq. (3.17) is
, Xo 2 , USL >
E[L(X)] = k, jLSL(x —Xo)* f(x) dx + K} j (x=Xo)’ f(x)dx  (3.20)
*o

= kivi+ kjv; (3.21)

where:
o? = j:;(x—xo)z F(x) dx (3.22)

is the part of the mean-squared deviation in the range from LSL to X, and

2

2 = J-ZSL(x—XO)Zf(x)dx (3.23)

is the part of mean-squared deviation in the range from X, to USL. The esti-
mate of the expected loss defined in Eq. (3.21) is

E[L(X)] = Ko} +K03 (3.24)
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where:

A2 _ 1 2
01 = = (Xi=Xo) (3.25)

i€eA;

which estimates Eq. (3.22), and
~ _ 1 o 2
0 = - ;Z(Xl X,) (3.26)

which estimates Eq. (3.23). In Egs. (3.25) and (3.26), 1 is the total number of
observations in the sample batch collected to estimate the expected loss. In
Eq. (3.25), the set A, contains all observations in the range (LSL - X,). In Eq.
(3.26), the set A, contains all observations in the range (X,— USL).

Example 3.2

A manufacturer of a component requires that the tolerance on the outside
diameter be 5 £ 0.006". Defective components that are oversized can be
reworked at a cost of $5.00 per piece. Undersized components are scrapped
at a cost of $10.00 per piece. The following outside diameters were obtained
from a sample batch of 20 components:

5.003, 5.000, 4.999, 5.000, b5.003, 5.002, 5.001, 4.998, 5.006,
5.004, 4.998, 5.001, 5.000, 4.996, 4.995, 4998, 5.004, 5.000
5.006, 5.002

Estimate the expected loss per piece.

LSL = 4.994
USL = 5.006

B =X, = 5.000
C, = $10.00
C, = $5.00

K (X =X,), 4.994<X<5.000
ky (X —X,)°, 5.000 < X <5.006

0, otherwise

L(X)

From Eq. (3.18),

o= 10 _10x10°
" 0006 36
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From Eq. (3.19),

g o= 5 _5x10°
* 7 0006> 36

The expected value of the loss function per Egs. (3.20) and (3.21) is
E[L(X)] = K | 5P dx+ky [ (=5 f(x)d
[LOOT =K [ (x=5)feoydx+ k[ (x=5) f(x)dx
= kvl + kjo3
The estimate of the expected loss per Eq. (3.24) is

r a2

E[L(X)] = k|97 + k39>

where, per Eq. (3.25),

~2 1 2
o) =~ Y (X;=5.000)

meA,
(5.000 —5.000)> + (4.999 —5.000)> + (5.000 —5.000)*
1
5 |+ (4998 - 5.000)* + (4.998 —5.000)” + (5.000 — 5.000)*
+ (4.996 —5.000)2 + (4.995 — 5.000)° + (4.998 — 5.000)>

1 - _ -6
2054><10 =27x10

As per Eq. (3.26):

A _ 1 o 2
% = 55 1;2 (X;—5.000)

(5.003 —5.000)> + (5.003 —5.000)> + (5.002 —5.000)"
1| +(5.001 - 5.000)° + (5.006 —5.000)" + (5.004 — 5.000)

20| 4 (5.001 —=5.000) + (5.004 —5.000) + (5.006 — 5.000)
+(5.002 —5.000)*

2

2

1 6_ %
20132 x107= 6.6 x 10

So,

E[L(X)] = 3% % 10°%x2.7x 107 + 3% x10°x 6.6 x 107

= $1.67 per piece
©2001 CRC PressLLC
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If the manufacturer produces 50,000 units per month, then the expected loss
per month is 50,000 x 1.67 = $83,500.00.

3.3.1.2  Unequal Tolerances on Both Sides of the Nominal Size

Tolerances are specified as Bi:z. Hence, the LSLis B — A, the USLis B +A,, and
the nominal size (which is the target value), is B:

K(X=X,)? Xo—A<X<X,
(X =X, Xe<X<X,+A,
0, otherwise

L(X)

(3.27)

As before, it is assumed that when X= LSL, the loss L(X) = C,, and when X =
USL, the associated loss L(X) = C,,. The resulting loss function is given in
Figure 3.6. Based upon these assumptions,

L(LSL) = K;(LSL —X,)* = K;A}
= C,
hence,
k=S (3.28)
A
Lo A
A
.
Cw
y A 4 »
LSL Xo usL > X
FIGURE 3.6

Loss when tolerances are unequal.
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Similarly,

L(USL) = k;(USL — X,)> = kjA3

:Cw

hence,

(3.29)

The expected value of the loss function and its estimate are the same as given

in Egs. (3.20) through (3.26), with LSL = B — A, and USL = B +A,,.

Example 3.3

The specifications for the thickness of a gauge block are 1"

Zoo01- Defective

blocks that are undersized have to be scrapped at a cost of $12.00 a piece, and
the blocks that are oversized can be reworked at a cost of $5.00 a piece. The fol-

lowing are the actual thickness values of 15 blocks:

1.001 0.999 0999 1.002 1.000 1.001 1.002 0999 1.001 0.999

1.001 1.000 0.999 1.002 0.999

Estimate the expected loss per piece.

LSL = 0.999"
USL = 1.002"

B =X, = 1.000"
C, = $12.00

C, = $5.00

From Eq. (3.28),

LX) = k(X = X,)°, 0.999" < X < 1.000"

=k, (X - X,)°, 1.000" < X <1.002"
=0, otherwise

ki = - =8x10°
0.001
and from Eq. (3.29),
g =5 _5x 10°
2 = 2 - 4
0.002

©2001 CRC PressLLC



The expected value of the loss function per Egs. (3.20) and (3.21) is

, 1.000 3 , .002 3
EILCO) = K[ (=1 fryde+ki[ - (x=1) fx)d

1
1.

kq vf + kzvi

The estimate of the expected loss per Eq. (3.24) is
E[L(X)] = K, &7 +k, 53

where per Eq. (3.25):

21 2
Ul - ;l z (X,—lOOO)

meAy

(0.999 —1.000)* + (0.999 — 1.000)* + (1.000 — 1.000)*
1
= 15| +(0.999 - 1.000)” + (0.999 —1.000)” + (1.000 — 1.000)
+(0.999 —1.000)" + (0.999 —1.000)°
= 2 x107°
Per Eq. (3.26):

=LY (X-1000)

ieA2
(1.001 —1.000)* + (1.002 — 1.000)* + (1.001 — 1.000)*
1
= 15| +(1.002 - 1.000)* + (1.001 —1.000)* + (1.001 — 1.000)?
+(1.002 —1.000)*

_ 16 -6
= 15><10
So,
S 66 6,05 6. 16 %
E[L(X)] =8x10 ><15><10 +4><10 ><15><10
= $4.53 per piece

3.3.2 Smaller-the-Better Type (S Type)

Tolerances for this type of characteristics are specified as X <A, where the
upper specification limit is A. There is no lower specification limit for these
characteristics. It is assumed that the quality characteristic X is non-negative.
Let the rejection costs incurred by the manufacturer be C,, when X is greater
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L(X)

v
X

A
>
S _________________________‘h_____

FIGURE 3.7
Loss for smaller-the-better type (S type).

than USL. Some examples of this type of characteristic include impurity,
shrinkage, noise level, flatness, surface roughness, roundness, and wear. The
implied target value, X, is 0; hence, the loss function is

k’X?, X< USL
0, otherwise (3.30)

L(X)

As in the case of other quality characteristics, it is assumed that the loss when
X =USLis C,. The resulting loss function is given in Figure 3.7.
As per the assumption,

L(USL) = k'A* = C,
hence,
A CZU
SN
The expected value of the loss function defined in Eq. (3.30) is
, USL P
E[L(X)] = kJ' % f(x) dx (3.31)
0

= kv’ (3.32)
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where v” is the mean-squared deviation and is equal to:
USL
vt = J xzf(x) dx (3.33)
0
The estimate of the expected loss defined in Egs. (3.31) and (3.32) is

E[L(X)] = k'?° (3.34)

where

~2
0 =

S |-

Y X? (3.35)
ie A

where 7 is the sample size and A is the set containing all observations in the
interval (0 — A).

Example 3.4

A manufacturer of ground shafts requires that the surface roughness of the sur-
face of each shaft be within 10 units. The loss caused by out-of-tolerance condi-
tions is $20.00 per piece. The surface roughness data on 10 shafts are given below:

10 5 6 2 4 8 1 3 51
Compute the expected loss per shaft.
L(X)=k'X?>, X<10
= 0, otherwise

As C,, =$20.00 and A = 10,

20 _ (20

10?

k/

9 %)[102+52+62+22+42+82+12+32+52+12] =19.1

0.20x19.1
$3.82

E[L(X)]

3.3.3 Larger-the-Better Type (L Type)

Tolerances for this type of characteristics are specified as X > A, where the
lower specification limit is A. There is no upper specification limit for these
characteristics. Let the rejection costs incurred by the manufacturer be C,,
when X is less than the LSL. Some of the examples of this type of character-
istic are tensile strength, compressive strength, and miles per gallon. The
implied target value, X,, is e and the loss function L(X) = k(X — XO)2 is equal
to e for all values of X. To eliminate this problem, the L-type characteristic is
©2001 CRC PressLLC



transformed to an S-type characteristic using the transformation Y =1/X. Now,
Y becomes an S-type characteristic with an upper specification limit= 1/A,
hence the loss function for Y'is

L(Y)

K'Y, Y< i

(3.36)
=0, otherwise

As in the case of other quality characteristics, it is assumed that the loss when

X= Aorwhen Y=1/Ais C,. In Eq. (3.36),

Co _
—% =C

3)

Now let us transform the variable Y back to the original variable X using the
transformation, X = 1/Y. Then, from Eq. (3.36), the loss function of X is

K = WA (3.37)

TN

[
X (3.38)

=0, otherwise

L(X)

where k’is as per Eq. (3.37). The loss function is given in Figure 3.8.
The expected value of the loss function defined in Eq. (3.38) is

= 1
E[L(X)]=K'| = .
[LOT=K] | = feodx (3.39)
= ko (3.40)
A
LX) |
A ! A
>
A\ e
. / >
0 LSL 'X

FIGURE 3.8
Loss for larger-the-better type (L type).
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2 . . . .
where v” is the mean-squared deviation and is equal to:

= 1
= — 41
.[LSL xz f(x) dx (3 )
The estimate of the expected loss defined in Egs. (3.39) and (3.40) is

E[L(X)] = K'?° (3.42)

where

= 3.43
%X (3.43)

where n is the sample size and A is the set containing all observations >A,
which is the LSL.

Example 3.5

The producer of a certain steel beam used in constructlon requires that the
strength of the beam be more than 30,000 Ib/in.” The cost of a defective beam is
$600.00. The annual production rate is 10,000 beams. The following data (Ib/in.”)
were obtained from destructive tests performed on 10 beams:

40,000 41,000 60,000 45,000 65,000
35,000 41,000 51,000 60,000 49,000

What is the expected loss per year?

L(X) = 5"{-2 X 30,000

0, otherwise

C, = $600.00
A = 30,000
K =600 x (30,000)* = 5400 x 10°

-8
B e

10 L40* 41 60> 45° 65° 35° 41> 51° 60> 49
0.004718 x 10°°

5400 x 10° x 0.004718 x 10~ = $214.20 per unit

E[L(X)]

The loss per year, then, is 214.20 x 10,000 = $2,142,000.00.
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3.4 Robust Design using Loss Function

3.4.1 Methodology

The expected value of loss function as per (3.6) is
E[L(0)] = K[+ (u=x0)"]

Let X be the quality characteristic of the assembly with a mean y, variance o,
and target value X,. In order to minimize the expected loss of X, we should:

1. Make the mean of X, u = X,.
2. Minimize the variance of X, &°.

Let us assume that the quality characteristic of the assembly X is a known func-
tion of the characteristics of the components of the assembly, X;, X,, X;, ..., X},
assuming k components in the assembly, given by:

X = e(Xy, Xy ..., X)) (3.44)

As X is a function of the component characteristics X;, Xy, ..., X, it is clear
that the mean and variance of X (1 and ¢°) can be controlled by controlling
(selecting, setting, etc.) the means of X;, X,, ..., X;denoted by uy, 1, ...,y and
the variances o%, o%, oo O'f. As we saw in earlier chapters, the variances (0',2)
depend upon the processes, and the means (1;) depend upon the process set-
ting. The robust design that we are going to discuss now determines the val-
ues of , ..., i for given values of o%, o%, s O'f, so that E(X) = u = X, and
Var(X) = ¢ is minimized. The means can be set equal to the respective nom-
inal sizes, By, B, ..., B;.

The equations derived are valid for any probability density function of X;.
Let us expand e(x;, ..., x;) about i, l,, ...,  using the Taylor series and
neglect terms of order three and higher:

X e(Xll XZ/ ceey Xk)

k k k
() + Y 80X, 1) + 33 Y () (X, =) (X~ 1) (3.45)

i=1 i=1 j=1

where y is the row vector equal to p = [y, iy, ..., @] and g;(1) = e(-)19X;
evaluated at g = [w, iy,..., . Also, h;; (1) = (926(~)/3X,8Xj evaluated at u =

[,ul/ ”2/ sy l-lvk]
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Taking the expected value of both sides of Eq. (3.45):

E(X)
Ele(Xy, X, ... X0

u

k Kok
Efe(u)] + E{Zgi(ﬂ)(xi —/Ji)} + %E{zzhzj(ﬂ)(xi—#i)(x]‘ — 1)

i=1 i=1 j=1

k k k
() + Y S DIEX) ~ E(u) 1+ 53 Yy L, = 1) (X, ~ 1)1
i=1 i=j i=j (3 46)

asg;(u), h;;(u), and e(u) are constants.
E(X;) = u;, so E(X;) — = 0. Also, when i =,

E[(X; =) (X; = )] = E[(X; = )]
= Var(X)) = 0'1-2
and when i #J,
E[(X;—u;)(X;—u;)] = covariance of (X;, X;)

Combining these results:

o

j Cov(X,, Xj), ifi#j

2 ef .
o, ifi=j

The covariance of X; and X; is 0, if X; and X; are independent.
Now, from Eq. (3.46), the mean of X is

Kok
u=e(u) +%zzhij(g)o-ij (3.47)

i=1 j=1

The quantity (u— X,) is called the bias and is to be minimized. From Eq. (3.47),
it is

k k
(H=X0) = e+ 53 Yy 0= X, (3.48)

i=1 j=1

One of our objectives is to make the right-hand side of Eq. (3.48) equal to 0,
which yields:

1& &
e(u) + izzhfj(lf)aij = X, (3.49)
i=1 j=1
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Now let us derive an expression for the variance of X, o
o = E[(X-u)’]

From Egs. (3.45) and (3.47),

k k k
o)+ Y 8K~ 1) + 23 B () (X~ 1) (X, ~ 1)

i=1 i=1j=1

1 k k
—e(w) =52 > hij() oy

i=1i=j

k k k
Y 8=+ 33 S h X ~u) (X~ 1) =0,] (350)

i=1 i=1j=1

X—u

(X —p)*is approximated by =k, () (X; - /.1,-)]2.5 Hence, the variance of X is

2

k
o = E{zgi(u)(x,—ui)} (3.51)
i=1
As:
k 2 k k Kok Kok
{Zaib,} = Zaib{z%bi =Y Y abab; =Y Y aabb
i=1 i=1 j=1 i=1j=1 i=1j=1
k 2 kok
{Z&-(u)(xi—ui)} = 2 2 &)X =) (X = )
i=1 i=1j=1
Hence, Eq. (3.51) is
k k
o’ = E{zzgi(u)gj(uxx,-—ui)(xi—up}
i=1 j=1
k k
= 3N S ENX; — ) (X;— )]
;:1£:1
=YY gi(wg(woy] (3.52)
i=1j=1

where:
o; = Cov(X;, X)), ifi#j

=0, ifi=]
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Now the problem of robust design can be formulated as follows.
Find the means p,, ty, ..., i that can be set equal to the nominal sizes By, ...,
B, s0 as to minimize:

k k
o = Y Y glwg(woy (givenin Eq. (3.52))

i=1 j=1

subject to:

kK k
+33 Y hy(w)o; = X, (givenin Eq. (3.49)) (3.53)

i=1 j=1

NI»—\

Other applicable constraints can be added to the formulatlon in Eq. (3.53). Itis
assumed that in Eq. (3.53), the variances of X;, 0', , and Cov(X; X)) are known.
These can be estimated using the data collected on the X;. For 1arger—the -better
type (L-type) characteristics, the target value is infinity, hence the constraint
given by Eq. (3.49) can be changed to a maximization objective function. Simi-
larly, for smaller-the-better (S-type) characteristics, the target value is zero,
hence the constraint may be changed to a minimization objective function.

The formulation given in Eq. (3.53) is a nonlinear programming problem
with both nonlinear objective function and constraint. The following exam-
ple illustrates the solution of this formulation for a simple assembly.

Example 3.6

The assembly characteristic of a product, X, is related to the component char-

acteristics, X; and X,, by the following relation: X = X; X,. The target value of X

is 35.00. Formulate the robust design problem to find the means (nominal sizes)

of X; and X,. Assume that X and X, are independent and that the variances of

X, and X,, which are o} and o3, are known. It is given that e(X;, X;) = X, X,.
First we find g;(u) and h;;(u) for all i and j:

s 56“ = Xy (W) =
gz(/i) 56( ) = Xy &)=
() 5‘3() =X =0 =0
2
e >5€“ =Xy A=l = 1=
2
h(): 56“ = X,; 5(;;2 =0; hyn(u) =0
2

As X, and X, are independent, Cov(X,, X,) = 01, = 05; = 0.
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FORMULATION
Find y, and y, so as to minimize:

2 2
o = EZg'(H)gj(g)Gﬁ
i=1 j=1

= g (u )81(H)0'1 +31(#)82(N)0'12+g2(.u)0'21+82(ﬂ)gz(ﬂ)0'2
= 1,01+ 1110

subject to:

1
e(ly, ) + E[hn(.’f)o'% + hyp(1) O1p + hyy (1) Oy + hp (1) 0%] =35
Mty = 35

That is, find g, and u, so as to minimize ,u§ of + ,uf 0'§ subject to u i, = 35.

This snnpler problem can be solved using the LaGrange multiplier
method," which converts the above constrained problem into an uncon-
strained problem. The unconstramed problem here is to find y; and u, so as
to minimize F = (30} + 1, 65 + A( 1, —35), where A is the LaGrange multi-
plier. The three unknowns—g, 11, and A—can be found by setting the partial

derivatives of F with respect to these variables set equal to 0:

oF 2 21 0'5
— = 2u,05,+ AU, =0; A=—"—=
o, H16y ™ ALl 1L
or 2 2.“20€
— = 2u,0i+Au; =0; A=-——
o H207 Hq I
JoF

97 = i, =35=0; up, =35.

From Egs. (i) and (ii), w/u, = 0v/0, and using Eq. (iii):
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which gives

O O
U = 35(51) and u, = 35(;2j

2 1

If 0, =1.0 and 0, =10.0, then y; = /35 0.1 = 1.87 and 1, = /35 x 10 = 18.71.
The optimum variance (optimum value of the objective function) is (18.71)* x
1.0+ (1.87)*x 100 = 699.75, and the optimum standard deviation is 26.45. Non-
linear programming software such as GINO can be used for solving difficult
formulations.

The usual practice is to arbitrarily set the values of the nominal sizes
(means of the component characteristics) that yield the nominal size for the
assembly characteristic, ignoring the variances of the component characteris-
tics. When these nominal sizes are arbitrarily set, then the resulting variance
of the assembly characteristic according to Eq. (3.52) can be reduced only by
reducing the variances of the component characteristics, which could be very
time consuming and expensive. For example, let us assume that the design
engineer arbitrarily sets the values of y; and u, as 5 and 7, respectively, which
yield the mean of X = 35, the target value, but the resulting variance of X is

o = ,u%ofﬂ,tfof =7"x1+5*x 100 = 2549

and the standard deviation is 50.49, which is larger than the optimum value
of 26.45. The only way to reduce this large variance is to reduce 6} and o5 by
sorting and matching the components or tightening the tolerances of the com-
ponents (assuming the processes are fixed), which are both expensive to the
manufacturer. Out of all the infinite combinations of y; and , that yield the tar-
get value of X (35 in this example), robust design formulation selects the opti-
mum values of y; and u, that minimize the variance of X. This minimizes the
expected loss, wherein lies the advantage of robust design, which meets the
requirement of concurrent design.

3.4.2 Some Recent Developments in Robust Design

As was evident from the discussion in the preceding section, robust design
improves the quality of a product by adjusting the means of the component
characteristics so that the variance of the assembly characteristic is minimized
and the mean of the assembly characteristic is equal to its target value. The
reduction in variance is equivalent to decreasing the sensitivity of the assembly
characteristic to the noise or uncontrollable factors in the design, manufactur-
ing, and functional stages of the product. Robust design, a quality assurance
methodology, is applied to the design stage, where the nominal sizes of the com-
ponents are determined. Since Taguchi’s initial work in this area, many
researchers have expanded his contribution. Oh® provides a very good over-
view of this work. Efforts in the design stages of products have made a dramatic
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impact on the quality of these products. The design phase is divided into three
parts: system design, parameter design, and tolerance design."

3.4.2.1 System Design

In this step, the basic prototype of the product is developed to perform the
required functions of the final product, and the materials, parts, and manu-
facturing and assembly systems are selected.

3.4.2.2  Parameter Design

The optimum means of the design parameters of the components are selected
in this phase so that the product characteristic is insensitive to the effect of
noise factors. Robust design plays a major role in this step.

The key to developing the formulation of the robust design problem in Eq.
(3.53) is the function, e(X;, X,, ..., X}), in Eq. (3.44) which relates the assembly
characteristic X to the component characteristics, X;, Xy, ..., X;. In most real-
life problems, that function may not be available. Taguchi recommends
design of experiments in such cases.” He developed signal-to-noise ratios
(known as S/N ratios) to combine the objective function of minimizing the
variance and making the mean equal to the target value. This is more helpful
for larger-the-better (L-type) characteristics with a target value of infinity and
smaller-the-better type (S-type) characteristics with a target value of 0. Unal
and Dean," Chen et al.,” and Scibilia et al.® are some of the authors who have
extended the work of Taguchi. Multigple criteria optimization has been con-
sidered by Chen et al.” and Song et al.” Genetic algorithms combined with the
finite element method have been used in robust design by Wang et al.," and
evolutionary algorithms have been used by Wiesmann et al.”

3.4.2.3 Tolerance Design

This step is carried out only if the variation of the product characteristic
achieved in parameter design is not satisfactory. Here, optimum tolerances
that minimize the total cost are determined. The optimization techniques
used in this step include response surface methodology, integer program-
ming, nonlinear programming, and simulation.™*
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Problems

1. The specification limits of the internal diameter of a sleeve are
1.5 £ 0.005. The costs of scrapping an oversized sleeve and of
reworking an undersized sleeve are $50.00 and $20.00, respectively.
The internal diameters of 20 sleeves randomly selected from the
production line are as follows:

1.502 1.499 1500 1.498 1497 1.504 1.503
1.503 1.500 1.499 1498 1501 1.497 1.496
1.497 1504 1501 1500 1.496 1.499

Estimate the expected loss per sleeve.

2. The thickness of a spacer has to lie between 0.504 and 0.514. The

cost of rejecting a sleeve is $10.00. Ten spacers were measured,
yielding the following readings:

0.508 0.509 0.510 0.512 0.506
0.513 0510 0.508 0.511 0.512

Estimate the expected loss per month, if the production quantity
per month is 100,000.
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3. The tensile strength of a component has to be greater than or equal
to 20,000 tons per square inch(ton/in’). The cost of failure of a
component with strength less than 20,000 ton/in is $300.00. Tests
of 10 components yielded the following tensile strengths:

21,000 30,000 35,000 40,000 25,000
32,000 28,000 45,000 50,000 30,000

Estimate the expected loss per component.

4. The surface roughness of a surface plate cannot exceed 10 units.
The cost of rework of a plate with surface roughness greater than
10 units is $100.00. Twelve surface plates had the following surface
roughness values:

2 4 5 7 6 3 1 9 7 8

Estimate the expected loss per surface plate.

5. Suppose that you asked an operator to collect n observations and
estimate the mean-squared deviation, Vz, of a nominal-the-best
type characteristic. The operator, by mistake, computed the sample
variance, S°, instead. By the time the operator realized his mistake,
he lost all the values of the individual observations (that is, the X)).
He could give you only the following values:

§*=10.0

X = 1.5 (sample mean)

X,= 14 (target value)

n =10 (sample size)

He also reported to you that all 10 observations were within the
range (LSL — USL).

Compute an estimate of the mean-squared deviation using the
above information.

6. An assembly consisting of three components has the following
relationship between its assembly characteristic and the component
characteristics:

X = _.__E_)d.___
(X +X5)°X;

where E is a known constant. Assume that the standard deviation

of X;is o;fori =1, 2, and 3 and is given. Formulate this as a robust

design problem in which the decision variables are the nominal

sizes of the X; (B;), which are equal to the respective means (u,).

Assume that the X; are independent of each other.
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4.1 Introduction

From earlier discussions in previous chapters, it can be seen that almost all
the quality control problems can be solved if the following conditions for
manufacturing the product are met:

1. The quality characteristics are within the appropriate specification/
tolerance limits determined based on customers’ requirements.
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2. The variability of the quality characteristics is minimized as much
as possible.

3. The mean of each quality characteristic is as close as possible to
the target value of the characteristic.

Condition 1 eliminates the products that are defectives (outside the speci-
fication limits), while conditions 2 and 3 reduce the proportion of defectives
and enhance the consistency of the performance of the products around the
target values of their quality characteristics. Taguchi’s loss function captures
the effects of both conditions 2 and 3.

Process capability analysis relates the mean and the variance of the distri-
bution of a quality characteristic to the specification/tolerance limits and
gives numerical measures of the extent to which the above conditions are
met. In this chapter, some of the commonly used indexes to measure process
capability are discussed.

4.2 Preliminaries

Process capability matches the capability of the process with the range of the
specification/tolerance interval for a given quality characteristic. The capabil-
ity of the process is measured in terms of the range of all possible values of
the quality characteristic. This is the range of all the values of the characteris-
tic of the component/product in a given lot or batch if the user is interested in
measuring the capability of the process with respect to that lot. In this case,
the population consists of the values of the characteristic in the lot only so the
size of the population is finite. On the other hand, it can be the range of all
possible values of the characteristic that the process can generate under some
specified conditions, if the user wants to measure the capability of the process
under those conditions. Here, the population is the set of all possible values
that the process can generate under those conditions, thus its size is infinite.

It is obvious that if the range of the distribution of the quality characteristic
is less than the range of the specification (tolerance) interval, then the number
of nonconforming products or defectives will be zero. On the other hand, if
the range of the characteristic is wider than the specification range, then the
process is bound to produce defectives. The exact range of the values of a
characteristic of the items in a lot (finite population) or of the range of all pos-
sible values that a process can generate (infinite population) can be obtained
exactly only if all these values are measured (ignoring measurement error).
This requires 100% inspection, which may not be feasible in all cases or, even
if feasible, may not be economical. The only alternative is to take a sample
batch of parts from the lot or from the process while it is running in the in-
control state (Chapter 8), measure the values of the characteristic of all the
items in that batch, and make inference about the range of all the values in
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TABLE 4.1
Areas for Different Ranges Under Standard Normal Curve

Covered Within the Outside the Range Outside the Range

Range Range (%) (%) (ppm)
(u—1o)to(u+1o) 68.26 31.74 317,400
(u—20)to(ut+2o0) 95.44 4.56 45,600
(u—30)to(u+30) 99.73 0.27 2700
(u—40)to(u+4o) 99.99366 0.00634 63.4
(u—50)to(u+50) 99.9999426 0.0000574 0.574
(u—60)to(u+60) 99.9999998 0.0000002 0.002

the population (finite or infinite) using the sample information. This is pos-
sible because the ranges of the values of the probability distributions can be
expressed as functions of their parameters, especially their standard devia-
tions. As an example, the ranges pertaining to a normal distribution, the most
commonly used distribution in statistical quality control, are given in the
Table 4.1. The results in this table are valid only if:

1. The probability distribution of the quality characteristic generated
by the process is exactly normal.

2. The exact values of the mean of the distribution, u, and the standard
deviation of the distribution, g, are known.

For example, consider a turning lathe, which is used to machine the outside
diameter of a batch of shafts. Let the distribution of the outer diameters
generated by the lathe be normally distributed with a mean y=1"and a
standard deviation g =0.0005". Then, 99.9937% of the shafts processed on
this machine will have their outside diameters within the interval from
0.998" (1 - [4 x 0.0005]) to 1.002" (1 +[4 x 0.0005]), and 0.0063% of the outside
diameters generated by the machine will be outside this interval. The width
of this range is 8 x 0.0005 = 0.004".

As the theoretical limits of a normal distribution are —oo and + oo, which are
not realizable in real-life situations, it does not have a finite interval contain-
ing 100% of the values of the quality characteristic. It has been the convention
to take the interval from (u - 30) to (u + 30), the width of which is equal to 6,
as the benchmark against which to measure the process capability. This is
known as the 6-sigma spread, which indicates the width of this interval. It can
be seen from the table that this interval contains only 99.73% of all possible
values of the characteristic and that 0.27% of the values (in other words, 2700
defective parts out of one million, or 2700 parts per million) fall outside this
interval. The recent trend among many industries is to consider the interval
from (u-60) to (u + 60) as the measure of the capability of the process. This
interval, the width of which is 120, contains 99.9999998% of the values of the
quality characteristic generated by the process. The percentage of values out-
side this interval is 0.0000002, which translates to 0.002 per million (0.002
parts per million, or ppm).
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Even if the distribution of the characteristic is normal, the results in the table
are valid only if the exact values of the mean of the distribution pand the stan-
dard deviation o are used to compute the limits of the intervals. Exact values
of these parameters can be known only if all the values in the population
(which could be a batch or a lot or all possible values that can be generated by
a process under a set of specified conditions) are known. In the absence of such
100% inspection, which may not be feasible and/or economical, the parameters
are estimated from the results of 100% inspection of a sample batch, which con-
tains a small subset of the values from the population. The sample mean X
is used to estimate the mean of the distribution u (known as the population
mean), and either R/d, (where R is the sample range and d, is a constant) or
s/c, (where s is the sample standard deviation and c, is a constant) is used to
estimate the standard deviation of the distribution o (known also as the pop-
ulation standard deviation). The constants d, and c, are given for various val-
ues of n in Table A.4 in the Appendix. Out of these, X is an unbiased
estimator of u with the minimum variance, and even though both R/d, and
s/c, are unbiased estimators of g, the variance of s/c, is less than that of R/d.,.
But, the desirable properties of these estimators—namely, unbiasedness and
minimum variance—cannot minimize the error in estimation unless the sam-
ple batch from which these statistics are computed is truly random. A sample
batch is said to be random, if every item in the original population has the same
chance of being included in the sample batch. In simple terms, this implies that
the sample batch must truly represent the population it is taken from, espe-
cially its central tendency and variability.

Selection of random samples for the purpose of estimating the capability of a
running process becomes complicated because of the possibility of changes in
the parameters of the population of the quality characteristic in the time interval
during which the parts are manufactured. Here, the issues of sample size and
length of the time interval required to collect the observations in the sample
batch are very important. Let us consider the following example.

Example 4.1

It takes 10 seconds for an N.C. lathe to machine the outside diameter of a pin.
Sample batches, each consisting of five pins, were collected every 10 min-
utes. The diameters of six such batches are given in Table 4.2. As the time
interval between successive sample batches was 10 minutes, these batches

TABLE 4.2

Diameters of Pins in Example 4.1

Sample batch #1 1.000 0.999 0.999 1.000 1.000
Sample batch #2 1.001 1.000 1.000 0.999 1.001
Sample batch #3 1.001 1.001 1.002 1.000 1.000
Sample batch #4 1.002 1.001 1.001 1.002 1.001
Sample batch #5 1.002 1.003 1.002 1.003 1.002
Sample batch #6 1.003 1.002 1.001 1.002 1.002
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TABLE 4.3
Sample Statistics in Example 4.1

Time Batch # S slc, X
0.0 1 0.000535 0.000569 0.9996
10.0 2 0.000817 0.000869 1.0002
20.0 3 0.000817 0.000869 1.0008
30.0 4 0.000618 0.000657 1.0014
40.0 5 0.000618 0.000657 1.0024
50.0 6 0.000756 0.000804 1.0020
Grand average 0.000738 1.001
TABLE 4.4
Two Sets of Estimates in Example 4.1
Parameter Estimate 1 Estimate 2
u 1.001 1.001
o 0.000738 0.001329

were collected over a period of 50 minutes. The sample statistics of these six
batches are given in Table 4.3.

Let us consider two sets of estimates for the mean p and the standard devi-
ation o of the process. One set of estimates is obtained from the grand aver-
ages of the s/c, and X of the six sample batches given in Table 4.3 and the
other set consists of the s/c, and X values calculated by considering all 30
observations as one single sample batch. That is, the second set of estimates
is computed as follows:

% = (1.000 + 0.999 + 0.999 + --- +1.001 + 1.002 + 1.002)
30

1.001 (same as the grand average in Table 4.3)

(1.000 — 1.001)% + -+ + (1.002 — 1.001)?
(30-1)

= 0.001329

As the value of ¢, for a sample size of 30 is very close to 1.000, this s value need
not be divided by c, in order to get an unbiased estimate of g. These two sets
of estimates are given in Table 4.4.

As the estimate for i is the same in the two sets, let us consider the estimates
for 0. The second estimate is almost twice as much as the first estimate. The
guestion is, which of these estimates truly represents the variability present in
the diameters of the 300 pins? It is obvious that the larger value (0.001329) is
the true estimate of the standard deviation of the 300 diameters, because it
includes the long-term variability present in the diameters, whereas the first
estimate captures only the short-term variability present in the sample batch
of size 5, which is the natural variability inherent in the process. It can be seen
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from Table 4.3 that the mean of the population increases during the 50 min-
utes, and the estimate 0.001329 captures this increase in addition to represent-
ing the natural variability of the process present within a batch of size 5.
Process control techniques (discussed in Chapter 8) can be used to detect and
prevent such increases in the mean. Only when the process control tech-
niques confirm that the process is in control should the parameters for com-
puting process capability indexes be estimated.

4.3 Process Capability Indexes and Their Limitations

In this section, we will study some of the capability indexes used in industries.

4.3.1 Process Capability

Process capability is simply the range that contains all possible values of a
specified quality characteristic generated by a process under a given set of
conditions. As we discussed earlier, in the case of a normal distribution, there
is no finite range that contains 100% of the values, hence, the range contain-
ing 99.73% of the values is taken as the benchmark, which is equal to 6 x the
standard deviation. That is,

Process Capability = 60 (4.2)

The recent trend is to take the process capability equal to either 8 x the stan-
dard deviation that contains 99.9937% or 12 x the standard deviation that
contains 99.9999998% of the values. This number can be used in the initial
selection of a machine or a process. It must be noted that the process capabil-
ity of a process depends upon the levels of the process parameters (for exam-
ple, cutting speed, feed, etc. in the case of a CNC lathe), thus the same process
can have more than one process capability value.

The limitation of this index is due to the assumption that the related quality char-
acteristic is normally distributed. The deviation of the shape of the distribution
from normality will affect the range containing a certain percentage of the values.

4.3.2 Process Capability Ratio

The process capability ratio (PCR, or C,) compares the tolerance specified on
the characteristic with the process capability defined in Section 4.3.1 and
gives an indication of the proportion or percentage of rejection. For nominal-
the-best type of characteristics,

_ (USL-LSL)

— (4.2)

PCRor C,

where USL and LSL are the upper and lower specification limits of the qual-
ity characteristic, respectively. The quantity in the denominator, 6g, signifies
the fact that 99.73% of the values generated by the process is contained within
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FIGURE 4.1

Proportion of defectives when C, = 1.0.

the interval (u - 30, u + 30), assuming normal distribution for the quality
characteristic generated by the process. This implies that if the capability of
the process is such that 99.73% of the values of a quality characteristic falls
within the limits of the tolerance interval, then its PCR is equal to 1. In other
words, the percentage of rejection is equal to 0.27%, or the number of defec-
tives out of 1 million parts is 2700 (2700 ppm), if the PCR is 1 and the mean
of the distribution of the characteristic is equal to the mid-point of the toler-
ance interval, which is the nominal size. This is represented in Figure 4.1.
Similarly, if 99.9999998% of the values falls within the tolerance interval, then
the PCR value is equal to 2.0, because (USL - LSL) = 120, assuming normal
distribution. In this case, the percentage rejection is 0.0000002 (0.002 defec-
tives per 1 million parts, or 0.002 ppm).

Itis simple to develop a formula to estimate the percentage of defectives gen-
erated by a process from its PCR value, assuming that the probability distribu-
tion of the quality characteristic is normal. Consider Figure 4.2, in which the
upper and lower limits of the two-sided tolerance interval are marked on the
distribution of the characteristic, denoted by X. The total proportion of defec-
tives is the sum of the shaded areas under the distribution curve to the left of
the lower specification limit and to the right of the upper specification limit.
Probabilistically, this is equal to:

Prob[X < LSL] + Prob[X > USL]

P[Z<LSLT_“+P[Z>&G_”J (4.3)

p
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If the mean of the distribution coincides with the mid-point of the tolerance
interval (which is the nominal size) as per the assumption, then the two
shaded areas are equal and the proportion of defectives, p, can be written as:

p= 2xP[2<LSLT_“J or ZXP[Z>&U_”} 4.4)

As the mean pis equal to (LSL + USL)/2, each term on the right-hand side of
the above equation can be rewritten as follows:

- LsL _(LsL+UsL)

2xP[Z<LSL—_“J = 2xP z<—2}
o o
_ ZxP*Z<LSL—USLJ
L 20
= zxp*z<M] as C, = (USL=LSL)
L 20 60
per Eq. (4.2)
= 2xP[Z<=3C)] (4.5)
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Similarly,

~ UsSL — (LSt +UsL)
ZXProb[Z>MJ = 2xProb{Z> 2 }
g o
~ox Prob[z S (USL — LSL)}
20
= 2xProb[Z>3C] (4.6)

Now, combining Egs. (4.4), (4.5), and (4.6), p can be written as:
p=2xP[Z<-3C] or 2xP[Z>3C|] 4.7

Example 4.3

The specification limits for the inside diameter of a hole are (0.995", 1.005").
The standard deviation of the inside diameters generated by a lathe machine
selected to process this component is estimated to be 0.002". Compute the C,
index of this process and estimate the proportion of defectives; assume that the
inside diameters generated by the machine follow normal distribution and
that the mean of the distribution is equal to the nominal size, which is 1.000":

_ (USL—LSL)
P 6x0

_ (L.005 —0.995)
6 x 0.002

= 0.8333

C

The estimate of the proportion of defectives is

2xP[Z>3C,]

2 xP[Z >3 x0.8333]

2 xP[Z>2.4999]

2 x0.0062 (from standard normal tables)
0.0122

p

The PCR index for quality characteristics with just one limit—either upper
or lower limit—is computed a little differently than the index for quality
characteristics with both upper and lower limits, even though the index con-
veys the same information in both cases. In the case of quality characteristics
with just one limit, the tolerance interval of interest is the distance from the
limit to the mean of the distribution, p. This distance is equal to (USL - p) in
the case of characteristics with just the upper limit only (smaller-the-better)
and (u — LSL) in the case of characteristics with just the lower limit only
(larger-the-better). These distances are compared with one half of the spread
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FIGURE 4.3
(a) C, index for larger-the-better characteristics; (b) C, index for smaller-the-better charac-
teristics.

of the characteristics, which is equal to 3g, as shown in Figures 4.3a and b.
The PCR index is, then,

0 US:!)_U— 11)7 for smaller-the-better type characteristics

» = 0O (4.8)
O H ;I;SL), for larger-the-better type characteristics

It can be seen by comparing Eqs. (4.2) and (4.8) that the major difference

between the C, values for characteristics with either one or two specification
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limits is the presence of the mean, i, in the expression of C, for characteristics
with one limit. This eliminates the necessity of making any assumption about
the location of the mean, while estimating the proportion of defectives from the
C, value for the characteristics with just one specification limit. The proportion
of defectives, p, can be estimated as:

p = P[X<LSL] or P[X >USL]

P[Z<LSL_“} or P[Z>USL_”J
o o

= P[Z<_3UCPJ or P[Z>30Cﬂ
o
_ MU—LSL USL —u .
asC, = 3 or 35 according to Eq. (4.8)
= P[Z<-3C]] or P[Z>3C] (4.9)

The only assumption required in order for the above equation to be valid is
the normality of the distribution of the quality characteristic.

Example 4.4

The roughness of the ground surface of a component cannot exceed 0.02 units.
A random sample of components ground by a surface-grinding machine
yielded the following estimates:

Mean roughness = 0.01.
Standard deviation = 0.003.

Compute the C, index of this process and estimate the proportion of defec-
tives expected to be generated by the process, assuming that the surface
roughness measurements follow normal distribution.

This is an example of a characteristic with only the upper specification limit
(USL). From Egs. (4.8) and (4.9),

_USL-—u
Cp = 30
p = P[Z2>3C,]

Using the estimates of y and o in the above equations, we get:

_ 0.02-0.01
P~ 73%0.003

1111
P[Z >3 x 1.111]
P[Z >3.333]
0.0004

C

©
I n

©2001 CRC PressLLC



The proportion of defectives estimated above translates to 0.04% defectives,
or 400 defective parts per 1 million ground parts (400 ppm).

Example 4.5

The tensile strength of a welded joint used in construction has to be at least
equal to 40 tons per square inch (ton/in.?). A random sample of 100 joints
welded by a welding machine yielded the following estimates of the param-
eters of the distribution of the tensile strengths:

Mean = 65 ton/in.%.
Standard deviation = 8.2 ton/in.2.

Compute the C, index and estimate the proportion of defectives generated by

the machine, assuming that the distribution of the tensile strengths is normal.
This is an example of a characteristic with only the lower specification limit

(larger-the-better type of characteristic). From Eqs. (4.8) and (4.9),

_ U—LSL
< 30
p = P[Z<-3C]

Replacing uand oin the above relations by their estimates results in:

65—-40
3x8.2

1.012

P[Z <3 x 1.012]
P[Z <—3.036]
0.0012

C, =

o
I non

The proportion of defectives computed above can also be expressed as 0.12%,
or 1200 defectives per 1 million (1200 ppm), welded joints produced on the
machine.

The limitations of C in the case of characteristics with both lower and
upper specification limits are due to the assumptions made while estimating
the proportion of defectives from the index: (1) the distribution of the charac-
teristic is normal, and (2) the mean is equal to the nominal size. The limitation
of C, in the case of characteristics with just one lower or upper limit is only
due to the assumption that the distribution of the characteristic is normal.
The estimates of the proportion of defectives as per Egs. (4.7) and (4.9) are not
valid if the distribution of the characteristic is not normal.

Even if the distribution of the characteristic is normal, the C, index will not
present a true picture regarding the proportion of defectives if the mean is
not equal to the nominal size in the case of characteristics with both lower
and upper limits. This is clearly explained in Figure 4.4, which contains the
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LSL=4 USL = 16

oap=15

Hua =10.0

0

Hg =8.5

oc=15

He = 14.0

FIGURE 4.4
C, indexes for processes with different means.

distributions of three processes—A, B, and C— which manufacture the same
component with a quality characteristic having lower and upper specifica-
tion limits equal to 4 and 16, respectively. The nominal size is equal to 10.

All three processes have the same standard deviation, which is equal to 1.5 units,
thus the process capability ratio value for all these processes is equal to:

_(16-4) _
» = ox15 - %

The estimate of the proportion of defectives using Eq. (4.7) is

2 xProb[Z >3 x 1.33]

2 x Prob[Z > 4.00]

2 x0.0000317 (from Table A.5 in the Appendix)
0.0000634 (63.4 ppm)

p
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The true proportion of defectives for these processes, however, are as follows:

Process A:
Mean (u¢) = 10(nominal size)
p = P[X<4] +P[X>16]

_ 4-10 16—10
—P[Z< — }+P[Z> — J

P[Z<—4]P[Z2>4]
2 x0.0000317 (from Table A.5 in the Appendix)
0.0000634 (63.4 ppm)

This is the same as the estimate obtained earlier using Eq. (4.7),
because the assumption that the mean is equal to the nominal size
is satisfied in process A.

Process B:

8.5
P[X <4] +P[X > 16]

_ P[Z<4_8'5J+P[Z>le_8ﬂ

Mean (L)
p

15 15
P[Z <-3]P[Z >5]

0.001350 + 0.000000287
0.00135029 (1350.287 ppm)

Process C:

14

P[X <4] + P[X > 16]

4-14
15

P[Z <-6.67]P[Z >1.33]

0 +0.0918

0.0918 (91,800 ppm)

Mean (L)

©
1

= P|z< J+P[Z>16_14}

1.5

As can be seen from this example, the deviation of the mean from the nom-
inal size greatly affects the proportion of the number of defectives produced
by the process. This effect is not captured by the C; index because of the
assumption that the mean is equal to the nominal size when estimating the
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proportion of defectives from the index value. The next index to be discussed
was developed to remedy this problem in the C, index.

4.3.3 Cpy Index

The C, index was introduced to take care of the limitation of the C, index,
which assumes that the mean of the distribution is equal to the nominal size
while estimating the proportion of defectives in the case of nominal-the-best
type of characteristics. The reasoning behind the expression used for comput-
ing the C,, index can best be explained through the example used to illustrate
the limitation of the C, index in the previous section (Figure 4.4). The propor-
tion of defectives for nominal-the-best type of characteristics depends upon the
distances of the mean of the distribution from both the limits. Hence, for such
acharacteristic, an ideal index that indicates process capability and can be used
to estimate the proportion of defectives should contain some information
about both these distances. But, if one is constrained to select only one of these
distances, then the value to choose would be the minimum of the two dis-
tances, because the minimum represents the worst case in terms of the propor-
tion of defectives. For process C in Figure 4.4, this would be the distance
between the upper limit and the mean (USL - ), because for process C the
mean is closer to the upper limit than the lower limit. For process B, this dis-
tance would be (u — LSL), as the mean is closer to the lower limit. This distance
should be divided by some multiple of the process standard deviation, g, as in
the case of the C, index. The logical divisor is 30, because in this index only part
of the range USL- LSL is considered, as opposed to the entire range of
USL-LSL, as in the case of the C, index in which the divisor is 60. Now, the
expression for the C,, index can be written as:

_ Minimum([(u—LSL), (USL — )]

Cox 30

(4.10)

The C,, index for characteristics with only one specification limit (smaller-
the-better and larger-the-better types of characteristics) is the same as the C,
index given in Eq. (4.8):

. US;-O__ 1) for smaller-the-better type

ok (4.12)

=0
[(u—LsL) the.
0 3g for larger-the-better type

Example 4.6

Let us now compute the C, index for the three processes represented in Figure 4.4.
The lower and upper specification limits are 4 and 16, respectively; the nominal
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size is 10.0; and the standard deviation of all three processes, g, is 1.5. As com-
puted earlier, the C, indexes for all the processes were equal to 1.33.

Process A: The process mean is L, = 10.0; hence,

_ Min[(10 —4), (16 —10)]
Pk~ 3x15
1.333

C

When the mean is equal to the nominal size, then C, = C,.
Process B: The process mean is L = 8.5; hence,

_ Min[(8.5—4), (16 —8.5)]
Pk~ 3x15
=10

C

When the mean is not equal to the nominal size, then C, > C,.
Process C: The process mean is u¢ = 14.0; hence,

Min[(14 —4),(16 — 14)]
3x15

Cp =

0.444

As in the case of process B, when the mean is not equal to the
nominal size, C, > C,.

It can be seen that the C,, indexes for these processes are different, because
of the differences in the means, even though the standard deviations are the
same.

Now we will derive an expression for the proportion of defectives, p, in
terms of the C, index. As per Eq. (4.3), for nominal-the-best type of charac-
teristics, p is given by:

Prob[X < LSL] + Prob[X > USL]

Prob[z < —LSI;I_ IJJ + Prob[z > —USLU_ “}

o
1

Let us first consider the processes in which the mean is closer to the lower
specification limit (LSL), as in the case of process B in Figure 4.4. Here, the
Cu index is

—LSL
c, = & = )
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which contains information regarding the distance between the lower specifi-
cation limit and the mean only which affects the proportion of the defectives to
the left of the lower specification limit. It contains no information about the dis-
tance between the upper specification limit and the mean which affects the pro-
portion of defectives to the right of the upper specification limit. It is impossible,
then, to derive an expression that exactly estimates the total proportion of defec-
tives that consists of the proportion of defectives to the left of LSL as well as the
proportion of defectives to the right of USL. The best approach, then, is to derive
an expression that gives an upper bound for the total proportion of defectives.
As the proportion of defectives to the left of LSL is larger than the proportion of
defectives to the right of USL when the mean is closer to LSL, a logical upper
bound for the total proportion of defectives is two times the proportion of defec-
tives to the left of LSL. That is,

ps2P[Z<LSLT_IJ}

when LSL is closer to the mean, and when:

o - Lu-Lsy)
T3 o (4.12)
p<2P[Z <-3C,]

The processes for which the mean is closer to the upper specification limit (USL)
can be handled in a similar manner. Let us consider process C in Figure 4.4. The
C,x index for such processes is

- (UsL-p)

C
P 30

which can be related only to the proportion of defectives to the right of USL.
As in the earlier case of B with the mean closer to LSL, the best approach here
also is to derive an expression for the upper bound for the total proportion of
defectives. Here, the proportion of defectives to the right of USL is larger than
the proportion of defectives to the left of LSL, thus a valid upper bound for
the total proportion of defectives is given by:

ps2P[Z>MJ

o
when:
c . = 1(UsL—pu)
T3 o (4.13)
p<2P[Z>3Cy]
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which is the same as Eq. (4.12). Therefore, the general formula for the total
proportion of defectives is

p<2P[Z>3C,] = 2P[Z<-3C,] (4.14)

The only assumption required in order for Eq. (4.14) to be valid is the normal-
ity of the distribution of the characteristic.

Example 4.7

Let us now estimate the proportion of defectives for processes A, B, and C in
Figure 4.4 using the respective Cy, values and compare these estimates with
the true proportion of defectives computed earlier using the means and stan-
dard deviations of these processes.

Process A: The C, index was earlier calculated in Example 4.6 as 1.333.

p<2P[Z>3x1.33]

2P[Z>4.0]
2 x0.0000317 (from Table A.5 in Appendix)
0.0000634 (63.4 ppm)

This is the same as the estimate obtained from the C, index and the
true value obtained earlier using the mean and the standard devia-
tion. When the mean is equal to the nominal value, the C, and C,
indexes are equal and the estimates of the proportion of defectives
obtained from these indexes will be equal to the true value. (The
upper bound on the total proportion of defectives computed using
the C, index is the same as the exact value.)

Process B: The C,, index from Example 4.6 is 1.00.

p<2P[Z>3x1.00]

2P[Z > 3.0]
2 x0.00135 = 0.0027 (2700 ppm)

The exact total proportion of defectives estimated earlier using the
mean and standard deviation was 0.00135 (1350 ppm). The upper
bound obtained using the C, index is twice as much as the exact
value.

Process C: The C index from Example 4.6 is 0.444.

p<2P[Z>3x0.444] = 2P[Z >1.332]

2x0.0918 = 0.1836 (183,600 ppm)
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The exact total proportion of defectives estimated earlier using the
mean and standard deviation was 0.0918 (91,800 ppm). The upper
bound obtained using the C, index is twice as much as the exact value.

It can be seen from this example that the upper bound estimated from the C,,
index overestimates the total proportion of defectives when the mean is not
equal to the nominal size. Asthe C,and C, indexes are the same for character-
istics with one specification limit (smaller-the-better and larger-the-better), the
proportion of defectives for these are computed in the same manner as using
the C, index (Eq. (4.9)). That is,

p = P[Z<-3Cy] or P[Z>3C] (4.15)

Estimates of the total percentage of defectives (and parts per million) for
nominal-the-best, smaller-the-better, and larger-the-better types of character-
istics from the C, and C,, indexes are given in Tables 4.5 and 4.6. For example,
when the C, index for a nominal-the-best type of characteristic is 0.90, the
exact estimate of the total percentage of defectives is 0.7000 (7000 ppm) as per
Table 4.5. Of course, this requires the assumption that the mean is equal to the
nominal size in addition to the normality of the distribution. If the C, index
is 0.90, then the upper bound of the total percentage of defectives is also
0.7000 (7000 ppm), assuming only that the distribution is normal. Consider
now a characteristic with one specification limit (upper or lower) and a C,
index of 1.1. As per earlier discussion, this is also equal to the C, index. Then
the estimate of the percentage of defectives is 0.04835 (483.5 ppm), as per
Table 4.6.

The main limitation of the C, index is due to the normality assumption of
the characteristics. Also, for the nominal-the-better type of characteristics, the
Cp« index yields only an upper bound for the total proportion of defectives.

TABLE 4.5

Percentage Defectives for Different C, and C, Values
for Nominal-the-Best Characteristics®

Upper Bound/Exact

Cp/Cp %Defective ppm
0.50 13.3600 133,600
0.70 3.5800 35,800
0.90 0.7000 7,000
1.00 0.2700 2,700

11 0.0967 967

1.2 0.03182 318.2
13 0.00962 96.2
1.333 0.00634 63.4
14 0.00267 26.7
15 0.00068 6.8
1.6667 0.0000574 0.574
20 0.0000002 0.002

? These results are only true if the distribution of X is normal.
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TABLE 4.6

Percentage Defectives for Different Values of C, and C,, for
Smaller-the-Better and Larger-the-Better Characteristics®

C, =Cx % Defective ppm
0.5 6.6800 66,800

0.7 1.790 17,900

0.9 0.350 3,500

1.0 0.1350 1,350

11 0.04835 4835
12 0.01591 159.1
13 0.00481 48.1
1.3333 0.00317 317
1.4 0.001335 13.35
15 0.00034 3.4
1.6667 0.0000287 0.287
20 0.0000001 0.001

? These results are only true if the distribution of X is normal.

LSL =0.950 USL = 1.050

FIGURE 4.5
Processes with the same C,, but different C,,, indexes.

As seen in Example 4.7, this could overestimate the true proportion of defec-
tives greatly. In addition to these two obvious problems associated with the
C,« index, there is another flaw inherent in this index. This is best illustrated
in Figure 4.5, which contains the distributions of a quality characteristic gener-
ated by two processes, A and B. The lower and upper specification limits are
0.95" and 1.05", respectively, thus the nominal value is 1.00". The distributions
of the characteristic generated by both the processes are normal. The distribu-
tion of process A has a mean of 0.98" and a standard deviation of 0.012",
whereas the distribution of process B has a mean of 1.00" (which is equal to the
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nominal size) and a standard deviation of 0.02". The C, and C,, indexes of these
processes are as follows:

Process A:
_ (1.05-095) _
Co 5 x0012 1.389
_ Minimum([(0.98 —0.95), (1.05-0.98)] _
Cox 3% 0.012 0.833
Process B:
- (1.05-0.95) _
G 6 x 0.02 0.833
_ Minimum[(1.00 —0.95), (1.05-1.00)] _
Coe = 3x0.02 = 0833

Process A has a smaller standard deviation compared to process B so it has
a larger C, index than process B, but this advantage of process A is compen-
sated by a larger difference between the mean and the nominal value com-
pared to process B, yielding the same C, index for both the processes. The C,,
index was introduced to take into consideration the location of the mean of
the distribution. In this example, though, we see that even though the mean of
process A is not equal to the target value (hominal value) and the mean of pro-
cess B is equal to the target value, both have the same C, index. This is because
the standard deviation of process A is less than that of process B; since the stan-
dard deviation appears in the denominator of C,, , it compensates for the devi-
ation of the mean from the target value that appears in the numerator. It is
better to have an index that eliminates this problem by having both the stan-
dard deviation (or variance) and the deviation of the mean from the target
value on the same side of the expression. The next index to be discussed satis-
fies this requirement.

4.3.4 C,, Index

The C,, index was developed by Chan et al. In this index for nominal-the-best
characteristics, the numerator is the same as that of the C; index, which is the
range of the tolerance interval (USL — LSL). The denominator is a combined
measure of the standard deviation and the deviation of the mean from the
target value. The C,, index is computed as:

C, = —USL-LSL (4.16)

6/\/02 + (N_Xo)2
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where o” is the variance of the process, y is the mean, and X, is the target
value. It can be seen that the expression o + (1 — X,)* in the denominator of
Eg. (4.16) is the mean-squared deviation related to Taguchi’s loss function
discussed in Chapter 3.

Example 4.8
Compute the C,, index for processes Aand B in Figure 4.5.
LSL = 0.95"
USL = 1.05"
T = 1.00"
Un =0.98"
o, = 0.012"
Us = 1.00"
o, = 0.02"
Process A:
Cyn = 1.05-0.95
64/0.012% + (0.98 — 1.00)?
= 0.712
Process B:
_ 1.015-0.95
Com =
6,/0.020 + (1.00 — 1.00)>
= 0.833

The C,,, index for process A is smaller than that of process B because of the
larger deviation of the mean of process A from the target value. Also, the C,
for process B is the same as its C,, value, because its mean is equal to its target
value.

The main problem with the C,,, index is that it cannot be used to estimate
the proportion of defectives. This is because it cannot be related to the prob-
ability expression for the proportion of defectives, assuming that the charac-
teristic is normally distributed, unlike the C, and C,, indexes. Also, it gives
the same weight to the variance and the square of the deviation of the mean
from the target value in the denominator. For example, the C,,, index for pro-
cess A in Example 4.8 was less than that of process B. In some real-life appli-
cations, process A could be better than that of process B.

4.3.5 Py Index

We may recall that, in Section 4.2, wrong estimation of the mean and standard
deviation was shown as one source of error in measuring the process capability.
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Example 4.1 contained 30 observations collected over a period of 50 minutes.
These observations were collected in six sample batches of size 5 each. The
time interval between successive batches was 10 minutes. The following esti-
mates of the process standard deviation were obtained:

1. Average value of the standard deviations of the six sample batches =
0.000738.

2. Standard deviation of the entire 30 observations taken as one sam-
ple batch = 0.001329.

It was pointed out that the estimate given by 0.000738 contains the variation
within each sample batch of size 5 (short-term variability) only, whereas the
estimate of 0.001329 contains the variation within the batches as well as the
long-term variation in the process over a period of 50 minutes. Assuming that
the process was not stopped and adjusted during the interval of 50 minutes
(that is, the process control technique used to monitor the process allowed the
observed deviation in the mean), the true estimate of the total variability in
the characteristic is 0.001329. Usually the estimate of the variation within
each batch (of size 5, in this example) is used in computing the C; and C,,
indexes. As this estimate is smaller than the estimate of the total variation
including the long-term variability, these indexes overestimate the process
capability and hence underestimate the proportion of defectives. In order to
address this problem, the P, index was introduced.

The P, index is calculated using the same formulas for computing the C,
index. For nominal-the-better type of characteristics:

_ Minimum[(p—LSL), (USL —p)]

P 30

(4.17)

For smaller-the-better and larger-the-better types of characteristics, the Py
index is computed as:

Po = (_U§§La—_/.l), for S-type characteristics
LsL (4.18)
= (ﬂ:g—a—), for L-type characteristics

In the above formulas, o is estimated by the total long-term standard devia-
tion. The proportion of defectives is estimated in the same manner as using
the C, index. These formulas are

P<2P[Z>3P,] = 2P[Z<-3P,] (4.19)
for nominal-the-best type of characteristics and

p = P[Z<-3P,] or P[Z>3Pyl (4.20)
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for smaller-the-better and larger-the-better types of characteristics. As in the
case of the C,, index, the distribution of the characteristic must be normal in
order for Egs. (4.19) and (4.20) to be valid.

Example 4.9

Compute the P, index for the data given in Example 4.1 and estimate the pro-
portion of defectives using the Py, index. Compare these values with the C
index and the associated estimate of the proportion of defectives. Assume
that LSL =0.995" and USL = 1.005" (see Table 4.4). Estimate 1 in Table 4.4 was
obtained by averaging the individual batch estimates; the entire 30 observa-
tions considered as one batch yielded Estimate 2.

[(1.001. - 0.995), (1.005 ~1.001)]

P« = Minimum
P 0 3x0.001329 @

= 1.003
p<2xP[Z>3x1.003]
= 0.0027 (2700 ppm)

The C, index for this problem will be calculated using 0.000738 as the esti-
mate of gin the above formula as follows:

o [(1.001-0.995), (1.005 —1.001)]
Co = M'”'m“mg 3% 0.000738 .

=181
p<2xP[Z<-3x1.81]
= 0.0282 ppm (from Table A.5in Appendix)

It can be seen that 2700 ppm is closer to the true proportion of defectives (in
ppm) rather than the 0.0282 ppm estimated from the C, index.

The limitations of the P, index are the same as those of the C,, index dis-
cussed earlier. In short, these are the normality assumption required for the
expressions to be valid, the upper bound on the proportion of defectives, and
the masking of the deviation of the mean from the target value by the stan-
dard deviation.

4.3.6 P, Index

The P, index is the same as the C; index except that it uses the estimate of the
long-term standard deviation instead of the estimate of the short-term stan-
dard deviation. For a nominal-the-best type of characteristics, this is

_ (USL-LsSL)

P
P 60

(4.20)
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For smaller-the-better and larger-the-better types of characteristics, the P,
index is computed as:

P, = (U_SS.L?‘.__“_), for S-type characteristics
- (“__31-&.53, for L-type characteristics (4.21)

In the above formulas, o is estimated by the total long-term standard devia-
tion. The proportion of defectives is estimated in the same manner as using
the C, index:

p = 2P[Z>3P,] (4.22)
for the nominal-the-best type characteristics and
p = P[Z<-3P,] or P[Z>3P] (4.23)

for smaller-the-better and larger-the-better types of characteristics. As in the
case of the C, index, the distribution of the characteristic must be normal and
the mean must be equal to the nominal size in order for Egs. (4.22) and (4.23)
to be valid.

The limitations of the P, index are the same as those of the C, index dis-
cussed earlier. In short, these are the normality assumption required for the
expressions to be valid and the assumption that the mean is equal to the nom-
inal size in estimating the proportion of defectives. The P, and P indexes
measure the performance of the process, whereas the C, and C,, indexes mea-
sure the capability of the process. For nominal-the-best type of characteris-
tics, the C, and P, indexes indicate only the potential capability and
performance of the process, respectively, because they do not include the pro-
cess mean. The C,, and P, indexes indicate the actual capability and perfor-
mance of the process, respectively, because they include not only the
standard deviation but also the mean.

4.4  Steps for Estimating Process Capability Indexes

This section gives the steps that must be taken to estimate the process capa-
bility of a process using one or more of the indexes discussed in the previous
section. It should be noted that the major tasks in estimating the process capa-
bility are estimating properly the mean and the standard deviation of the dis-
tribution of the quality characteristic generated by the process and
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conducting appropriate statistical tests to ensure that the distribution of the
quality characteristic is normal. The user should be aware of the sources of
error and take steps to eliminate these sources as much as possible.

Step 1: Collect data. The user should collect a large amount of data
randomly from the process, making certain that the process stays
in “statistical control” during the entire period. Process control
charts (to be discussed in Chapter 8) must be used to ensure that
the process remains in control during the data-collection period. It
is important to seek the customer’s approval for the number of
observations collected to estimate the process capability indexes.

Step 2: Analyze data. This step is necessary to check whether the as-
sumptions required for the expressions to be valid are satisfied.
This includes checking for normality and presence of outliers using
statistical techniques.

Step 3: Calculate process capability indexes. The process mean, u, and the
standard deviation, o, are estimated by the appropriate sample
statistics, as discussed in Section 4.2. Customers should be in-
formed of the sample statistics and the method used to calculate
these statistics. The customer must also agree with the specification
limits used in the calculation. While using the process capability
indexes, it should be kept in mind that no single index value
presents the complete picture and that an understanding of a pro-
cess cannot be reduced to just one number. Use of the indexes must
be coupled with knowledge of the technical nature of the product
and processes. Also, it is important to realize that all calculated
index values are estimates of the true index values because they
are functions of the sample statistics, which themselves are esti-
mates of the true values of the process mean and standard devia-
tion. The variation in the estimates of the indexes can be reduced
by taking appropriate steps while estimating the process parame-
ters, as explained earlier in this chapter.

4.5 Estimators of Process Capability Indexes

In this section, we will study the estimation of the process capability indexes.
These indexes have to be estimated because the parameters of the probability
distribution of the quality characteristic required for the computation of these
indexes have to be estimated. We will restrict our discussion to the nominal-
the-best type of quality characteristic. The extensions to smaller-the-better
and larger-the-better types of characteristics are straightforward.
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4.5.1 Process Capability Ratio

_ USL-LSL

PCR 50

In this expression, only the standard deviation, g, needs to be estimated. As
we saw earlier, the unbiased estimate of the standard deviation o is s/c,,
where s is the sample standard deviation and ¢, is a constant obtained from
Table A.4 in the Appendix. Hence, the estimate of PCR is

_ USL-LsL

S
6=
Cq

o

PCR = C, (4.24)

The other estimate of g is R/d,, which can be used for smaller sample sizes
(<6). The values of d, can be obtained from Table A.4 in the Appendix.

If the sample size (n) is large (>30), then c, is close to one, thus the unbiased
estimate of o can be taken as s.

4.5.2 Cy Index

_ Minimum[(p—LSL), (USL — )]

Co 30

In this expression, both y and o are to be estimated. Because the unbiased
estimators of these parameters are X and s/c,, respectively, the estimate of C,,
is

(x=LSL) (USL-x)

s ! s
3= 3=
Cy Cy

Cox = Min (4.25)

In Eq. (4.25), s/c, can be replaced by R/d, for smaller sample sizes (<6).

4.5.3 Cyn, Index

For nominal-the-best type of characteristics,

_ (USL-LSL)

Com 60’
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FIGURE 4.6
Histogram of C, estimates.

where

o' = /\/02"'(/1_)(0)2

where X, is the target value for the mean. In the paper by Chan et al.," the esti-

mate of g’ is given as:
o [E (= X0)’
o' = 1) (4.26)

In order to illustrate the randomness of these estimators, 100 sample
batches of size 10 each were simulated from a normal distribution with a
known mean, u=45.0, and standard deviation, o= 2.5. The lower and upper
specification limits (LSL and USL) were assumed to be 22.5 and 52.5, respec-
tively, and the target value (nominal size) is X, = 37.5.

Figure 4.6 is the histogram of the 100 estimates of the C, values obtained from
100 sample batches of size 10 each, simulated from the normal distribution
with a mean equal to 45.0 and a standard deviation equal to 4.5. The estimates
were computed using the following formula:

& - (UsL-LsL)
, = (USL-LSL)
6(2)

The range of these estimates is (1.2264, 4.9374) and the average of these 100
values is 2.16. The true value computed using the true values of the parame-
ters is 1.00.
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FIGURE 4.7
Histogram of Cy, estimates.

FIGURE 4.8
Histogram of Cpm estimates.

Figure 4.7 is the histogram of the 100 estimates of the C, index calculated
using the following formula:

Co = Min[(x —LSL), (USL —X)]
3(2)

The range of these estimates is (0.6132, 2.4687) and the average value is 1.081.
The true value is 1.00.

Figure 4.8 is the histogram of the 100 estimates of the C,, index whose true
value is 0.63. The range of the estimates is (0.4585, 0.8450) and the average
value is 0.604. The estimates were computed using the following formula:

o _ (USL-LsL)

Cp >
[Z(Xi = Xo)
(n-1)
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4.6 Probability Distributions of the Estimates of Process
Capability Indexes

The results given in this section assume that the quality characteristic, X, is

normally distributed and that the observations in the sample batch are inde-

pendent. Kotz and Johnson® and Kotz and Lovelace’ present excellent treat-
ments of the process capability indexes and their estimates.

4.6.1 C; Index

As per Kotz and Johnson,® the following probability statement can be made
about C, (given in Eq. (4.24)):

P[C,>cxC,] = P[%ﬁ_l < (0 ‘Zlq (4.27)
c
in which c is a constant, xﬁ_l is the chi-square random variable with (n — 1)
degrees of freedom (n is the sample size), and C, is the true value of the C,
index.
The 100(1- a)% confidence interval for the true value C, is obtained from:

xn—l 1-a/2 A~ Xn—l a/2 ~
P['—C <C <—'CJ =1-a (4.28)
Jn=1 P P Jn—=1 P

where x,_; 4 is the value of the square root of the chi-square random variable
with (n - 1) degrees of freedom (n is the sample size) such that the area under
the distribution to its right is “a.” Chi-square values for selected values of
degrees of freedom (v) and areas to the right (a) are given in Table A.6 in the
Appendix. Kotz and Johnson® suggest the following approximations, if chi-
square tables are not available:

Xva=A(v—-05)+ % (4.29)

as suggested by Fisher, and

3

1 192
~v21_2 O2[P
Xva=V {1 v + Za[gvm } (4.30)

as suggested by Wilson and Hilferty, where v is the degrees of freedom, “a”
is the area to its right, and Z, is the value of the standard normal variable such
that the area to its right is “a.”
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Example 4.10
A manufacturer requires that the supplier of a certain component maintain
a C, index of at least 1.50. The supplier uses a sample size of 20. What is the
probablllty that an estimate of the C, index (Cp) obtained by the supplier will
be at least 1.50?

From Eq. (4.27):

P[x%<19], (c=1 and n = 20)
0.533

P[C, > 1.50]

This means that the supplier could get a ép value less than 1.50 about 46.7%
(100 - 53.3) of the time.

Example 4.11
The estimate of the C, index obtained from a sample of size 15 is 1.20. Con-
struct a 95% confidence interval for the true value of the C, index.

In this problem, g =0.05 (5.0%), (a/2 =0.025), n = 15 (degrees of freedom = 14),
Zy0s = 1.96, and Z; 475 =—1.96. From Eq. (4.29),

1.96
X140025 = A/ (14 = 1/2) + =— W
= 5.0602 (true value is 5.11)
1.96
X1a 0975 = A/(14 — 1/2)+—E

= 2.2883 (true value is 2.373)

From Eq. (4.28), the lower limit of the confidence interval is

2.2883

———x1.20 = 0.7339
J(15-1)
and the upper limit is
5.0602
—————=x1.20 = 1.6229
J(15-1)

4.6.2 Cpy Index

Kotz and Johnson® reported the following probability statement about épk,
the estimate of C, given in Eq. (4.25):

3¢ USL —LSL
S

F o———
X1 (n _ 1)1/

P[Cu<c] = P[i

G } (4.31)
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where x; and x,_; are the square roots of the chi-square random variables

with 1 and (n - 1) degrees of freedom (n is the sample size), respectively. It is

very difficult to use Eq. (4.31) to make any probability statement about Cp,

because of the presence of x; and x,_, on the right-hand side. As n - oo, the

distribution of Cyx becomes approximately equal to the distribution of C, .
The 100(1 - a)% confidence interval for C, is*°

PICok—E<Cp <Cu+E] = (L —a) (4.32)

where:

o O@m-1) .~ 1 6 1
E = Z“/ZEpn(n—S)+Cpk2(n—3)%+(n—1)% (4.33)

where Z,,, is the value of the standard normal random variable such that
the area under its density function to its right is ¢/ 2.

Example 4.12
The estimate of C,, obtained from a sample of size 15 is 1.2. Construct a 95%
confidence interval for the true C,, index.

Here, n =15, Cpk =120 =0.05and Z,,, =Zygs = +1.96. As per Eq. (4.33),

_ (15-1) _
E‘l'%prlsx(ls 3) 2x(15 \%)Eil (15 1)% = 06021

The lower limit of the 95% confidence interval per Eq. (4.32) is
1.2 - 0.6021 = 0.5979

and the upper limit is
1.2 +0.6021 = 1.8021

4.6.3 Cyn, Index

In the paper by Chan et al.," the probability density function of Cpm is derived.
They obtained the following approximate conditional probability expression
for C,, using Bayes’ theory. In the following expression, w is a given value:

B o
0 O ! %
~ a0 qm=-DwpP 1, 2
PICon>W|Cpn] = PZ>1 2] [1 = (4.34)
0 [ pm
I

where n is the sample size and Z is the standard normal variable.
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Example 4.13

Let the LSL and USL be 0.95 and 1.05, respectively. The target value is 1.00. A
sample of size 20 yielded a sample mean equal to 0.99 and a ¢' equal to 0.015.
Find the probability that the true value of the C,,,, index is greater than 1.00.

A 1.05-0.95 _ 10

Com = 0015~ 6 U
E (20— 1)x1} [1 %

A 0
P[Cpn>1.0/Cpm = 1.11] = PZ > 20 X (1.11) %
O 0O ol
o 0O i
o 0 ail

P[Z >-0.68] = 0.7517

P[Com<1.0] = 1-0.07517 = 0.2483

4.7 Process Capability Indexes for Non-Normal Populations

The formulas used for computing all the process capability indexes assume
that the distribution of the quality characteristic, X, is normally distributed.
For example, the range 60 or 30 in C, and C, assumes a certain percentage
coverage of the characteristics under the normal curve (60 range covers
99.73%). This assumption of normality is important because the calculation
of the proportion of defectives (or ppm) from the capability indexes is valid
only if the assumption is satisfied. English and Taylor® studied the robust-
ness of the process capability indexes when the distribution of the character-
istics is not normal. Somerville and Montgomery*' give an excellent
discussion of the error due to non-normality in the estimation of parts per
million as the result of using equations based on the normality assumption.
They recommend transformation of data (e.g., square root transformation) to
convert the non-normal data to normal. It is a trial-and-error approach. After
each transformation, the transformed data must be tested for normality using
an appropriate statistical test. Only when the tests indicate that the trans-
formed data are close to normal, can the formulas of the capability indexes be
used. The problem with this approach is that the transformed data may not
have any physical meaning and the users may not feel comfortable with the
transformed data.

Many researchers have suggested using modified formulas to compute the
process capability indexes after either fitting the data to the Pearson family
or Johnson family of distributions, or any other appropriate distribution, and
then using modified formulas.***° Clements’ suggested the following mod-
ifications for Pearson family of distributions.
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Find Xo 00135 (0.135 percentile), Xy5, (50 percentile), and X, ggg65 (99.865 per-
centile) and compute C, and Cy as follows for nominal-the-best type of
characteristics:

¢, = (USL-LsL)

= 4.35
(Xo.99865 — Xo.00135) (4.35)

It can be seen that (X, 6865 — Xo00135) replaces 6o for normally distributed char-
acteristics. Both the ranges cover the middle 99.73% of the characteristics:

O USL —Xg5) (Xos0—LSL) O

C k = Min[g ) ]
P [(Xo.00865 = Xo50) " (X050 = Xo.00135)]

(4.36)

In Eq. (4.36), X5 replaces u for a normal distribution. The ranges (X ggg65 —
Xos0) @nd (Xg50 — Xo00135) are the intervals to the right and left of X, 5, respec-
tively, covering one half of 99.73% of the characteristic. Recently, McCormack
et al.” recommended the following nonparametric indexes, based on empiri-
cal distributions.

Find Xg 005 (0.5 percentile), X,5, (50 percentile), and X, g5 (99.5 percentile)
and compute the following indexes:

_ (USL-LsL)

Cop = 2= —20) 4.37
" (Xoges = Xo.0s) (4.37)

and

~ : D(USL_XOSO) (Xoso_LS'—)D
Cnpk = Min = :
e E(Xo.ggs —Xos0) (Xoso— Xo.oos)%

(4.38)

It can be seen that the middle 99.0% coverage (instead of the conventional
99.73%) is considered in Cn, and the left and right 49.5% coverages are con-
sidered in the Cnp« index. These indexes are the result of the findings that in
sample batches of 100 or more observations, the empirical cumulative distri-
bution function is not very much different from the other methods, in terms
of bias of extreme percentiles.

The user must be aware of the assumptions and limitations of the empirical
formulas suggested by various researchers before using them.
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4.9 Problems

1. The specification limits for a nominal-the-best type of characteristic
are set at 95 + 10. The distribution of the characteristic is found to
be approximately normal with a mean equal to 100.00 and a stan-
dard deviation equal to 3.00.

a. Compute the C,and C,, indexes and the proportion of defectives
using C, and C,, indexes. Compare these estimates of the pro-
portion of defectives with the true proportion computed using
a normal distribution.

b. How much would the proportion of defectives be reduced if the
mean is reduced to 95.00?

2. Consider the two processes shown below:

Process A Process B
Mean 100.00 105.00
Standard deviation 3.00 1.00

Specification limits for the characteristic are set at 100 = 3.5. Com-
pute the C, and Cy indexes of these processes. Which process
would you use? Why?

3. The tensile strength of a component has to be at least 50 ton/in.”.
Sample observations yield a mean of 70 tons and an estimate of
standard deviation of 7.5 tons. Estimate the C, and C,, indexes and
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the proportion of defectives from these values assuming a normal
distribution. Compare these estimates with the estimate of the true
proportion computed from a normal distribution.

4. The surface roughness of a component cannot exceed 1.01 micro-
inches. The mean and standard deviation of the surface roughness
are estimated to be 0.2 and 0.25, respectively. Estimate the C, and
C,« indexes and the proportion of defectives using these values.
Compare these estimates with the estimate of the true proportion
of defectives computed from a normal distribution.

5. The following observations represent the diameters of shafts machined
on a lathe:

1.01 102 099 100 102 103 1.04 098 1.01 0.99

The specification limits are 1 + 0.02. Estimate the C, and C,, indexes
and the proportion of defectives using the C, and C, indexes.

6. It takes about 2 minutes for an N.C. lathe to machine the outside
diameters of four pins. Sample batches, each consisting of four pins,
were collected every 10 minutes. The diameters of five such sample
batches are given below:

Batch #1 2.01 1.99 2.00 2.00
Batch #2 2.03 2.02 2.02 2.01
Batch #3 2.03 2.04 2.04 2.03
Batch #4 2.04 2.04 2.05 2.03
Batch #5 2.05 2.04 2.06 2.06

Estimate the Cy and P, indexes using these observations and esti-
mate the proportion of defectives from these indexes. The specifi-
cation limits are 2.02 + 0.03.

7. The C, index of a particular batch of components is 0.9, and the
C, index is 1.2. Assume that the characteristic is nominal-the-best
type and that it is normally distributed.

a. Estimate the true proportion of defectives.
b. If the specification are set at 6 + 0.36, what are the possible values
of the mean of the distribution?

8. The estimate of the C, index obtained from a sample batch of size
20 is 1.3. Construct a 95% confidence interval for the true C, index.

9. The estimate of the C,, index obtained from a sample batch of size
25is 1.5. Construct a 90% confidence interval for the true C, index.

10. The estimate of the C,,, index obtained from a sample batch of size
25 is 1.2. Find the probability that the true value of the C,, index
is greater than 1.2.
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5

Measurement Error

CONTENTS

5.1 Introduction

5.2 Modeling the Effect of Measurement Error

5.3 Estimation of the Variance Components of Measurement Error
5.4 Minimizing the Effect of Measurement Error

5.5 Other Issues Related to a Measurement System

5.6 References

5.7 Problems

5.1 Introduction

Every measurement system has some error associated with it. The measurement
error has two components—random or systematic. The random component
causes a spread in the results of measurement, whereas the systematic compo-
nent causes a bias in the results. The extent of bias in the measurement system
is indicated by its accuracy, and the amount of variability in the measurement
system is reflected in its precision. The true value of any quality characteristic is
not equal to its observed value because of measurement error. There are two
sources of measurement error—namely, operators and gauges. Both these
sources affect both the accuracy and precision of the measurement system. Esti-
mation of the parameters of the measurement system error is critical, because
these errors affect the decisions made in process capability studies (Chapter 4),
process setting (Chapter 7), process control (Chapter 8), and inspection.

5.2 Modeling the Effect of Measurement Error

Let the true value of the quality characteristic measured be X. The mean and
the variance of X depend upon the process that generates X. Let these param-
eters be p, and o, respectively. Let the observed value of the characteristic be
Y, which is different from X because of the error of the measurement system.
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Let the measurement error be V and its mean and variance be p, and o2,
respectively. It is assumed that the true value X and the measurement error V
are independent of each other. This assumption might be true in most real-life
applications. The relationship among X, Y, and V is

Y=X+V (5.1)
Then the mean of Y is
Hy = M+ [y (5.2)
and its variance is
= d+d 53)

because X and V are assumed to be independent. The variance of Y(oz) isalso
called the total variance, and the variance of X (¢%) is known as the part-to-part
variance or the product variance. The mean of V, 1, affects the fixed component
and causes a bias in the measurements. If 1, can be estimated, then the bias
can be eliminated by making suitable adjustment to the observed values such
that u, = 0. This can also be achieved by calibration of the measuring instru-
ments, as mandated by 1SO 9000 requirements. In our analysis from now on,
4, is assumed to be 0. Then, u, = , as per Eq. (5.2).

The variance of V, o, has two components—one because of operator error
and the other due to gauge error. Let the variances due to operator and gauge
errors be o; and o, respectively. Then,

0, = o, + o, (5.4)

assuming that these error components are independent. The variance oﬁ is
called the variance of operator reproducibility and the variance Gz is called the
variance of gauge repeatability. It can be seen from Egs. (5.3) and (5.4) that reduc-
tion of oﬁ and Gg will reduce of, which in turn will bring of, closer to 02X
thereby reducing the effect of measurement error on the decisions made. The
variance Gﬁ can be reduced by training of the operators, repeated inspec-
tions, and automation, whereas the variance Gé can be reduced by proper
maintenance of gauges, repeated inspections and investment in gauges with
higher precision. The estimation of o and 02 is done through Gauge Repeat-
ability and Reproducibility studies,’ descrlbed in Section 5.3.

The random variables X (true value of the quality characteristic) and V (mea-
surement error) are assumed to be normally distributed. This assumption is
true in most real-life applications. Then, the observed value is also normally
distributed because of Eq. (5.1). Let the probability density functions of X, V,
and Y be f(x), f(v), and f(y), respectively. Let us also assume that X is a hominal-
the-best type quality characteristic with LSL and USL as the lower and upper
specification limits, respectively. This means that any component/product
with a quality characteristic value within the range (LSL, USL) is accepted
and any component with a characteristic value outside this range is
rejected. Because of the measurement error, the decision to accept or reject
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FIGURE 5.1
Rejecting a good unit.

a component/product is made based on the location of the observed value, Y,
relative to the acceptance and rejection regions and is not based on the loca-
tion of the true value, X. As a result, there are two types of possible wrong
decisions: (1) rejecting a component/product with a true value of the charac-
teristic falling within the acceptance region (which is a good unit), and (2) accept-
ing a component/product with a true value of the characteristic falling outside
the acceptance region (which is a defective unit). These two cases are illus-
trated in Figures 5.1 and 5.2.

Let us consider Figure 5.1, in which the true value of the quality character-
istic, x, falls in the acceptance region. Given that the true value is x, the distri-
bution of the observed value, Y, is normally distributed with a mean at x and
a variance equal to the variance of the measurement error, V, which is d’. A
part of this conditional distribution of Y given x falls in the rejection region,
depending upon how close x is to the specification limits. This is represented
by the shaded area in Figure 5.1, which is the conditional probability of reject-
ing a component, given that the true value of the characteristic is x. The prob-
ability of rejecting a good unit is the probability that Y falls in the rejection
region when X is in the acceptance region. Let this probability be denoted by
Pre. It is derived as follows:*

Pre = P[Y<LSLor Y>USL, when LSL<X<USL]

fj{ P[Y <LSL] +P[Y > USL]} f(x)dx (5.5)
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FIGURE 5.2
Accepting a defective unit.

As the conditional density function of Y is normal with a mean of x and a
variance of ¢, Eq. (5.5) can be written after standardization (Z is the stan-
dard normal variable) as:

- ”SLB:[Z <=2z —-—US(';‘XEf(x) dx
0

LsL [ g, v

- B o S o

- o B o Fa] o

In EqQ. (5.6), @[] is the cumulative probability of standard normal variable Z at
the value enclosed within brackets. It can be seen that as g, decreases (that is, as
the precision of the measurement system improves), {®[(USL — x)/ag,] -
®[(LSL - x)/a,]} in Eq. (5.6) approaches one when x is in the interval (LSL,
USL). This will cause [f;S-{®[(USL - x)/a,] - ®[(LSL - x)/a,]}(x) dx] to
approach [s" f(x)dx, and the probability of rejecting a good unit, Pgg, will
approach zero, which is the target value.

The probability of accepting a good unit, denoted by P,g, is the difference

between the probability that the true value, X, falls in the acceptance region and
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the probability of rejecting a good unit, Pgg, given in Eq. (5.6), and is equal to

USL
Pac :J’ f(x) dx
LSL

st ust [, rUSL —x LSL —x
- f(x) dx — B )
SLSL (x) dx {[ LSL ] [ oy J [ 0,

usL [ [USL —X} _q{LSL —X}
aV

E f(x) dx}%
0 0

v

E f(x) dx (5.7)
0

LsL ] v
It can be seen that as ¢, decreases (that is, as the precision of the measure-
ment system improves), [[ s {®[(USL - x)/g,] - P[(LSL - x)/0,]}(x)dx]
approaches [ > f(x)dx, and the probability of accepting a good unit, Pag, based
on the observed value, Y, will approach the probability of accepting a good
unit based on the true value, X, which is the target value.

Now let us consider Figure 5.2 in which the true value of the quality char-
acteristic, x, falls in the rejection region. Given that the true value is x, the dis-
tribution of the observed value, Y, is normally distributed with a mean at x
and a variance equal to the variance of the measurement error, V, which is ol.
A part of this conditional distribution of Y given x falls in the acceptance
region, depending upon how close x is to the specification limits. This is rep-
resented by the shaded area in Figure 5.2, which is the conditional probability
of accepting a component, given that the true value of the characteristic is x.
The probability of accepting a defective unit is the probability that Y falls in
the acceptance region when X is in the rejection region. Let this probability be
denoted by P,p. It is derived as follows:

P[LSL <Y <USL, when X <LSL or X > USL]

I:’AD

[ {PILSL=Y=SUSL () dx+ [ _{PLSL =Y <USLI} f(x) dx

LSLE'{LSL—XSZSUSL—XEHX) dx
—o ] g, g, 0
+J,°° %{LSL—XSzSUSL—X}Ef(X) d
UsL [ g, g, 0
st 0. rUSL —x LSL —x1d
= an[ }—q{ Jmf(x) dx
gLt O 9 0
w [] — —x1d
+f an[us'- X}_m[—-—-'-s'- X151 () ox (5.8)
USL ] g, v 0

It can be seen that as g, decreases (that is, as the precision of the measurement
system improves), {P[(USL - x)/g,] — P[(LSL - x)/g,]} in Eq. (5.8) approaches
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zero when x is in the interval (— oo, LSL) or (USL, ). This will cause the prob-
ability of accepting a bad unit, P,p, to approach zero, which is the target value.

The probability of rejecting a defective unit, denoted by Pgp, is the differ-
ence between the probability that the true value, X, falls in the rejection
region and the probability of accepting a defective unit, P,p, given in Eq. (5.8),
and is equal to

LSL o
Prp = J’_m f(x) dx +IUSL f(X) dX —Pap (5.9)

It can be seen that as g, decreases, P,y approaches zero, and the probability of
rejecting a defective unit, Pgp, based on the observed value, Y, will approach
the probability of rejecting a defective unit based on the true value, X, which
is the target value.

Similar probabilities of correct and wrong decisions in estimation of process
capability indexes and process control can be derived. From the above analyses,
it is clear that reduction of of, the variance of measurement error, will increase
the probabilities of making correct decisions. The estimation of the components
of o? (o2, variance of operator reproducibility, and o}, variance of gauge
repeatability) will be described next.

5.3 Estimation of the Variance Components
of Measurement Error

The estimation of o2, variance of operator reproducibility, and ozg variance
of gauge repeatability, is done by conducting Gauge Repeatability and Repro-
ducibility studies (Gauge R&R studies), described in detail in the Measurement
Systems Analysis publication of QS-9000.” The recommended procedure is as

follows:

1. Collect a sample batch containing n parts that represent the actual
or expected range of process variation.

2. Select k operators (inspectors or appraisers), and let each operator
measure the n parts in a random order and record the measure-
ments. The gauge selected must have a discrimination of at least
one tenth of the process variation. That is, if the expected process
variation is 0.001", then the least count of the gauge should be at
least 0.0001".

3. Repeat the cycle using the same k operators m times, changing the
order of measurement in each cycle.

The method of estimation of the variance components will be illustrated in
Example 5.1.
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Example 5.1

Table 5.1 contains the observations recorded in a Gauge R&R study con-
ducted with ten parts, three operators, and two cycles. Estimate the variances
of operator reproducibility and gauge repeatability.

In addition to the observations, the table also contains the averages and ranges
for the measurements of each part for each operator. Let the average of all
the readings taken by operator i be X, i=1, 2, and 3. In the table, X; = 25.133,
X, =25.132, and X3 = 25.129. Also, let the average range of the readings
taken by operator i be R;. In Table 5.1, Ry =0.038, R, =0.036, and R; = 0.033.
Let the average of these three ranges (R1, Rz, and Rz) be R. In Example 5.1:

R =(0.038 +0.036 + 0.033)/3 = 0.036

This range represents the variation due to the gauge, and the estimate of the
standard deviation of the gauge repeatability is obtained by dividing R by the
appropriate d,, tabulated in Table A.4 in the Appendix. The sample size (n)
here is 2, as each range is computed from two observations. From Table A.4,
d, for n =2 is 1.128, hence the estimate of gy is

0, = 0.036/1.128 = 0.032

and the estimate of the variance of gauge repeatability is

&% = 0.032° = 0.001024

The range of the three X; represents the variation due to the operators, so the
estimate of the standard deviation of the operator reproducibility is obtained
by dividing the range of the three X; by the appropriate d,. As this range is
computed from three observations (X1, Xz, and Xs), n =3, and the value of
d, for n =3 is 1.6929. The range of X; is

25.133 — 25.129 = 0.004
Therefore, the estimate of g, is
0, =0.004/1.6929 = 0.0024

and the estimate of the variance of operator reproducibility is

& =0.0024% = 0.00000576

Now the estimate of the total variance of the measurement system, oﬁ is
obtained as:

~2 ~2 ~2
0, = 0y + 0,

0.001024 + 0.00000576 = 0.00102976
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TABLE 5.1

Data for Example 5.1

Operator 1 Operator 2 Operator 3
Measurements Measurements Measurements
Part No. 1 2 X Range 1 2 X Range 1 2 X Range
1 25.21 25.24 25.225 0.03 25.20 2523  25.215 0.03 25.22 25.19 25.205 0.03
2 25.33 25.31 25.32 0.02 25.31 2528  25.295 0.03 25.29 25.32  25.305 0.03
3 24.98 25.01 24.995 0.03 25.02 25.00 25.01 0.02 24.97 2499 24.98 0.02
4 24.99 24.98 24.985 0.01 24.98 2499  24.985 0.01 25.00 25.01 25.005 0.01
5 25.02 25.06 25.04 0.04 25.03 25.08  25.055 0.05 25.03 25.06 25.045 0.03
6 25.40 25.38 25.39 0.02 25.39 2536  25.375 0.03 25.41 2539 254 0.02
7 24.97 25.02 24.995 0.05 24.96 25.01 24.985 0.05 24.98 25.05 25.015 0.07
8 25.11 25.18 25.145 0.07 25.14 2519  25.165 0.05 25.12 2516 25.14 0.04
9 25.08 25.01 25.045 0.07 25.09 25.04  25.065 0.05 25.08 25.02 25.05 0.06
10 25.17 25.21 25.19 0.04 25.15 2519 25.17 0.04 25.15 2513 25.14 0.02
Averages 25.133 0.038 25.132 0.036 25.1285 0.033
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and the estimate of the standard deviation of the measurement system, g,, is

0, = 4/0.00102976 = 0.0321

This value is used in Egs. (5.6) through (5.9) for computing the probabilities
of wrong and correct decisions.

The standard deviation of the observe value, Y, which is g;, can be estimated
using all 60 observations in Table 5.1. The standard deviation (s) of the 60 obser-
vations which is the estimate of o, is

g, =0.1352
and the estimate of the variance of Y, which is the total variance, is
o =0.1352° = 0.0183

Now using Eq. (5.3), the estimate of the variance of X which is the part-to-
part variance or the product variance is obtained as follows:

A2 A2 A2

oy = 0,—0,
0.0183 -0.00103 = 0.01727

and the estimate of the standard deviation, g, is

0, = 4/0.01727 = 0.1314

5.4 Minimizing the Effect of Measurement Error

The measurement system consists of the operator and the gauge. The dis-
crimination of a measurement system is its capability to detect and indicate
even small changes of the measured quality characteristic.” In order for the
measurement system used to have adequate discrimination capabilities so
that the probabilities of making the correct decisions involving process capa-
bility, process setting, process control, and inspection are maximized, the
components of its variance must be very small relative to the total variance.
The following percentage values capture the magnitudes of the components
of the measurement system variance (MSV), relative to the total variance:

Gauge adequecy Gauge variance (GV) = 100 x =2
o, (5.10)
Operator adequecy Operator variance (OV) = 100 x gi’ (5.11)
Gy
(5.12)
Measurement system adeduecy MSV = 100 x =¥
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In the above relations, the denominator &, can be replaced by the tolerance
range, which is the difference between the upper and lower specification
limits. These percentages have to be very small, if the MSV is less than or
equal to 10%, then the measurement system is considered adequate. If it is
greater than 10% but less than or equal to 30%, then the system may be
acceptable based on the importance of the application. If the MSV is greater
than 30%, then the measurement system requires improvement.” If the value
of the MSV is large, then GV and OV can be used to identify the particular
component (operator or gauge) that is the source of larger variation, and
steps must be taken to reduce the associated variance component.
In Example 5.1, the percentage values are

Gauge adequacy GV = 100 x 0.032/0.1352 = 23.67%
Operator adequacy OV = 100 % 0.0024/0.1352 = 0.02%
Measurement system adequacy MSV = 100 x 0.0321/0.1352 = 23.74%

It can be seen that as the MSV is 23% (>10%), the measurement system
requires improvement. From GV and OV, it is obvious that the gauge used is
not adequate. The gauge used currently must be replaced by a new gauge
with better precision (smaller variance).

If the MSV is greater than 30%, then QS-9000 recommends taking multiple,
statistically independent measurement readings of the quality characteristic
and using the average of these readings in place of individual measurements as
a temporary measure until a permanent solution is found. As the variance of
the average is smaller than the variance of individual readings, this measure
increases the probability of making correct decisions. The number of multiple
readings for a specified MSV can be easily found as illustrated now. Let us
assume that in Example 5.1, the user wants to reduce MSV from 23.74% to 15%.
Then, using Eq. (5.12),

o _Msvxg,
v 100
15 x 0.1352/100 = 0.0203

whereas the current o, = 0.0321. Let the number of repeated readings be m.
Then,

from which

m = (0.0321/0.0203)* = 2.5

which is rounded up to 3. Therefore taking three readings of the quality
characteristic and using the average of these three readings will reduce the
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MSV to 15% from 23.74%. QS-9000 emphasizes that this method is only a
temporary step until permanent improvements are made on the measure-
ment system.

5.5 Other Issues Related to a Measurement System

In addition to the bias, repeatability, and reproducibility of a measurement
system, QS-9000 also emphasizes its linearity and stability. Linearity mea-
sures the difference in the bias values through the expected operating range
of the gauge, and stability is the total variation in the measurements obtained
with a measurement system over long period of time.

5.6 References

1. Basnet, C. and Case, K.E., The effect of measurement error on accept/reject
probabilities for homogeneous products, Qual. Eng., 4(3), 383-397, 1992.

2. Measurement Systems Analysis, QS-9000, Automotive Industry Action Group,
Southfield, MI, 1998.

5.7 Problems

1. The following observations were obtained in a gauge capability
study. Three parts were measured by two operators. Each part was
measured three times by each operator.

Operator 1 Operator 2
Measurements Measurements
Part Number 1 2 3 1 2 3
1 10 11 10 11 14 12
2 9 8 11 10 11 9
3 11 11 12 12 14 12

a. Estimate the variances due to gauge and operators.

b. Estimate the MSV. If the MSV is to be 15%, what should be the
number of repetitions? Comment on the answer.

©2001 CRC PressLLC



2. In a study to estimate the gauge repeatability and operator repro-
ducibility, two operators use the same gauge to measure five parts
each, repeating the measurements three times for each part. The

data are shown below.

Operator 1 Operator 2
Measurements Measurements
Part Number 1 2 3 1 2 3
1 5 4 5 5 5 4
2 4 4 4 4 4 5
3 5 5 4 4 4 4
4 4 4 5 3 4 4
5 5 5 5 5 5 6

a. Estimate the variances due to gauge and operators.

b. Estimate the MSV. If the MSV is to be 15%, what should be the
number of repetitions? Comment on the answer.
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Optimum Process Level
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and Upper Limits (Nominal-the-Best Type of Characteristics)
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6.1 Introduction

As we saw in Chapter 4, the variance of the probability distribution of the qual-
ity characteristic is a function of the process selected to generate the character-
istic. The optimum value of the other important parameter of the probability
distribution, the mean or the process level, is determined by the user and can
be achieved by process setting before start of the manufacture. The optimum
value of the process mean, denoted by ;and which optimizes some objective
function, can be found. It should be noted that the main emphasis of this sec-
tion is the modeling of objective functions under different conditions. A user
may not use any of the specific models presented in this chapter, but it is the
author’s intention to familiarize readers with some available models and
solution procedures in this area so they can build appropriate models of
interest.
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6.2 Optimum Process Level for Characteristics with Both
Lower and Upper Limits (Nominal-the-Best Type of
Characteristics)

For these types of characteristics with large variances, it is possible that the
actual range of the characteristics may fall outside the tolerance region
bounded by the lower and upper specification limits. Though such processes
are not the best possible candidates for generating these characteristics, the
process engineer may not have any other option. In such cases, the costs due to
scrap and rework can be minimized by using the optimum process mean/level.
If the cost to rework or scrap due to manufacturing a product with a quality char-
acteristic above the upper specification limit is the same as the cost incurred for
reworking or scrapping a product with a quality characteristic below the lower
specification limit, then it is intuitive to set the optimum process mean, L, equal
to the mid-point of the tolerance interval. Now we will find the optimum process
mean when these costs are not equal.”®
The following assumptions are made:

1. The quality characteristic X (diameter, length, thickness, etc.) fol-
lows the probability density function f(x), with an unknown mean
uand a known standard deviation o.

2. The minimum and maximum possible values of X are X, and
Xmax FESPECtively.

3. The lower and upper specification limits of the tolerance region
are LSL and USL, respectively.

4. The cost of rework or scrap when the quality characteristic exceeds
USL is Cyg, and the rework or scrap cost when the quality char-
acteristic is less than LSL is C ;.

The aim here is to find the value of the process mean p that minimizes the
total expected cost per item, which is the sum of the expected cost per item
when its quality characteristic X is less than LSL and the expected cost when
X is greater than USL.

That is,

TC =E(Crs) + E(Cusi) (6.1)
where TC is the total expected cost per item, E(C, 5, ) denotes the expected cost
of rework or scrap per item when X <LSL, and E(Cg) is the expected cost of
rework or scrap per item when X > USL:

E(C.s) = C g X probability that X is less than LSL
= Crg X P[X <LSL] (6.2)
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P[X > USL]

P[X < LSL]

Xmin Xmax

LSL u usL

FIGURE 6.1
Acceptance and rejection probabilities.

and

E(Cyugs) = Cyg X probability that X is greater than USL
= Cyg. X P[X>USL] (6.3)

The probabilities in Egs. (6.2) and (6.3) are represented as shaded areas on the
density function f,(x) in Figure 6.1.
Now, the expected costs can be written as:

LsL
E(Ca) = CLSLJ-X _ f(x) dx (6.4)
and
xmax
E(Cusl) = CUSLIUSL f(x) dx (6.5)

Hence, the total expected cost is

LSL Xmax
TC(u) = CLSLIX f(x)dx + CUSLIUSL f(x) dx (6.6)

min

In Eqg. (6.6), the total expected cost per item is denoted by TC(u) to signify that
it is a function of the decision variable p.

The expression in Eq. (6.6) is the objective function of our optimization prob-
lem. It consists of components E(C, ¢ ) and E(C,y5, ), out of which E(C, 5, ) decreases
and E(Cg ) increases as u increases and vice versa (see Figure 6.2).This is based
on the assumption that the function TC(u) has a unique minimum value cor-
responding to the optimum process level y,. At this stage, the optimum value
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A TC(H)
Cost

FIGURE 6.2
Relationship of costs to mean.

of u can be obtained by increasing u systematically from a small value and
numerically evaluating TC(u) at those values of u until it attains its lowest
value. This trial-and-error procedure will yield the global optimal solution if
there is a unique optimal solution, or just one of the local optimal solutions
otherwise.

It is possible to prove that this problem has a unique optimal solution and
derive expressions to find that solution. Upon examining the expression for
TC(u) in Eq. (6.6), it can be seen that the decision variable y does not appear
explicitly on the right-hand side. Hence, a new variable, W, is introduced:

w = 2=H (6.7)

Let the probability density function of W obtained from f(x) be g(w), which
has a range of (X, —w)/ o,(Xmw— 1)/ o. It can be seen that the mean and
variance of W are 0 and 1, respectively. As dx = odw, Eq. (6.6) can be written
as:

(LSL-u)/o (Xmax—t)1 0
TC(w) = CLSLGI(X _ _mlog(W) dw + CUSLO-J-(U g(w) dw (6.8)

SL-u)/o

The solution procedure consists of the following steps:

1. Differentiating TC() with respect to 4, setting the derivative equal
to 0, and solving for L,

2. Proving that the optimum value of u obtained in step (1) is the
unique optimum solution that indeed minimizes TC(u) by showing
that the second derivative of TC(u) with respect to uis >0 at p = L.
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Using the Leibniz rule, we get:

d(TC(w)) _
T = GCLSL[g

bSL -, 0 10 ﬂmin—%xmlm}
U o o2
1

max — 1 SL—
+GCUSL[9%?( p IJBXE_B%_QBU /“‘ng_a%} =0

o
CLSL[Q E"S"C;‘E—g 5?(““2;“%} = CUSL[g USL =7 Xinax —HDJ (6.9)

which yields:

_ X
Cro 9o~

Cust I M‘g D(D._____Dm‘(”;’ﬂ

(6.10)

If the ordinates at X, and X,—that is, g[(Xnx— 1)/ 0] and g[(Xyin —
L)/ al—are assumed to be equal to 0, then Eq. (6.10) reduces to

Cise g %S;_@
= (6.11)
CusL g FisL -4

Equation (6.11) states that the total cost of rework or scrap is minimized
when the mean of the distribution of the quality characteristic is located so
that the ordinates of the distribution of W at the upper and lower specifica-
tion limits are proportional to the ratio of the rejection costs at the lower and
upper specification limits. It can be seen from both Egs. (6.10) and (6.11) that
the optimal solution does not depend upon the individual values of C i and
CyugL but on the ratio of these costs. In order for the solution given in Eq. (6.10)
to be optimal, the second derivative of TC(u) with respect to u at the optimal
value has to be >0. This means that:

yOESL =g s ¥min = M JUSL —ug 3 mex — ]
CLSL[QD c 090 ¢ D}‘CUSL[QD s 0 98 5 1 D}O

(6.12)

From Eq.(6.12),

(6.13)
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Combining this with Eq. (6.10), we get the following condition for optimality:

0 0 g 0 0 u) (6.14)
[gELSL—g% - g%min_mJ [gEUSL—g% - g%max_l‘DJ
If gl(Xnin—tt)7 01 = [9((Xmax—Ht)7 0)] = 0, then Eq. (6.14) reduces to:
[Q'DE:SL—%D_Q'EXM—}E} [Q'EUS'—_—M%_Q'MJ
g A = (6.15)

o] (o]

Now we check the condition for optimality in Eq. (6.15) for normal and beta
distributions and derive the optimal mean, L, using Eq. (6.10).

6.2.1 Normal Density Function

In the case of the normal density function, X, = — and X, = + o; hence,
Al(Xmin—t)/ 01 = 9[(Xmax—tt)7/ 01 = 0. Therefore, condition (6.15) has to be
satisfied for optimality:

gDX—M]:Le—KX—mZ/sz] and g,[X—M]:_Le—[(X—mZ/zaZ]DX—M]
06 07 Jon 06 07 fhn 00

Hence,

o A

and

[0 sl — 0]
= ma(); ~ _BJSL_LD

WA 7

AsLSL<USL, (LSL — i)/ & < (USL — u)/ &, hence, ~(LSL — i)/ 0 >—(USL — u)/ &
and the optimality condition in Eq. (6.15) is satisfied. Now, the optimal mean

(6.17)
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can be determined using Eq. (6.11):

gﬁ_gM

Cus  gibsoi
For normal density function, this becomes:

2 2.
C —[(USL-p)°1267] | 2 )
st _ © = o lHUsL-w (LSt} 207 (6.18)

CusL e—[(LSL—y)ZIZUZ]

Taking natural logarithms of both sides of Eq. (6.18) yields:

InCEwn - (USL-p)"— (LSL —p)’

D::USLD 20'2
(6.19)
20 |nEpLSLD = (USL-u)? — (LSL-p)?
II:USL
(USL + LSL —2u)(USL —LSL) = —26%In gﬁg
USL
2
o DCLSLD (USL +LSL)
Bo = WOsi-sn "le. 0t 2 (6.20)

When

Cis/Cus. = 1,In(Ce/Cug) =0 and  p, = (USL+LSL)/2. (6.21)

In Chapter 3 (Loss Function), we saw that the optimal value (target value)
of the mean of a nominal-the-best characteristic is the nominal size that min-
imizes the external failure costs, captured in the expected loss. The optimal
value in Eg. (6.20) considers only the expected costs of rejection, which are the
internal failure costs. From Eq. (6.20), the amount by which the optimal mean,
Lo, is shifted on either side of the nominal size is

2

O In EpLSLD
(USL—LSL) [c,q0

which is a function of the process variance o, the tolerance range (USL — LSL),
and the ratio of the costs of rejection, C, g, and Cyg, . If C, g <Cyq, IN(C 5 /Cys)
is negative and the optimal mean will be shifted towards the lower specifica-
tion limit. On the other hand, if C 5, > Cq,In(C ¢ /Cyg.) is positive and the
optimal mean will be shifted towards the upper specification limit.
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Example 6.1
The specification limits of the quality characteristic of a component are 1" +
0.04, which means the lower specification limit and upper specification limits
are 0.96" and 1.04", respectively. The undersized and oversized costs are $ 10.00
and $8.00, respectively. The process standard deviation is 0.02. What is the
optimal mean?

LSL = 0.96"
USL = 1.04"
o’ =0.02°
CLs = $10.00
Cus. = $8.00

_ 002" | ri07, (104+0.96) o
Mo = Tos—oes Mgl t 7 - 0014+ 1=1014

If the process variance is 0.01%, then p, = 0.0028 + 1 = 1.0028".

6.2.2 Beta Density Function

There are some disadvantages in using normal density function as the prob-
ability density function of some quality characteristics. These are mainly due
to the stiffness of the normal function, as only two parameters (namely, the
mean pand the variance o) are available to define the function. The beta dis-
tribution solves this problem to an extent, because it is defined by four
parameters, thus yielding more flexibility. This makes the beta distribution a
much better candidate for fitting real-life distributions of quality characteris-
tics, as it covers a wide range of shapes, including symmetrical, rectangular,
and skewed distributions. In addition, it has a finite range, unlike the normal
distribution. This probability distribution was introduced in Chapter 1 with
a = Xpinand b = X
The beta probability density function is

1 X— Xmin H X— Xmin -
00 = (5 o) e
(xmax Xmin)B(%n) Xmax xmin Xmax_xmin

Xoin X< Xy (6:22)

In Eq. (6.22), yand n are the shape parameters of the beta distribution.
These, along with the lower and upper limits of the range of X, X, and X,
are the four parameters of the distribution. The function B(y; n) is called the
beta function and is defined as:

B(y,1) = I:VH(l —v)"dv (6.23)
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The mean and variance are functions of y; 1, Xin, and X,,.- The mean is equal to

u = (Xmax mln)Eb,+ ﬁ] Xmin (624)

In the problem of determining the optimal mean, it is reasonable to assume
that the shape and the range remain unchanged regardless of the value of the
mean and that only the location of the distribution changes depending upon
the optimal mean. This means that in Eq. (6.24), (Xyax— Xmin) @nd y/(y+ 1) can
be treated as constants. Now, the mean pu can be written as:

= RXK"‘Xmin

where R = (X — Xmin) @and K =v/(y+1n).
The density function g(w) is the standardized beta distribution given by:

_ o o—\N"’.u_xmin ~ _O—W+.u_xmin (e
g(w) = RB(y,n)[ R } [1 R }
ow + RK"™
= Kiy(ow +RK)H - ZF =1 (6.25)

where K; = [0/RB(y, )] . When y=n =1, g(w) is a uniform density func-
tion. When yand n are not equal to 1, g[(Xuin—1)/ 0] = 9[(Xpax — 1)/ 0] =
9'[(Xmin—=1)/ 0] = 9'[ (Xmax — )/ 0] and the optimal condition in Eg. (6.14) to
be satisfied reduces to

o

o] [

3] [sta]

It can be shown that the above condition is equivalent to

y—1 _ n-1 S y—1 _ n-1
LSL-u+RK R-LSL+u—Xyi, USL—pu+RK R-USL+pu—Xuin

which can be simplified to

y—1 y—1 n—-1 n—-1
LSL — Xin USL—Xmln R—LSL + Xpn R—USL + X0

which becomes:

(USL—LSL) [ (LSL-USL) [
Ol (T (VS o Ul o T Ty VT e
(6.26)
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It can be seen that the left-hand side of Eq. (6.26) is >0 when yis not equal to
1, whereas the right-hand side is <0 when n is not equal to 1, assuming that
Xmin < LSL < USL < X« Hence, the optimality condition is satisfied when
both yand n are not equal to 1.

Now the optimal i can be obtained using Egs. (6.11) and (6.25):

-1 —p+ n-1
o - (USL—,U+RK)V CL_USLT“RK)
Cust  (LSL—pu+RK)"'(1 _W)n—l

(6.27)

As it is not possible to get a closed-form expression for the optimal mean,
the solution of Eq. (6.27) requires the use of numerical techniques.

Example 6.2

The specification for the diameter of a shaft is 3.00" £ 0.01". The cost of
reworking an oversized shaft is $20.00, and the cost of scrapping an under-
sized shaft is $200.00. Find the optimal mean for the processes in which the
diameters obey the following probability density function: beta density func-
tion with range R =0.036", y=4.0, and n =2.0.

SOLUTION
LSL =2.99" and USL = 3.01", C_5 = $200.00, Cys = $20.00, and (C 5 /Cyq.) =
10.0. Using Eq. (6.27) gives:

(3.022 — p1)*(1 —2.986) _

3.014 —p)° 10.00
(3.014 —p)"(u—2.978)

which yield three possible values for p: 2.976, 3.008, and 3.016. As the mean
has to be in the interval (2.99, 3.01), 1, is 3.008.

6.3 Optimum Process Level for Quality Characteristics
with Only a Lower Limit (Larger-the-Better Type
of Characteristics)

The objective of this section is to develop a methodology to determine the
optimal mean of a quality characteristic of the larger-the-better type (L type).
Material strength and miles per gallon are some examples of the L-type qual-
ity characteristics. These quality characteristics have a lower specification
limit but no upper specification limit, and the higher the mean for the L-type
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guality characteristic, the better. However, the manufacturing cost increases
when the mean increases, thus it is not possible to increase the value of an L-type
guality characteristic without any bound. The challenge is to find an optimal
mean for the L-type quality characteristic such that it will be at the highest level
possible, while at the same time minimizing the manufacturing cost. The mate-
rial presented in this section is based on the work by Carlsson.® The following
assumptions are made:

1. The quality characteristic X has a lower specification level, denoted
by L.

2. Products with value of the quality characteristic denoted by X > L
are accepted and sold at full price, f,. Customers will pay an addi-
tional price of c,(x — L), where x is the value of X.

3. Products with value of X <L are reprocessed and sold at a reduced
price, f..

4. The quality characteristic X is normally distributed with a known
variance ¢ and an unknown mean U, which is the decision
variable.

5. The producer’s manufacturing cost per item (UC) is separated into
a fixed cost b and a variable cost ¢, which depends on the value of
the quality characteristic X, which is x. Hence, the cost per item is

UC = b+cx
b+cx—-cL+cL
(b+cL)+c(x-L)

by + Co(X —L), (6.28)

whereb,=b+cL and ¢, =c.
The manufacturer’s income per unit depends upon whether the product is
accepted (that is, X > L) or rejected, reprocessed, or sold at a reduced price.

6.3.1 Accepted Product (X > L)

The manufacturer receives $f, for an accepted item. As the customer is willing
to pay an additional price of $c,(x — L), the total income to the manufacturer
for an accepted itemis f, +c,(x - L).

6.3.2 Rejected Product (X <L)

The manufacturer receives $f. for a rejected item. It is reasonable to assume
that f,<f,. The producer may have to compensate the customer for bad qual-
ity, not only by reducing the price from f, to f,, but also by a price reduction
proportional to the deficit in quality, which is equal to c,(L — x). Hence, the
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total income to the manufacturer for a rejected item is f, — ¢,(L — x), which is
written as f, + ¢,(x —L). Itis assumed that 0 <c, <c, <c,.

Now the optimal value of the mean u of X that maximizes the total
expected net income per item will be obtained. The net income is the differ-
ence between the income per item and the manufacturing cost. The net
income per item depends upon whether the quality characteristic is greater
than or equal to or less than L.:

1. X <L: The net income per item to the manufacturer is

Au(X) = frte(x=L)=[bo+co(x—L)]

(6.29)
(fr—bo)—(co—c,)(x-L)

2. X>L:

Ax(X) = fa+ca(x=L) = [bo+co(x—L)]

(6.30)
(fa—bo) —(co—ca)(x—L)

Leta=f,—by, r=f,—by(r<a),g=cy—c, and (1 -p) = (c,—c,)/(c,—¢C,) . SO, Cy
—-¢,=(1-p)co —cy) =g(1 — p). Now, Egs. (6.29) and (6.30) can be written as:

A(x)=r—g(l-p)(x-L), x<L (6.31)
and
A(x) =a—g(x—-L), x>L (6.32)
Now the expected value of the net income per item is
L 0
) = [ MO T dx+ [ Ax(x) T (x) dx
—00 L
L 00
= [ r=9@-p)(x-L)If(x)dx+[ [a-g(x-L)] F(x)dx (6.33)
2, 2
In Eq. (6.33), f(x) = 1//2toe *™ ?°  as per assumption 4, above. Let z =

(x—wlo.Then,x =0z + uand dx = g dz. Let the density function of z be h(z),
which is the standard normal density function. Now Eg. (6.33) can be written as:

(

L-w)lo 1 2
W) =1 [r—g(l—p)(crzw—L)]E[e dz
. 1 -2212
+ a—g(oz+u—L)—e " “dz 34
(L—,u)lo[ 9(oz +u )]JET (6.34)
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Let (u—L) = & Now the decision variable is dinstead of yand Eg. (6.34) is

O 91— p)(0z + 8)] —=e "2 dz
L. P Jon

1(6)

> 1 %
+I_(5/U)[a—g(az +6)] ﬁe dz

-(0l0o) 1 _Z /2

r
I—oo ﬁ I(é/a)ﬁ

+ ~(d/0) -2%12
ng’_w (oz + S)E[e dz

-2%12 dZ

1

—(6l0)
- 07+ 8)—=—
P 05

e 1 2
- L g
U (5O FO) e e (6.35)

2
ezlzdZ

_ D‘_(SD B_5D -(6/0)
- r%;wa[l_qaum}gpf_w (0z + 8)h(z) dz
_gf (0z + 8)h(z) dz (6.36)

where ®(h) = Jh (1/«/7”)e dz which is the cumulative probability of a
standard normal variable. In Eq. (6.36),

gE[oz + g

gfw(oz+6)h(z)dz goE(2) + gE(8)

gd,as E(z)=0, and
~(3/0) —(810)
gpoT_ zh(z)dz + gpSI_ h(z) dz

gp[ " (07 + Oh(z)cz

gpaj_ zh(z) dz + gpSCDE ((E

Also using the substitution z /2=v |nJ' zh(z)dz = I(M)z 1 67"z yields

©

the following: J2n
~(8l0) &rdy 1 -y o 1 -
zh(z)dz = ——e dv=-— —e 'dv
I_w () Ioo J2n (264 271
N g -
,\/Zt - 8126 /\/Z'C Eb_l:l
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Now Eq. (6.36) becomes:

o 9 0
1(8) = ro-2 E a[1-032H] - goon £+ gp 60323~ g6

= a- <D [a—r—gpé] +gpohD§ -gé (6.37)

Carlsson’ introduces an income function which he calls “the expected rela-
tive net income level per item,” given by:

1.(5) = '(5) (6.38)

—-r

1(0) = {a—qig—gg[a—r—gpﬂ —gd-gpoh-r

(a—r)

_ 0807, _ pdk (00
- 1‘%‘55[1‘ G} 5—— kh 25 (6.39)

where k=(go)/(a—r).

The problem now is to find J that maximizes 1,(d) in Eq. (6.39), which is
done by setting the partial derivative of I,(d) with respect to 0 and solving for
0. Using the Leibniz rule,

d d _5,Ue—z2/2 1e—52/2<;2
d—6[¢‘(—6/0')] = d—éb_w A/Zindz}

o .J2n
Also,
_d ~o'120] 1 ‘52/2‘7|:| 260§ ¥nd
g0 = g5 =Tt
Hence,

pkse 8120

- A

1,(8) = o(-8/0) =0 (6.40)

The optimal value of d can be obtained by solving Eg. (6.40) using numerical
methods. Also, the proof of optimality has to be performed numerically.
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As a special case when p=0, Eq. (6.40) results in:

6—52/202

k
o2 ©
2

e—52/26 k/\/Zl'
-&
= = In[k/27]

20°

8 - oIn[k./2d

o

and the optimal value of dis given by:
%9 = J-In(k*27) (6.41)

It can be seen that the solution given in Eqg. (6.41) is feasible only if In[k227r] <0.

Carlsson® reports that &/ is an approximately linearly decreasing func-
tion of In(k). He also found it to be independent of p for values of k <0.1 and
suggests that Eq. (6.41) as an approximation formula to find the optimal
value of & when k <0.1. Table 6.1 contains comparison of exact values of 1,(d)
using numerical techniques and the approximate values of 1.(d) obtained
using Eq. (6.41), for some selected values of the cost and income parameters.
It can be seen that the approximation works reasonably well.

Recently, Gungor and Chandra* solved the problem of finding the optimal
mean of a larger-the-better type of characteristic using a goal programming
approach. The goals are to maximize the process mean and to minimize the
manufacturing cost, proportion of rejects, and the expected loss.

TABLE 6.1
Comparison of Exact and Approximate Values of &;

o f. ¢ Ca Cr a r g P (exact) k (approximate)
0056 6 1 0.8 06 3 1 02 -1 0.16 0.005 0.15
005 6 1 08 08 3 1 02 0 0.16 0.005 0.15
005 3 1 0.8 12 3 =2 02 2 0.17 0.002 0.16
010 6 1 0.8 06 3 1 02 -1 0.28 0.010 0.27
050 6 1 08 06 3 1 02 -1 1.02 0.050 1.02
005 3 1 0.8 06 3 -2 02 -1 0.17 0.002 0.16
0056 3 8 0.8 06 3 =2 7.2 -0.03 0.1 0.072 0.093
050 3 8 08 06 3 -2 72 -0.03 0.01 0.72 Not feasible

® L =100;b,=5;f, =8.
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6.4 Optimum Process Level and Upper Limit
of a Canning Problem

This section is based on the paper by Golhar and Pollock’ which analyzes a
canning problem where cans are filled with some ingredient. Because of the
inherent variations present in the filling machine, the amount of ingredient
filled in acan is a random variable, with its own probability density function,
amean, and a standard deviation. The manufacturer must make sure that the
amount of ingredient in any can must be above a specified value. On the
other hand, if the amount of ingredient in a can is too much, then the manu-
facturer incurs a loss, because the cans are sold at a fixed price, regardless of
the actual amount of ingredient. (Price is usually based on the stated quan-
tity on the label of a can.) Hence, there is an optimum setting for the mean of
the distribution of ingredients in a can. Each can, after it is filled, will be
weighed and the cans for which the ingredients fall within the specified
lower limit and the optimum upper limit will be processed further and sold
in the market for a fixed price. The cans for which the ingredients are either
below the lower limit or above the upper limit will be reprocessed. The repro-
cessing involves reclaiming the ingredients, which results in some cost. The
objective is to find jointly the optimum values of the mean and the upper
limit which maximize the net profit per can.

We will assume that:

1. The weight of the ingredients in a can is arandom variable, denoted
by X. The probability density function of X is f(x), which is assumed
to be a normal distribution with a mean pu (decision variable) and
a variance ¢ (known).

2. The minimum weight of the contents in a can is L (given). The
maximum weight is U, which is a decision variable.

3. The cost of contents is $C per unit weight. The cost of an empty
can is negligible.

4. Underfilled cans (X < L) and overfilled cans (X > U) are emptied
and the ingredients are reused, incurring a cost of $C, (this could
include the cost of production time lost).

5. Acan with contents weighing between L and U is sold in the market
for $A.

The schematic diagram of this process is given in Figure 6.3.

Objective
The objective in this problem is to find the optimum values of yand U (i, and
U,) that maximize the expected profit per can.
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$C

LTXtU

Cans > Filling process Sold for $A/can

Ingredients ——>|

Emptying/
reprocessing

FIGURE 6.3
Schematic diagram of a canning process.

L<X<U Correct fill X<Lor X>U Underfill or
Overfill
A-Cx - C, + E[Profit]
Outcome -
Probability — P[L < X < U] PIX<L]+P[X>U]
FIGURE 6.4

The outcomes of a canning problem.

Formulation of the Problem

Let the profit per can with ingredients weighing X be denoted by P[X; y, U].
We have to consider separately the cans with contents in the range (L, U) and
the cans with contents less than L or greater than U. Now let us derive the
expected value of the profit per can, denoted by P(u, U). The profit per can
depends upon whether its contents are within the acceptable range or not:

1. Cans with contents in the range L < X £ U — As the cost/can = Cx
and the income/can = A, then,

profit/can = A—-Cx (6.42)

2. Cans with contents in the range X <L or X >U — The expected
net profit per one such can equals —C, + E[Profit].

The outcomes of this problem are depicted in Figure 6.4, and now the
expected profit per can be written as:

E[Profit per can] = E[Profit/CF] P[CF] + E[Profit/UF or OF]
{P[UF] + P[OF]}
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where CF = correct fill (L < X < U), OF = overfill (X > U), and UF = underfill
(X <L).

E[ profit per can]

= J’tJ[A—Cx] f(x)dx +{-C, + E[Profit]} {P[X <L] + P[X>U]} (6.43)

So the expected profit per can is

P[u,U]l= ILLJ[A—CX] f(x)dx +{P(u,U)-C} {P[X <L] +P[X >U]}

= fLJ[A—CX] f(x)dx +{P(u,U)-C} p

(6.44)
wherep=1-P[L <X < U] = P[X<L] + P[X>U].
In Eq. (6.44),
IU[A—Cx]f(x)dx= g f(x)dx — CI xf (x) dx
- Looo
1-p
U
= A(l-p)=C[ xf(x)dx (6.45)
e—(x—,u)Z/Zo2
Consider C[ xf(x)dx = C[ Xx————dx in Eq. (6.45). LetZ=(X - /0.
Then, I I o.2n
u —(x y)/Zcr U'“/G(Z"“IJ)GZ/Z dZ
CIL X oTos CIL e —__«/ZF (6.46)

Letg(z) bethedensity functionof Zwhichisthestandardnormalvariable:

(U-w)lo

CJ’ g(z)dz
(L-w)lo
oooooog

1-p
(U-)lo

= Cof " 29(2) dz + Cu(1 -p)
(L-w)lo

I(L e (z +u)g(z)dz = CO'I zg(z) dz +

(6.47)
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2
(U-u)lo —w)io 77212
ConsiderJ’ ! zg(z)dz = e ze dz in Eq. (6.47), and let 2°/2 = v:
(L-w)/

(U
-u)lo J-(L—y)lo /\/ZT

2 2
7 -z°12 (U-p)lc Ze—z 12

e
dz + -
i T

2
(U-wic 7g7% 12

0
dz = dz
I(L—u)/o‘ 1271w I(L—y)lc

_ e dv Ilﬂ{(U-u)/o}Ze'Vdv
I(uz){(L—u)/o}2 J2rn o J2r
__ 1 J.&ifz){(L—u)/o)ze_vdv+ L pmwwia®
J2mdo J2mdo
1 —weie-wig® 1 o v aeiu-nia’
= —[e o ——I[e o
J2r L2z
1 o mie-wig? 1 o niu-wig?
= —[e —1] ——[e —1]
J2m J2r
-1 [e(—1/2){(L-u)/0)2_1_e(—llz){(U-u)/o}z+1]
J2r
-1 [e(—uz){(U—u)zloz} _e(—uz){(L—u)Z/oz}]
X
= gk _ b o
ol U o U (6.48)

Now using Eq. (6.48) in the right-hand side of Eq. (6.47) results in:

U e—(x—,u)Z/ZO'Z 0 -y U -
Cl x dx = Co —t=—g=—"1+Cu(l1- 6.49
[ o540 0*% u(1-p) (649)

Using Eq. (6.49) in Eq. (6.46) results in:

J 1A =X 1) dx = A(L-p)~Cu(t—p) ~ConfF— Ao (P4

(6.50)

Using the substitution t;= (U - w)/oand t,= (U — 1)/ o in Eg. (6.50) gives:

_[lLJ [A-Cx] f(x)dx = A(1-p)-Cu(l-p)-Co{g(t;) —g(t)} (6.51)

©2001 CRC PressLLC



Now we will use Eg. (6.51) in Eq. (6.45), which then becomes:

P(1,U) = A(L—p)~Cu(1-p)~Co{g(t;) —g(t,)}
+{P(1,U)~C} p
P(U)[1-p] = A(L—p)-Cu(l-p)—Co{g(t;) ~g(t)} —C,p
P(u, U) = A_CH_(lcipp)_Ca{ g((;zz;)g(tl)} (6.52)
In Eq. (6.52),
(1-p) = [ g(2)dz
= F(t)-F(t) FO=[ g(2)df
and

_Cp _ _C{—l (‘1(:)")} - P(lcfp) + Cr}

Hence, Eq. (6.52) can be written as:

C, +Co{g(t)) —g(t,)} (6.53)

P(u,U) = A—Cu+C, — -0

Now the problem is to find the optimum values of i and U that maximize
the expected profit per can given in Eq. (6.53). It is necessary to show that
P(u, U)is a concave function of both  and U, which is very difficult to do
analytically. It has to be done numerically. The optimal values of rand U can
be obtained by setting the partial derivatives of P(u, U) with respect to zand
U equal to 0 and solving the resulting equations. Golhar and Pollock® report
the following equations to obtain the optimal values of ¢ and U:

"—i’(glfu) = F(t) —F(t) - f(t)[L—t)] = 0 (6.54)

and

oP(uuVl) _ Cr _
T t{F(t) —F(t)} +{f(t)—f(t)} ~Co 0 (6.55)
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Golhar and Pollock’ introduce a constant M = C,/Co and obtain optimum
values of t; and t, using a computer program. The optimal values of gand U
are obtained from t, and t, as follows:

Ho = L—oty (6.56)
Uy = W+ oty (6.57)

where t;, and t,, are the optimal values of t, and t,, respectively. The authors
provide a table containing the optimal values of t; and t, for selected values
of M.” For example, let L = 5.0, C = $0.50, C, = $0.10, and ¢ = 0.20. Then M=
0.10/(0.50 x0.20) = 1.0. From the table, the optimal values of t; and t, are
1.657 and -0.750, respectively. The optimal values of yand U are

Lo = 5.0-0.10(-0.75) = 5.075

and
U, = 5.075+0.10(1.657) = 5.2407

The optimum mean is not located at the center of the “tolerance” interval (5.0,
5.2407). The mid-point is (5.0 + 5.2407)/2 = 5.12035, whereas the optimum
mean is 5.075.

Let us now examine the effect of the process variability quantified in the
standard deviation, g, on the expected net profit per can. Suppose that the
process does not have any variability — that is, 0 =0.0. Then, the amount of
fill will be exactly equal to L and the expected net profit per can is

E[profit] = A-CL (6.58)

This is the maximum profit (ideal). The expected profit P(u,, U,) for a given o
>0.0 when u =, and U = U, can be compared with the value given in Eq. (6.58).
Let the difference between P (u,,U,) and the maximum profit given in Eq. (6.58)
be dP. That is,

Golhar and Pollock’ provide values of dP (denoted by E by the authors) for
selected values of M, in units of Ca. For example, when L =5.0, C = $0.50,
C,=$%0.10, and 0=0.20, M =1 and dP = 1.409 in units of Co, which means the
reduction in the expected profit per can because of a standard deviation of
0.20is 1.409 x 0.50 x 0.40 = $0.28. Hence, the optimal expected profit per can
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for the given parameter values is

P(lo, Up) = (A-CL)—dP

A—(05)5-0.28=A—2.78

Suppose that ois halved; that is, the standard deviation is now 0.1. The new
value of M is

_ 0.1 _
M= omen ~ 2°

The value of dP from the paper by Golhar and Pollock’ for M = 2 is 1.663 in
units of Co. Therefore, the new expected profit per can is

P(uy, Ug) = A—(0.5)5—(1.663)(0.5)(0.2) = A—2.67

The net savings per can as the result of reducing the standard deviation by
half is

Savings/can = [A - 2.67] - [A—2.78] =2.78 — 2.66 = $0.11

This savings can be used as the basis of justifying investment in the process
to improve it (reduce its variation).

Some of the researchers who have analyzed similar problems include
Al-Sultan and Pulak," Arcelus and Rahim,” Bettes,’ Boucher and Jafari,’
Golhar and Pollock,” Hunter and Kurtha," and Schmidt and Pfeifer."

6.5 Optimum Process Level without Considering Costs

In all the models discussed in this chapter, the objective function was either
minimizing the expected cost or maximizing the expected net profit per unit.
The analyses did not always yield closed-form solutions, necessitating the
use of numerical methods. There are some real-life applications in which the
objective is not to minimize the expected cost or to maximize the expected net
profit per unit, but to satisfy one or more regulations. One such case is pre-
sented next. This problem is related to the food industry.

The manufacturers of a food product need to satisfy requirements specified
by federal agencies. Two conditions to be satisfied are

1. Within a specified number of units sampled, there shall be no
weight below the specified gross weight limit, which is computed
as (label stated weight-specified maximum allowable variation).
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2. The net average weight of a specified number of sample units must
be greater than or equal to the label stated weight.

The problem is to find the optimal mean that will satisfy both these require-
ments. The solution procedure will be illustrated using an example. It is
assumed that the weight of an individual sample, X, follows normal distribu-
tion with an unknown mean u and a known standard deviation o.

Example 6.3

The label stated weight (LSW) of a can is 16 ounces, and the maximum allow-
able variation (MAV) is 0.044 ounces. Assume that the standard deviation of
the process is 0.1. Let the specified number of sample units in both require-
ments be ten.

REQUIREMENT 1

Assuming that the samples are independent, the number of samples out of a
batch of ten with weight below (LSW — MAV) follows a binomial distribution.
Let p be the probability that any one sample has a weight below (LSW -
MAV). The requirement is

Eloq%p(’u—p)” = 1.00 (6.60)

It can be seen that p has to be equal to 0 in order to satisfy this requirement,
which means that the optimal mean of the distribution of the weight of an
individual unit has to be infinity. As this is infeasible, the manufacturer has
to assume a certain risk by lowering the probability on the right-hand side of
Eq. (6.60). Let this be 0.90, which implies a risk of 0.10 that the requirement
may not be met. Now p can be found using a modified Eq. (6.60):

S D -p)*

Ho P = 0.90
(1-p) = (0.90)**° = 0.99
p = 0.01

As p = probability that X is less than (LSW - MAV),

P [X < LSW - MAV] =0.01

P[Z 3 (LSW—I\(/;AV) — Lo

} =001
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where Z is the standard normal variable. From the standard normal table,
P[Z<-233] =0.01
Hence

(LSW — MAV) — 11,
(o)

= -2.33

(LSW -MAV) +2.330
= (16 -0.044) + 2.33 x 0.1 = 16.19 ounces

Ho

REQUIREMENT 2
Let X be the sample mean of weights of ten sample units. Then,

P[X>LSW] = 1.00 (6.61)

The sample mean X follows normal distribution with a mean u (mean of X)
and a variance of 0°/10 . It can be seen that the mean of X has to be infinity
to satisfy Eq. (6.61). As in requirement 1, the manufacturer has to take a risk.
Let the right-hand side of Eq. (6.61) be 0.90, resulting in a risk of 0.10 that
requirement 2 may not be satisfied. Modified (6.61) is

P[X>LSW] = 0.90

p[zz M’J = 0.90
o/.10

p[z<_M}} = 0.10
o/4/10

From the standard normal table,

LSW - ‘Llo
0/.J/10

= -1.28

and

(o2
Lo = LSW +1.28-%
J10

10

16 +1.28%10 = 16,04
J10

The optimal mean has to be 16.19 ounces in order to satisfy both requirements.
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6.7 Problems

1. The specification limits of the quality characteristic of a component
are 1" + 0.005, which means the lower specification limit and upper
specification limits are 0.995" and 1.005", respectively. The under-
sized and oversized costs are $20.00 and $60.00, respectively. The
process standard deviation is 0.002. What is the optimal mean, if
the quality characteristic follows a normal distribution?

2. The specification limits of the quality characteristic of a component

are 20 + 2, which means the lower specification limit and upper
specification limits are 18 and 22, respectively. The undersized and
oversized costs are $1.00 and $2.00, respectively. The process stan-
dard deviation is 0.50. What is the optimal mean, if the quality
characteristic follows a normal distribution?
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3. The specification on the diameter of a shaft are 2.00" + 0.01". The
cost of reworking an oversized shaft is $20.00, and the cost of
scrapping an undersized shaft is $120.00. Find the optimal mean
for the processes in which the diameters obey the following prob-
ability density function: beta density function with range R =0.020",
y=3.0,and n = 1.0.

4. The specification on the quality characteristic of a component are
3.00" £ 0.005". The cost of reworking an oversized component is
$200.00, and the cost of reworking an undersized component is
$10.00. Find the optimal mean for the processes in which the diam-
eters obey the following probability density function: beta density
function with range R = 0.040", y= 2.0, and n = 3.0.

5. The label stated weight (LSW) of a cereal box is 8 ounces, and the
maximum allowable variation (MAV) is 0.020 ounces. Also
assume that the standard deviation of the process is 0.05. What
should the optimal process mean be such that:

a. Within ten units sampled, there shall be no weight below the
specified gross weight limit, which is computed as the (label
stated weight) — (maximum allowable variation).

b. The net average weight of ten sample units must be greater than
or equal to the label stated weight. Assume a risk of 0.05 for
both requirements.

6. The cost per ounce of the contents in a soup can is $0.10, and its
sales price is $2.00. The upper and lower limits are set at 16 and
15 ounces, respectively. The cost of reprocessing a can with contents
outside these limits is $0.05. The process has a mean of 15.7 ounces
and a standard deviation of 0.25 ounces. Assume that the distribu-
tion of contents is normal. Compute the expected profit per can
earned by the manufacturer.

7. Consider the model discussed in Section 6.3 and assume the fol-
lowing values for the parameters:

L =10.00
0=0.04
b, = $5.00
f, = $8.00
f, = $6.00
co = 1.00
c, = $0.80
¢, =0.60

Assume also that the process mean is set at 10.05 (not the optimal
value) and find the expected net income per unit.
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7.1 Introduction

After selecting the process and improving it (o is fixed in this step at US, which
now becomes the target variance) and determining the target mean (L is fixed
in this step at L), the next important step is setting the process/machine so that
the actual mean p is as close as possible, if not exactly equal, to the target.
Usually the operator/setter will take one or more readings on the quality
characteristics and adjust the process. This is made difficult because the
observations are subject to inherent variation of the process and measure-
ment error introduced by the gauge and the operator. The discussion in this
chapter is based on the work by Grubbs’ in which he develops an optimum
procedure for setting the process.

]
7.2 Formulation of Optimal Setting Procedure

Grubbs considered the setting process:?

1. The operator makes one component, measures the quality charac-
teristic, then compares the measured value with the target value,
and adjusts the process accordingly.

©2001 CRC PressLLC



2. After adjustment, the operator makes another item, measures it,
and adjusts the process again, if necessary.

3. These steps are repeated until no changes in setting are indicated
for several consecutive items or when o/./n is suitably small, where
o is the process standard deviation and n is the number of items
measured.

The following notation is used:

X = quality characteristic.
U, = target value of X and of the mean of X.
oﬁ =variance of X.

X;=true value of the ith item (measurement of the quality
characteristic of the item made after the ith adjustment).

U = E(X;) = mean of X,

V = measurement error.

U, = mean of V which is assumed to be 0.

o’ = variance of V.

V; = measurement error associated with ith item.
d =true deviation of y, from py = (L — ).

Y =observed value of the quality characteristic.
Y; = observed value of the ith item = X; + V..

k; = factor used in ith adjustment.

The following assumptions are made by the author:

1. X and V are independent.

2. Preliminary studies have been conducted to estimate the relative
measurements of the items manufactured by the process as a func-
tion of the position of the setting device (the process parameters).

3. After taking the ith measurement (Y;), the setting is adjusted so
that the mean is changed by ki(Y; — L), where 0 < k; < 1.0.

Grubbs expresses the true value of the characteristic X in terms of the mean
of the distribution of X and its mean L, as follows:

X = g+W (7.1)

where W is a random variable with a mean = 0 and a variance = a‘i Hence,
the true value of the ith item is

Xi = i+ W, (7.2)
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The observed value of the measurement of the ith item, Y, is
Yi = Xi+V; = i+ W;+V, (7.3)
The observed value of the first item is
Y, = p+ W, +V, = go+d+W, +V, (7.4)
The difference between Y, and L, is
Y-l =d+W,;+V, (7.5)

As an example, let us assume that the target mean 1, is 1" and the measure-
ment of the first item, Y,, is 1.2". That is,

Y, = +d+W, +V, =12"

Then, the difference between Y, and 1, =Y, — ffy=d + W; +V, =0.2".
As per the assumption, the operator adjusts the process/machine now such
that the current mean () is reduced by k,(d + W, +V;). Now the new mean is

Hy—ky(d + W, +V,)
Ho+d—ky(d+ W, +V,)
Ho +d(1—ky) —ki(Wy +Vy) (7.6)

H

Now the second observation, Y,, is measured. This observed value is

Y, = X,+V, = b, +W,+V,

Ho +d(1—k;) —ky (W +Vy) + (W, +V,) (7.7)

The amount of adjustment now is based on the difference between Y, and L,
which is

Yo—to = d(1—ky) —ki(Wy+ Vi) + (W, +V,) (7.8)

Now the operator adjusts the machine such that the current mean (i, is
reduced by ky(Y, - L), given in Eq. (7.8). That is, the amount of adjustment is
k,(Y, - 1) and the new mean is

Hs = Mo —Ka(Yo— o)

Hy =Ko {d(1—ky) —ky (W1 +Vy) + (W, +V,)}

Ho +d(1—ky) —ky (W1 + V) —kp{d(1—ky) —ky (W1 + V) + (W, +V,)}
Ho +d(1—k;)(1—kz) =Ky (W3 + V) (1 —kz) —ky (W3 +V3) (7.9)
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FIGURE 7.1
Process-setting procedure.

This setting procedure is illustrated in Figure 7.1.
If we proceed in a similar manner, the mean of the (n + 1)st observation (the
reading after the nth adjustment) is

Hnsr = Mo+ d(1—-ky)(1—kp)-(1-ky)
=Ky (1=Kk) (1 —Kg)--- (1 =kp) (W, + V)
—ka(1 —Kg)--- (1 =k ) (W2 +V;) =k (W, + V)
= o+ [ (k)= Tk [] (L= k)(W; + V) (7.10)

i=1  r=i+l

where [/, = 1.0.

Now the problem is to determine the optimal values of ki, k,, ..., k, such that
the mean after the nth adjustment is equal to 14, as soon as possible. A proba-
bilistic expression of this requirement results in the following:

1. E(Hn) = Ho (7.11)
and
2. Var(U,,;) is minimized (7.12)

Now let us examine these requirements.
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CONDITION 1. E(lye1] = Mo
Using Eg. (7.10),

y0+d|_|(1 k) — Zk |‘|(1 k) (W, +V,) (7.13)

= r=i+l

As per the assumptions made earlier, E[W;] = E[V;] =0, for all i. Also, E[1i] =
L. Hence, Eq. (7.13) can be written as:

Ho"'dl_l(l—ki) = o

and as d is not equal to 0,
|‘| (1-k) =0 (7.14)
i=1

CONDITION 2:  VAR[U,4] IS MINIMIZED

Var /.10+d|_|(1 ki) — ik ﬁ(l_kr)(wi+vi)

n

(1 k ) [Var(W;) + Var(V;)]

n

(1-k)*(di+ ), asVar(W,) = Var(X,) = o,

4]
)|

+

+ Of)z K@k (7.15)

i=1  r=i+l

Minimizing the right-hand side of Eq. (7.15) is the same as minimizing
KT, 1(1=k,)%, becaused? and @’ are constants.

Now the setting problem can be stated as: Find the adjustment fractions, k;,
K, ..., k, SO as to minimize:

Z-Zk |‘|(1 k)2

= r=i+l
subject to

n

[1(1-k) =0 (7.16)

The formulation given in Eq. (7.16) is a simple nonlinear programming prob-
lem. It can be solved using the method of LaGrange multipliers.
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7.3 Solution Using LaGrange Multiplier

The unconstrained objective function of the formulation in Eq. (7.16) is

r=i+l

F(ky, Ky, ooy kyy A) = Z k’ |‘| (1—k,)2+}\§1|(1—ki){§ (7.17)

where A is the LaGrange multiplier. Now the optimal values of k;, k,, ..., k,and A
are obtained by finding the partial derivatives (0F(0)/ dk;), i=1, 2, .., n, and
0F(0/ dA and setting them equal to 0. First let us rewrite the right-hand side
of Eq. (7.17):

F(ky, Ky, ..., Koy A) = ikf |‘| (1—kr)2+l|i|(1—ki)

= KA1 -k,)*(1—ks)* - (1—k,)°
+K5(1—ks)’ (1 =k,)* -+ (1=k,)?
+k5(1—k)’ (1 —ks)? -+ (1—k,)?
+K3 (1 —k,)? + k2 + A1 —ky) (1 =ky) - (1—K,)
%F—k(l') = 2ky (1 —ky)* (1 —k.)* + A(=1)(1 —k,) - (1 =k,) = O

from which
A = 2k (1=Kk,) --- (1=K,) (7.18)
%] = K22(1 = ko) (=1)(1 —kg)?-- (1 —K,)? + 2K,(1 —kg)-- (1 —k,)?

+A(1=k)(-1)(1 —kg) (1 —ky) = 0

from which

A=) +K[ki2(L = kg) -+ (1 =kp)] = 2ko(1=ks) (L —ky)
A=) +k,(A) = 2ko(1-ks)--(L—k,)
A= 2(1-k)(1-k)  (7.19)

©2001 CRC PressLLC



By induction from Egs. (7.18) and (7.19),

/\:2ki|'| (1-k), i=1,2,...,n (7.20)
r=i+l
Taking the partial derivative of Eq. (7.17) with respect to A yields:
dF(D] |‘| (1-k) = 0 (7.21)

In Eq. (7.21), [1i-.(1 - k) can be shown to be equal to 1 — Z_,K;[Tr=i+1(1 = k).
Hence, from Eq. (7.21),

Z |‘|(1 k) =0
i |'|(1 k) =1 (7.22)

From Eq. (7.20), it can be seen that:

and

NI
n
=

1
.M:
NI >

1l
fuy

Zki I_l (1_kr)

i=1  r=i+l

A= (7.23)

SIN

Now we will find the optimum values of k;, i =1, 2, 3, ..., n, using Egs. (7.20)
and (7.23), starting with i =n:

2kir!jl(1—kr) = 2k, = %
kn = % (7.24)
Wheni=n-1,
2k, |‘| (1-k) = 2Ky_s(1-k,) = 2k, A —2H = %
r=i+l
Ky = — (7.25)

n-1
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By induction from Egs. (7.24) and (7.25),
K = % fori=1,2 ..,n (7.26)

Thatis, k; = 1; k, = 1/2; k; =1/3; ....

It should be noted that the length of time required to converge to the target
value 14, still depends on the variances o> and ¢>. Now let us find the opti-
mum value of the objective function in the formulation, which is the variance
of u,.,, given in Eq. (7.15), using the optimal values of k;, i =1, 2, ..., n given
in Eq. (7.26):

Var(gy.1) = (o + o) Yk [ L-k)’°
i=1 r=i+1

k' [ (1-k,)°

=1 |_|

r=i+1

Ki(L=ko)" - (L=kp)* +Ko(L —ks)* v (L=Kn)*

| +K(L=K,) - (1=K, )2+ - + K
1(1-1/2)°(1=1/3)%... (L=1/n)*+ (1/2)°
x(1=1/3)%... (1=1/n)*+(1/3)°
x(1=1/4)% ... (1=1/n)*+ ... + (1/n)?

2 2 2 2 2

2 2 2
3. =)0 1

|
'—\
x

I
x

4 (n-1)* n’ n’
=np@o-1
H0 7 h
Hence, the optimal variance of ., is
o+
Var () = {529 (127)

7.4 Multiple Work Pieces after Each Adjustment

Suppose that m work pieces are produced each time instead of just one piece
and that the mean of these m measurements is used to determine the amount
of setting. This means that after the (i — 1)th adjustment, the observations are
Yi, Yips ... @and Y. This method is compared with the setting procedure based
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TABLE 7.1
Multiple Measurements After Each Adjustment

m Readings (Y, Yo, ..., Yin):¥; = ZH
One Reading (Y;) &m

Y=t +d+W +V, Yi = (Mo+d) + Wy +Vy;

Vo= (ord)y Wat Vi)
=1
Amount of first adjustment

= Ki(Y1—1ho) ki (Y= o) = k{d + li(W1j+V1j)}
= ky(d+ W, +Vy) mj=1
T Wi+ Vo
K = No+d(1—k1)—klz%
Mo = Ho+d(1—ky) —ky (W, +Vy) =1
n K
Hner = UO+ﬂd(l—ki) Hns1 = H0+|_|d(l_ki)
i=1 i=1
o n _on n m W, +V,;
Sk ] (1—k)W,+ V) Sk (1—kr>{z('m—l)}
=1 r=itl =1 r=(i+y) =1
n k
Eltna] = po+d[](1-k) E(Hna) = Ho+ []d(1-k)
i=1 i=1
Var(u,.) = 3K ] (1—k)(0 + o) Var(u,) = $K [] -k 220]
i1 r=itl =1 r=ivl m
K=31i=12..n K=21i=12 ..n

on one observation after each adjustment, assumed until now, in Table 7.1.
Only the key steps are given. It can be seen that the optimal values of the
adjustment fractions are the same as before.

7.5 Recent Developments

Trietsch® states that a Bayesian formulation could yield a complete solution
to the adjustment problem solved by Grubbs. Recently del Castillo and Pan'
have proposed a process-setting procedure using a Bayesian approach based
on a Kalman filter estimate of d, which is the initial difference between u, and
the target value .
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7.7 Problems

1. Consider the paper by Grubbs on process setting.2 Make the following
assumptions which are different from the assumptions made by
Grubbs. Assume that after each setting, the operator collects one
piece from the process/machine and takes m measurements of the
characteristics of the same piece. The amount of setting is based
on the difference between the mean of these m readings and the
target value. Derive expressions for the expected value and variance
of u,.;. Obtain the optimal setting policy (that is, find the optimal
values of k;), without going through the steps of optimization. What
is the variance of ., if the optimal setting policy is used?

2. The operator takes only one measurement as assumed by Grubbs.?
But, the mean of the measurement error V is ,, which is not equal
to 0 and is known. Derive expressions for the expected value and
the variance of y,.,;. Describe how you would modify the setting
procedure developed by Grubbs to compensate for the fact that the
mean of V is not 0 (that is, the instrument has a known bias).

3. Consider the paper on process adjustments by Grubbs.? The oper-
ator takes a sample batch of m individual pieces before each adjust-
ment (m observations) and uses the sample mean of these m
observations to make the adjustment. Make all assumptions made
by Grubbs which means that the optimal adjustment policy as
obtained by Grubbs can be used. In addition, make the following
assumptions:

The sampling cost consists of a fixed cost of C; per batch and a
variable cost of C, per observation.

The operator collects only n sample batches (that is, makes only n
adjustments) before starting the regular production run. The penalty

©2001 CRC PressLLC



cost for starting the regular production run after n adjustments isC,
(variance of ).

Assume that C;, C,, and C, are given.

(0% + al)

Var(l-‘ln+l) = "X—mﬁ"'!—

where ¢> and @, are the variances of the process and the measure-

ment error, respectively.

a. Derive an expression for the total cost before starting regular
production (after n adjustments), consisting of the total sampling
cost and the penalty cost (given above), assuming that only n
adjustments are made.

b. Consider m as a continuous decision variable and derive an
expression for the optimal value of m that minimizes the total
cost derived in a, above.
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8.1 Introduction

Before starting manufacture of an entire lot or batch of components (or prod-
ucts), two conditions must be satisfied to reduce the proportion of defectives
and external failure costs:

1. The variance (o) of the distribution of the characteristic should be
minimum, which is achieved by selecting a suitable process and by
eliminating sources of variation (using design of experiments, etc.).

2. The mean (u) of the distribution of the characteristic should be as
close as possible, if not equal, to the target value, which is achieved
by process setting, including selection of the levels of process param-
eters (using design of experiments, etc.).

Let the values of the standard deviation and the mean achieved before
starting regular manufacture be g, and u,, respectively. These are called
“in-control” values. It is important that the mean and standard deviation of
the distribution of the quality characteristic remain equal to y, and g, respec-
tively, throughout the entire duration of manufacture.

To do so requires that the process be monitored continuously during man-
ufacture (to ensure that u = y, and o = gy). Continuous monitoring may not
be feasible in all cases. In such situations, monitoring of the process at regular
intervals must be done. This implies that sample observations must be col-
lected from the process at regular intervals and inferences made concerning
U and g. Statistically speaking, this means testing of hypotheses. There are
two sets of hypotheses that need to be tested:

TS
Hi: 4 # L.
2. Hy o=0,.
H.: 0 # o,
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If both null hypotheses are true (u = L, and o = @), then the process is said
to be “in control.” If either one or both are not true (false) (u # ,, or g # g, or
U# Ly and g # gy), then the process is said to be “out-of-control.”

8.2 Preliminaries

8.2.1 Steps in Hypothesis Testing

1. Set up hypotheses (we’ll consider only u now):
Ho 1=y, Hi % o
2. Select an unbiased statistic (with the minimum variance, if possible);
(X for p.
3. Specify probability of Type | error, which is

P [Rejecting H,, when it is true] = a

4. Using a and the distribution of X, set up the acceptance regions for X :
ACCGpt Ho, |f IJO - ZG/Z X 0-0//\/6 < )? < IJO + ZG/Z X 0-0//\/6.
Reject Hy, if X <ty = Zgs X O/ N OF X > Ly + Zopp X G/ /0.

In process control, when H, is accepted, the process is assumed to be
“in-control” and is allowed to run. If H, is rejected, the process is assumed
to be “out-of-control” and stopped. Then the process must be examined to
identify the “assignable causes” or “special causes” that might have caused
the “out-of-control” state of the process. Once the assignable causes are
located, they must be removed and then only the process is allowed to run.
Since this procedure has to be repeated every h time units (h =5, 10, 20, or
30 minutes), it is convenient to represent this procedure by a chart. This is a
two-dimensional graph with the horizontal axis representing the time or
order of sample batch collection and the vertical axis representing the test sta-
tistic values, X in this case. This chart has three horizontal lines:

Top line: The upper limit of the acceptance region,

Lo * Zass % 0o/ Jn (8.1)
which is the upper control limit (UCL)
Bottom line: The lower limit of the acceptance region,

Uy = Zay, X Ola/N (8.2)
which is the lower control limit (LCL)
Center Line: In-control value of the mean, w4,
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The chart is called an X chart. Dr. Walter Shewhart from Bell Labs intro-
duced this and other control charts in 1923. He recommended that o be set
equal to 0.0026. As a/2 =0.0013 and Z,,, = 3.00, the control limits become
LCL = py—30,//n and UCL = 4, + 30,//n . Once the chart is set up, sample
batches are collected every h time units, and X values are computed and
plotted on the chart. The process is allowed to run if the plotted X values fall
within the control limits. Whenever an X value falls outside the control limits
(below the lower control limit or above the upper control limit), the process
is stopped and diagnosed for assignable causes.

8.2.2 Probability of Type Il Error (B)
Ho: 1= Loy Hy: U #Z Ly,

P[Type Il error] = P[Accept H,/it is not true or H, is true]

P[Concluding that the process is in control when
it is out of control]

PlUo—Za2 X 0o/ N <X <o + Z gy % Oof |17 o]
(8.3)

Here, H, simply states that y # 1, which is not sufficient to compute
P[Type Il error]. We need a specific value for u that is not equal to 1. Let this

be equal to p; (14 # Lb):
P [Type Il error] = P[py—Zas X 0o/ N <X < lo + Zyyy X 0/ 0|t = ]

As the probability distribution of X when H; is true (process is out of control)
is approximately normal with a mean = 1, and variance = oﬁ/ n,

PL(Ho—Za/2 % 0o/ In—141)/ 0o/ /< Z

<(Ho+ Zays % 0y/ n—4;)/ 0/ /N ]

PL(Ho— 1) N/ Oy = Z g3 < Z < (Ho— Hy) N/ Oy + Z,5]
(8.4)

P[Type Il error]

The probabilities of Type | and Il error are illustrated in Figure 8.1.

Because of 3, the process is run in its out-of-control state for some time before
an X falls outside the control limits. Defective parts will be manufactured dur-
ing this interval, because u is either <y, or >u,. An important “measure” of
interest in such cases is the average length of time during which the process
is run, after it has gone out of control (u # ). This is called the average run
length (ARL).

If ais small (0.0026 usually), Bcould be large, resulting in a large ARL and
hence a large expected cost of rejection. Hence, other stopping rules besides
an X falling outside the control limits are needed to stop the process.
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FIGURE 8.1

Probabilities of Type | and Il errors.
Some rules recommended in QS-9000 are given below:

Seven points in a row on one side of the center line

Seven points in a row consistently going up or coming down
Substantially more than 2/3 of the points close to the center line
4. Substantially fewer than 2/3 of the points close to the center line
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8.3 Variable Control Charts

Variable control charts are used when quality is measured as variables
(length, weight, tensile strength, etc.). The main purpose of the variable con-
trol charts is to monitor the process mean and the standard deviation.

8.3.1 Monitoring Process Mean

Table 8.1 contains sample observations that will be used to illustrate calcula-
tion of control limits. The data set has 20 batches, each batch consisting of five
observations (n = 5). The control limits are

LCL = i, - 30,//n
UCL = gy + 30,//n

(8.5)

When both p; and g, are known (specified and not estimated before running
the process for regular production),

LCL = uy — Ag,
Ho ) (8.6)
UCL = iy + Ag,
TABLE 8.1
Data for X, R, and s Charts®
Batch #
@ Obs.1 Obs.2 Obs.3 Obs.4 Obs.5 X R s
1 45 46 45 4.4 4.4 4.48 0.2 0.084
2 4.6 45 4.4 43 41 438 0.5 0.192
3 46 4.1 4.4 4.4 4.1 4.32 0.5 0.217
4 4.4 4.3 4.4 4.2 4.3 4.32 0.2 0.084
5 43 43 4.4 42 43 4.30 0.2 0.071
6 46 46 42 45 45 4.46 0.4 0.167
7 4.1 43 46 45 42 434 05 0.207
8 45 45 4.4 4.6 4.4 4.48 0.2 0.084
9 4.4 42 46 46 42 4.40 0.4 0.200
10 4.2 4.2 4.2 45 4.2 4.26 0.3 0.134
1 43 4.2 43 4.4 42 4.28 0.2 0.084
12 4.4 4.4 4.4 4.4 4.1 434 0.3 0.134
13 43 42 4.4 46 46 4.42 0.4 0.179
14 4.2 4.4 4.4 4.1 4.4 4.30 0.3 0.141
15 42 43 4.1 45 46 434 0.5 0.207
16 46 4.4 43 45 4.1 4.38 0.5 0.192
17 4.6 4.6 4.6 42 45 450 0.4 0.173
18 4.4 46 43 4.1 43 434 0.5 0.182
19 4.3 4.6 4.2 4.2 4.1 4.28 0.5 0.192
20 4.2 45 41 4.4 4.4 432 0.4 0.164
Average 4.36 0.37 0.15

%l =4.35; g, =0.1708.
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where
A= — (8.7)

Values of Aare listed in Table A.4 in the Appendix.
When 1, and g, are estimated, 1, is estimated by X and g; is estimated by
R/d, ors/c,, where R is the sample range and s is the sample standard deviation.

8.3.1.1 U, Estimated by X and g, Estimated by R/d,

Let X be the grand average of more than one X and R be the grand average
of more than one R. Then, 1, is estimated by X and g; is estimate by R/d,.
In Table 8.1, X is the grand average of 20 X values (each X is from a batch of
5 observations) and R is the average of 20 range (R) values (each R is from a
batch of 5 observations). X =4.36, R =0.37,and n =5.

LCL = pp—30,//n = X—3R/Jn 8
= X-A,R, where A, = 3/(d,./n)

UCL = X +A,R (8.9)

CL = X (8.10)

Values of A, are tabulated in Table A.4.

Example 8.1
X =4.36, R =0.37,n =5, and A, from Table A.4 = 0.5768.

LCL =4.36 - (0.5768 x 0.37) = 4.15
UCL =4.36 + (0.5768 x 0.37) = 4.57
CL=4.36

The 20X values are plotted on the X chart in Figure 8.2.

8.3.1.2 , Estimated by X and 0, Estimated by s/c,

Let § be the grand average of more than one s (sample standard deviation).
Then g, is estimated by 5/c,:

LCL = X —3(5/¢,)/n = X—(38)/(ca/n) = X—As  (8.11)

where
A, = 3/(c,4/n) (8.12)
UCL = X + A8 (8.13)
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FIGURE 8.2
X chart.

Values of A; are tabulated in Table A.4 in the Appendix.

Example 8.2
X =4.36, 5 =0.154, n =5, and A, from Table A.4 = 1.4273.

LCL = 4.36 — (1.4273 x 0.154) = 4.14
UCL =4.36 + (1.4273 x 0.154) = 458
CL=4.36

8.3.2 Monitoring Process Standard Deviation

The hypotheses tested are Hy: 0 = g,; H;: 0 # g,. The general formula for
any control chart is

Expected value of the test statistic + Z,,,
x standard deviation of the test statistic  (8.14)

Both the expected value and the standard deviation of the test statistic are
obtained assuming that the process is in control. Also, it is assumed that the test
statistic is approximately normally distributed. There are two test statistics
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(unbiased estimators) for testing these hypotheses: R/d, and s/c,. Both are
assumed to be approximately normally distributed.

8.3.2.1 Using R/d, as the Test Statistic
E[R/d,] = g,; standard deviation R/d, = (d;/d,) x g, (8.15)

The control limits are
Opx Zyyp * (d3/dy) x 0y = 0 [1 £ 3 % (d3/0y)] (8.16)

if a =0.0026. The center line is located at g,. The values of the constant d; in
Egs. (8.15) and (8.16) are given in Table A.4 in the Appendix.

Values of R/d, are plotted on this control chart. Maintaining this chart can
be simplified by using R as the test statistic instead of R/d,. The control limits
when values of R are plotted are g (d, £ 3 x d;) and the center line is at g, % d,.

LCL = g, (d, - 3 x d3) = D, (8.17)
and
UCL = g, (d, + 3 x d;) = D,0, (8.18)
where
D, =(d, -3 xd,) (8.19)
and
D,=(d, +3xdj) (8.20)

The values of D, and D, are given in Table A.4.

As D, = (d, — 3 x d,) is negative when n <6, D, is set to 0, as R is positive.
The limits and the center line require knowledge of the in-control standard
deviation, g,, which may be difficult in many real-life situations. In such
cases, g, has to be estimated. The unbiased estimator of g, is R/d, . Let us
replace g, in the above formulas for the control limits and the center line by
R/d,.

The control limits are

LcL R

Oy(d; =3 xd;) = = (d,—3xd;) = R(1-3xdy/d,)

= D, xR (8.21)
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where

D3 = 1 - 3 X d3/d2 (822)
UCL = g,(d,+3 xd;) = dE(d2+3 xdy) = R(1+3xdy/dy)
2
= D,xR (8.23)
where
D, =1+ 3 x dy/d, (8.24)

The values of D; and D, can be found in Table A.4 in the Appendix.

As D; = (1 - 3 x dy/d,) is negative when n < 6, D; set equal to 0. The center
line is at R. This is called an R chart, because the values of the sample range,
R, are plotted on this chart.

Example 8.3

From Table 8.1, R =0.37 and n =5. The control limits are

D, =0

D, = 2.1144

LCL=0

UCL = 0.37 x 2.1144 = 0.78

The center line isat R =0.37.

8.3.2.2 Using s/c, as the Test Statistic

J1=c

E[s/c,] = g,; standard deviation s/c, = c Oy (8.25)
4

The control limits are

2

1-—
O, t3x% Cy O = o’o{li?)x/\/l_cﬂ (8.26)

C4 C4

The center line is set at g;. Values of s/c, are plotted on this chart. Maintain-
ing this chart can be simplified by using s as the test statistic instead of s/c,.
The control limits of a chart on which the values of s are plotted are c, x

Oo[1+3x /1—c§/c4] = gy[c, £3 % /1—c§] and the center line is at g,c,.
LCL = oy[c,—3x J1—cj] = Bsa, (8.27)
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and

UCL = gyfc, +3 xJ1-¢2] = Be0, (8.28)
where
By = ¢,—3x,/1-c (8.29)
and

c,+3x,/1-c (8.30)

The values of B; and Bg are given in Table A.4.

The limits and the center line require knowledge of the in-control standard
deviation, g, which may be difficult in many real-life situations. In such
cases, g, has to be estimated. The unbiased estimator of g; is §/c,. Let us
replace g, in the above formulas for the control limits and the center line by
S/ Cy.

The control limits are

Bs

LCL = g,[c,—3 % J1—ci] = Ci [c,—3x.J1-c]
4
=3 l_3xAll—Ci
Cq
= B, x5 (8.31)
where
2
B, = 1-3x 120 (8.32)
Cy
UCL = gy[c, +3x4J1—¢2] = §/¢,[c, +3 % .J1—c]]
} [i 2
= s{1+3x 1 C‘}
C4
= B, x5S (8.33)
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where

1-c;
B, = 1+3x :

(8.34)

Cy

The values of B; and B, can be found in Table A.4.

As B; = (1-3x,/(1 —cﬁ)/c4) is negative when n <5, it is set equal to 0.
This is called an s chart, because the values of the sample standard deviation,
s, are plotted on this chart.

Example 8.4

Please refer to Table 8.1. From the table, § =0.15 and n =5. The control limits
are

B,=0
B, = 2.0889
LCL=0

UCL = 2.0889 x 0.154 = 0.322

The center line is at § =0.154.

8.3.2.3 Summary

While monitoring the mean and standard deviation of a process, two control
charts are required:

1. X chart (for testing ) and R chart (for testing o)
2. X chart (for testing 1) and s chart (for testing o)

8.3.2.4 Subgroup or Batch Size and Frequency

Based on the recommendation of QS-9000, the sample batches should be
chosen in such a manner that the opportunities for variation among the units
within a batch are small. The recommended subgroup size (n) for an initial
study is 4 to 5. It should be kept in mind that the components within a sub-
group are produced under very similar conditions and that no systematic
variation is present among the units within the same subgroup. The variation
present among the units of a subgroup should be due to the natural inherent
variation present in the process only. This is called the common cause variation.
The control charts compare this variation with the variation between sub-
groups, which is due to the “’special” or “assignable” causes. As the purpose
of the charts is to detect changes in the process over time, batches should be
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collected often enough to do so. The interval between successive batches
could be shorter initially. As the process becomes stable, this interval could
be increased. For estimation of the in-control mean and standard deviation,
it is recommended that 25 or more subgroups containing about 100 or more
components are collected. In the Design of Control Charts section (8.5), the
sample size (n) and the interval between successive batches (h) will be con-
sidered as decision variables to minimize the total expected cost per unit
time.

8.3.3 Some Special Charts

There are situations where it may be difficult to take a sample of size greater
than one or when only one measurement is meaningful each time. Some
examples of these situations are

1. The production rate is very slow or the batch size or the lot size is
very small.

2. In continuous processes (such as chemical processes), measure-
ments on some quality characteristics, such as the viscosity of a
paint or the thickness of insulation on a cable, will vary only a little
between successive observations.

In these situations, it is not possible to use the X and R or s charts we studied
earlier. The following are some of the charts that can be used in such cases.

8.3.3.1 Individual Measurement Chart or X Chart or Run Chart
and Moving Range Chart

Both the in-control mean and in-control standard deviation are estimated.

Example 8.5

The ten observations given in Table 8.2 are the densities of a compound col-
lected at intervals of 15 minutes each from a chemical process. These obser-
vations will be used to compute the limits of the X chart and the moving
range chart.

8.3.3.1.1 X Chart

The control limits of an X chartare i, + 30,/./n (assuming a =0.0026). In the
X chart, individual measurements are plotted, hence n =1. So the control limits
of an X chart are [, £ 30,. As [, is estimated by X and g, by R/d,, the limits
become:

X +3(R/d,) (8.35)
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TABLE 8.2
Data for X Chart and Moving Range Chart

Observation Number Observation Moving Range

1 10.42 —
2 10.89 0.47
3 9.86 1.03
4 9.97 0.11
5 10.52 0.55
6 10.21 0.31
7 10.99 0.78
8 11.23 0.24
9 11.21 0.02
10 11.14 0.07
Average 10.64 0.398

As the moving range is calculated from two successive observations most of
the time, and d, = 1.128 when n = 2, the control limits are

X +2.66R (8.36)

In the example, X =10.64 and R = 0.398, hence the limits are (9.58, 11.70).
None of the ten X values are outside these limits; therefore, these can be used
as the limits of the X chart.

8.3.3.1.2 Moving Range Chart

The control limits of the R chart are D;R and D,R (assuming o = 0.0026). As
the moving range is computed from two successive observations most of the
time, D;and D, are 0 and 3.2672, respectively. Hence, the limits of the moving
range chart are

(0, 3.2672R) (8.37)

In our example, the limits are (0, 1.30). As none of the nine range values is out-
side these limits, these limits can be used as the limits of the moving average
chart.

8.3.3.2 Pre-Control Chart

Individual measurements are plotted on this chart. It is suitable for situations
where the batch size is small. The control limits are based on the specification
limits. As an example, let the specification limits for a quality characteristic
be 0.5+ 0.002 (LSL =0.498; USL =0.502). The center line of the chart is located
at the nominal size (0.500). Horizontal lines are drawn at the upper specifica-
tion limit (0.502) and the lower specification limit (0.498). In addition, hori-
zontal lines are also drawn at nominal size + 1/4 x (USL — LSL).
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In our example, these lines are at 0.5 - 1/4 x (0.502 — 0.498) = 0.499 and
0.5 +1/4 % (0.502 — 0.498) = 0.501. The regions above the USL and below the
LSL are called the red zone; the interval between (nominal size — 1/4 x total
tolerance) and (nominal size + 1/4 x total tolerance) is called the green zone;
and the regions between the red and green zones are called the yellow zone.

The following rules are used while setting up the process:

1. Collect components and measure and plot the individual measure-
ments on the chart until five consecutive values fall in the green
zone.

2. If a value falls in the yellow zone, restart the count to obtain five
consecutive pieces in the green zone. Do not adjust the process.

3. If two consecutive values fall in the yellow zone or one value falls
in the red zone, adjust the process.

4. When five consecutive values fall in the green zone, approve the
setup (the process is in-control) and start regular manufacture.

During regular manufacture, sample two consecutive components every h
(say, 20) minutes and follow these rules:

1. If the first value falls in the green zone, do not plot the second
value; continue the process.

2. If the first value falls in the red zone, stop the process and inves-
tigate.

3. Ifthe first value falls in the yellow zone, then plot the second value.
If it falls in the green zone, continue the process; otherwise, stop
the process and investigate.

This chart is simple to maintain, which is very important. One main disad-
vantage is that the information presented by the chart regarding the variabil-
ity of the process is incomplete.

8.3.3.3 D-NOM Charts

In these charts, the deviations of the characteristics from their respective
nominal values are used as the observations. The calculations of the control
limits are done in the same manner as in the regular X and R charts.

Example 8.6

Let us assume that two types of shafts, A and B, are produced on a machine.
The nominal values of the quality characteristics of A and B are 30.00 and
20.00, respectively. Table 8.3 contains three sample batches of A and five
batches of B. The sample size is three for all the batches.
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TABLE 8.3
Data for D-NOM Chart

Deviation of Deviation of Deviation of
Obs. 1 from Its Obs. 2 from Its Obs. 3 from Its Test

Batch Part Obs. Obs. Obs. Nominal Value  Nominal Value  Nominal Value Statistic Test
# Type 1 2 3 (x1) (X2) (X3) (x) Statistic (R)
1 A 30 31 32 0 1 2 1.0 2
2 A 29 30 31 -1 0 1 0 2
3 A 28 29 32 -2 -1 2 -0.33 4
4 B 20 22 21 0 2 1 0.67 3
5 B 20 22 19 0 2 -1 0.33 2
6 B 22 21 18 2 1 -2 0.33 4
7 B 20 19 18 0 -1 -2 -1.00 2
8 B 19 20 20 -1 0 0 -0.33 1
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The control limits are

1. X chart
LCL: X = A, (n=3) R =0.084 - 1.0231 x 2.5 = -2.47
UCL: X +A, (n=3) R =0.084 + 1.0231 x 2.5 = 2.64

CL: 0.084
2. Rchart
LCL: DsR =0
UCL: D,R =2.5743 x 2.5 = 6.438
CL:R =25

The assumptions are

1. Process standard deviation is the same for all parts.
2. Sample size is constant.

8.3.3.4 Standardized X and R Charts

These are used, if the assumption that the standard deviation is the same
cannot be satisfied. For the part type j test statistic, let X,; be the target value
for part type jand R; be the average range of part type j. Then,

X chart test statistic = (X;—Xo;)/R; (8.38)

where (X; —X,;) is equal to Ei”zl(xij —X,;)/n and n is the equal sample size.
The control limits are

LCL =-A,
UCL = +A,
CL=00

The R chart test statistic = R/R;, and

LCL = D,
UCL =D,
CL=10

Example 8.7
The test statistics are computed using the same data given in Table 8.3. The
results are given in Table 8.4. For the X chart,

LCL = -A, (n = 3) = -1.023
UCL=A, (n=3)=1.023
CL=00
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TABLE 8.4
Data for the Standardized X and R Charts

X

Batch Part Obs. Obs. Obs. Chart Test R Chart Test
# Type 1 2 3 X R Statistic Statistic
1 A 0 1 2 1.00 2 1/2.67 = 0.375 2/2.67 =0.75
2 A -1 0 1 0.00 2 0 2/2.67 =0.75
3 A -2 -1 2 -0.33 4 -0.124 1.50
8/3 =267
4 B -1 2 1 0.67 2 0.67/22=0.305 2/2.2=0.909
5 B 0 2 -1 0.33 2 0.15 0.909
6 B 2 1 -2 0.33 4 0.15 1.818
7 B 0 -1 -2 -1.00 2 -0.455 0.909
8 B -1 0 0 -0.33 1 -0.15 0.455
11/5=22

For the R chart,

LCL=D;=0
UCL =D, (n=3)=2575
CL=1.00

There must be some logic for pooling parts. The target value X,; and the aver-
age rangeR; can be determined from past data.

8.3.3.5 Exponentially Weighted Moving-Average (EWMA) Control
Chart

This chart is mainly used with individual observations; it was introduced by
Roberts.” Let us assume that i observations have been collected from the pro-
cess until now. The test statistic associated with the ith observation, x;, is the
exponentially weighted moving average associated with the ith observation:
Zi = AXi + (1 - A)Zi—l (839)
where
Ziy = Mg+ (1 - N)Zi,
Zip =M+ (1= A)Zi5

and soonwhere0<A<1.
Wheni=1,

Zl = AX]_ + (1 - A)ZO
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where z, = [, (in-control mean or an estimate of the in-control mean).
Now, z; can be written as:

AX; + (L=A)[AxXig + (1= 2)Z,2)]

A+ AL =X+ (1=A)°Z,

AXi + AL =A)Xiog + (L=A)[AXisp+ (1= A)Ziz4]

A +F AL =X + AL =X+ (L=2)Z,

A+ AL =Xy + AL =A)Xio + A(L =A%,

+oe AL =) X+ AL =) X+ (1=A)'Z,
(L=2)Zg+ A(L=A) X + AL =A) Pxp + o + AL = 1) x,
+..+ A1 —/\)in_2 + A1 =A)Xi_ + AX

Z

= (1=2)'Zg +WyX; +WoX, + oo + WiXj+ - + Wi X WX (8.40)

It can be seen from the expression of z; that the weight given to the jth obser-
vation, x;, is

w; = A(L - A)7 (8.41)

Since 1 —A <1, w; = A(L - )7 increases as j increases. That is, the weight
assigned to the most recent observation is larger than the weights assigned to
the previous observations.

Example 8.8
Let A =0.8,i=5, and i, = 1.0. Then, the weights are w; = 0.6(1 - 0.6)° " =
0.01536; w, = 0.6(1 — 0.6)°* = 0.0384; w, = 0.6(1 - 0.6)°"> = 0.096; w, = 0.6(1 —
0.6)°™* = 0.240; and w; = 0.6(0.4)*° = 0.6. Also, z5 = 0.6x5 + 0.24x, + 0.096x; +
0.0384x, + 0.01536x,. The test statistics if x, = 0.98, X, = 0.97, X, = 1.00, x, = 1.02,
and x; = 1.03 (and L, = 1.0) are given in Table 8.5.

The control limits are

LCL = yo—LaJ@-f—/\) [1—(1-2)%] (8.42)

UCL

u0+|_aj(2f/\) [1-(1-M)7% (8.43)

and CL = 4,
In the above expressions for LCL and UCL, gy is the in-control standard
deviation, A is the parameter used in computing the test statistic, and L is the
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TABLE 8.5
Test Statistics for the EWMA Chart

Obs. # Obs. Test Statistic

(1) (xi) Zi= A+ (L= N)ziy

1 0.98 z,=0.6 x0.98 + (1 -0.6) x 1.0 =0.988
2 0.97 2,=0.6x0.97 +(1-0.6) x0.988 =0.977
3 1.00 2;=0.6x1.00+(1 -0.6) x0.977 =0.991
4 1.02 7,=0.6x1.02+(1-0.6) x0.991 =1.008
5 1.03 z5=0.6 x 1.03 + (0.4) x 1.008 = 1.021

TABLE 8.6

Control Limits for EWMA Chart

Test

Obs. # Observation Statistic
() (x:) (z) LCL ucL
1 0.98 0.988 1-3.054 x 0.0133 1 +3.054 x 0.0133
x J{0.67(2-0.6)[1—(1-0.6)7} x J{0.67(2-0.6)[1—(1-0.6)7}
= 0.976 = 1.024
2 0.97 0.977 0.974 1.026
3 1.00 0.991 0.973 1.027
4 1.02 1.008 0.973 1.027
5 1.03 1.021 0.973 1.027

width of the control limits (whichis Z,,,). Table 8.6 contains the control limits
for the data in Example 8.8.

The parameters A and L are selected to yield a specified average run length
(ARL), which is the average length of time during which the process is run in
its out-of-control state before it is stopped. Lucas and Saccucci’ provide
guidelines for selecting A and L. In general, values of A in the interval 0.05 <
A<0.25 and L =3 work well in practice.” Smaller values of A should be used
to detect smaller shifts.

8.4 Attribute Control Charts

In cases where quality is measured as attributes (humber of defects in a com-
ponent or a product or a batch of components or products, number or pro-
portion of defectives in a batch, etc.), attribute control charts are used.

8.4.1 Monitoring Proportion of Defectives in a Lot

The proportion of defectives in a lot is denoted by p. The hypotheses tested
are Hy: p = po; Hi: p # po (po is some target value which should be as small as
possible).
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The test statistic is the sample proportion of defectives P or p =x/n, where
n =sample batch size and x = number of defectives in the sample batch.
The control limit general formula is E(T.S.) + Z,,, S.D.(T.S.):

Po(1 —Po)

E(P) = po; S.D.(P) = -

(8.44)

Hence, the control limits are

Pot Zas2 /—p"(ln_ Po) (8.45)
= pot3 /M, if a = 0.0026 (8.46)

The center line is at p,. If p, cannot be specified, it must be estimated from the
data. Let us assume that m sample batches, each of size n, are collected and
that the total number of defectives in these m sample batches is d. Then the
estimate of the proportion of defectives per sample batch (of size n) is p =
d/(m x n), and p, = Pp.

Then the control limits are

(8.47)

The center line is at P, and this is called a p chart.

Example 8.9

Let us assume that the readings in Table 8.7 are the number of defective items
in 18 sample batches, each containing a total of 50 items (n = 50). The total
number of defectives in the 18 sample batches collected is 229. As each
sample batch has 50 items, the average fraction of defectives in these 18 sam-
ple batches is P = 229/(18 x 50) = 0.254, and the limits using this as the esti-
mate of p, are

LCL = 0.254 — 3,/0.254(1 — 0.254)/50 = 0.069
UCL = 0.254 + 3./0.254(1 —0.254)/50 = 0.439

The center line is located at 0.254.

In this example, all the p values are within the control limits computed.
Hence, these limits can be used for monitoring p. If one or more p values
falls outside the limits, then these values have to be removed and a new p is
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TABLE 8.7
Data for p Chart

Batch Number of Proportion of
Number Defectives Defectives
( *) (P
1 9 0.18
2 10 0.20
3 11 0.22
4 13 0.26
5 13 0.26
6 8 0.16
7 18 0.36
8 12 0.24
9 11 0.22
10 8 0.16
1 14 0.28
12 21 0.42
13 18 0.36
14 10 0.20
15 8 16
16 18 0.36
17 19 0.38
18 8 0.16

computed. This procedure has to be repeated until all the p values used in
the estimation of p are within the control limits.

8.4.2 Monitoring Number of Defectives in a Lot

The number of defectives in a lot is denoted by np. The hypotheses tested are
Hy: mean number of defectives = npy; H;: mean number of defectives # np.

The test statistic used is the number of defectives (x) in a sample batch of
size n, which is denoted as np. The limits of this chart are obtained by multi-
plying the control limits of the p chart by n:

n x {pois /@} if & = 0.0026

= Nnpo £ 3./npo(1—po) (8.48)
In Eq. (8.48), p, can be replaced by its estimate p. The center line is located at

np,, and this is called an np chart.

Example 8.10

Using the data from Table 8.7, the control limits are computed as follows:
P =0.254

n =50
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LCL =50 x 0.254 — 3./50 x 0.254 x (1 —0.254) = 3.45.
UCL =50 x 0.254 + 3J50 x (0.254 x (1 -0.254) =21.95.
The center line is located at 50 x 0.254 = 12.70.

8.4.3 Monitoring Number of Defects

If the quality of a component or product is measured in terms of the number
of defects per component or product or batch, then a c chart is used. The letter
¢ here denotes the number of defects per component or product (or per some
appropriate unit of the product—for example, number of defects per 10 yards
of a cable or per 1 yd’ of an aluminum sheet, etc.) or the number of defects in
a sample of size n. The hypotheses tested here are

H,: mean number of defects per piece or some unit or per batch = c,.
H;: mean number of defects per piece or some unit or product # c,.

The test statistic is the number of defects per the appropriate unit, which is c.
The expected value and the standard deviation are (assuming that c obeys a
Poisson distribution) E(c) = c,; S.D.(c) = ¢,.

Hence, the control limits are ¢, £ Zmﬁ) ,which becomes;

cox3./c, if a = 0.0026 (8.49)

The center line is at ¢,. If ¢, cannot be specified, it can be estimated by the
mean number of defects from one or more sample batches, which is denoted
by €. Then, the control limits become C + 3./c,if @ = 0.0026. The center line
is located at C.

Example 8.11
The observations in Table 8.8 are the number of defects in five sample
batches, each containing 15 items. Assuming that the process was in control

TABLE 8.8
Data for ¢ Chart

Number of Defects

Batch # in Batch
() (c)
1 18
2 12
3 7
4 9
5 16
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when these observations were collected, compute the limits of the ¢ chart:
t=(18+12+7+9+16)/5=124

The limits are LCL =12.4 - 3./12.4 =1.84 and UCL =12.4 + 3./12.4 = 22.96.
The center line is located at 12.4. All the ¢ values used in the estimation of ¢
are within the control limits.

8.4.4 Monitoring Average Number of Defects

If the quality is measured in terms of the average number of defects per unit
(and not the actual number of defects per unit or the actual number of defects
per sample batch), then a U chart is used. Here, U denotes the average
number of defects per unit and ¢ denotes the actual number of defects per
sample batch containing n items.

If U, denotes the in-control or target mean of the average defects per unit,
then the hypotheses being tested are

H,: mean number of average defects per unit = U,,.
H;: mean number of average defects per unit # U,,.

The test statistic used is the average number of defects per unit, or U. The
expected value and standard deviation of U are

E(U) = U,

Standard deviation (U) = ,/(U,/n)

U=c/n

E(C) = ¢

Var (C) = ¢, (8.50)

E(U) = ¢/n = U,
Var (U) = Var (C)/n® = ¢,/n° = nUy/n* = Uy/n

where n is the sample size. Hence, the control limits of the U chart are

which becomes:
U, +3./(Uy/n), when a = 0.0026 (8.51)

The center line is at U,. If U, cannot be specified, then it is estimated by the
sample mean number of defects per unit from observations collected when
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TABLE 8.9
Data for U Chart (I)

Number of Average Number
Defects in of Defects per

Batch # Batch Unit

O] (© V)

1 18 18/15=1.2

2 12 12/15=0.8

3 7 7/15 =0.47

4 9 9/15=0.6

5 16 16/15 = 1.07

the process is in control. Let this estimate be U. Then the control limits are

U +34/(U/n) (8.52)

The center line is located at U.

Example 8.12
The data set in Table 8.9 contains the number of defects in five sample
batches, each containing 15 items. Assuming that the process was in control
when these observations were collected, compute the control limits of the U
chart.

There are two options for calculating the average number of defects per
unit (U). Both give the same value, as the sample sizes are equal:

U =[1.2 +0.8+0.47 + 0.6 + 1.07]/5 = 0.83, or
U =[18+12+7+9+16]/(5 x 15) = 0.83
In this case,

LCL =0.83 - 3./(0.83/15) = 0.12.
UCL =0.83 + 3./(0.83/15) = 1.54.

The center line is located at 0.83.

Example 8.13
The data on the number of defects found in five sample batches with unequal
sample batch sizes are given in Table 8.10. Compute the control limits of the
U chart.

In this example, the sample sizes are not equal, hence each sample batch
will have its own control limits. This is because the control limits, U +
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TABLE 8.10
Data for U Chart (II)

Average Number of

Batch # Sample Size Number of Defects Defects per Unit
(i) (n;) in Batch (c;) W)
1 2 5 5/2=25
2 3 6 6/3=2.0
3 2 2 2/2=10
4 5 7 7/5=14
5 8 9 9/8 =1.125
Total 20 29 —
TABLE 8.11
Control Limits of U Chart
Batch #
@) (ny) U, LCL; UCL,
1(2) 5/2=25 0 4.30
2 3) 6/3=2.0 0 3.81
3(2 2/2=10 0 4.30
4 (5) 7/5=14 0 331
5(8) 9/8 = 1.125 0.26 2.96

3,/(U/n,), are functions of the sample size. However, U is computed using
all the observations:

U=[25+20+10+14+1.125]/5=1.61, or
U=[5+6+2+7+9]/[2+3+2+5+8]=29/20=1.45

Either can be used to compute the control limits. We will use 1.61, hence the
control limits are 1.61 + 3,/(1.61/n;), where the subscript i denotes batch i.
Wheni=1:

LCL =1.61 - 3./(1.61/2) =-1.08 which is set to 0.
UCL =1.61 + 3./(1.61/2) = 4.30.

Wheni=2:

LCL =1.61 - 3./(1.61/3) = -0.59 which is set to 0.
UCL =1.61 + 3./(1.61/3) =3.81.

The control limits of the five batches are given in Table 8.11. It can be seen that
all the U, are within the respective control limits.
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8.5 Design of Control Charts

In this section, the design of an X chart will be described, based on the
work by Duncan.’ The procedure used in the design of an X chart can be

used in the design of other control charts, with suitable modifications. From

Egs. (8.1) and (8.2), the control limits of an X chart are (i * Z,,,0,//n),

from which it can be seen that the variables required to construct an X chart

are

Ly — In-control value of the process mean (specified or estimated)

. o — Probability of Type | error (commonly used value is 0.0026)

3. 0, — In-control value of the process standard deviation (specified

4,
5.

or estimated)
n — Sample size
h — Length of interval between successive sample batches

In the design of an X chart by Duncan,’ n, h, and a are the decision variables.
The following assumptions are made:

1.

The process always starts in its in-control state.

2. When the process is in the in-control state, the mean (u) of the

The objective is to minimize the total expected costs per time, including:
sampling cost, cost of running the process in an out-of-control state, cost of

quality characteristic is 1, (unknown).

A single assignable cause occurs at random (for example, a tool
breaking) and results in a shift of magnitude & in the mean from
L, to either (1, + ) or (K, — ). The out-of-control mean is denoted
by ;.

If the process starts in the in-control state, the time interval during
which the process remains in that in-control state is exponentially
distributed with a mean 1/A (known).

The process is monitored by an X chart with the center line at p,
UCL at u, + kayZ/n, and LCL at y, — kayZ/n , where k = Z,,,
(oy is known; k and n are decision variables).

Sample batches of size n are taken at intervals of h time units
(n and h are decision variables) and X is plotted on the chart.
When any point falls outside the control limits, a search for the
assignable cause is initiated. The time required to find the assign-
able cause is a constant equal to D.

Once the cause is located, it is removed and the process is restarted
in its in-control state (with u = ).
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stopping the process unnecessarily (cost of false alarm), cost of investiga-
tions, and cost of rectification. The unit costs that Duncan used will be intro-
duced as and when required. It is an unconstrained optimization problem
with three decision variables (n, h, and k), out of which two are continuous
variables (h and k) and one (n) is an integer variable.

Because of the assumptions made, the process goes through a cycle consist-
ing of the following:

In-control period

Out-of-control period until detection

Time to take a sample batch and interpret the results
Time to find the assignable cause and fix it

> ow e

The total length of the cycle is a random variable because intervals 1 and 2
are random variables. The cycle renews itself probabilistically at every start
and the lengths of the cycles are independent and identically distributed ran-
dom variables. Hence, this cycle is a renewal cycle and this stochastic process
is a renewal process.10 Our objective in this problem is to minimize the total
expected cost per unit time, denoted by E(TC). As per the Renewal Reward
Theorem, the total expected cost per unit time is equal to

E(TC) = E(C)/E(CT) (8.53)

where E(C) is the expected cost/cycle and E(CT) is the expected length of a
cycle. Now the problem reduces to that of finding E(C) and E(CT). Let us first
obtain the expected length of a cycle, E(CT). We will find the expected length
of each of the nonoverlapping four segments in the cycle and add them to
find the expected length of the whole cycle.

8.5.1 In-Control Period

This is the part of the cycle during which the process stays in control. In other
words, during this entire period the process mean stays at the in-control
value, . As per assumption 4, this period is an exponentially distributed
random variable with a mean 1/A. Hence,

E [In-control period] = 1/A (8.54)

8.5.2 Out-of-Control Period

This period starts when the process goes out of control (that is, the process
mean u has changed from the target value i, to 1) and ends when the user
detects it because of an X falling outside the control limits on the control
chart. If we can obtain the expected number of trials required for the
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detection of the out-of-control state of the process (that is, the expected num-
ber of X values to be plotted before the first X falls outside the control lim-
its), then the expected length of the period until detection, which we will
denote by E(B), can be obtained by multiplying this expected number of X
values and the interval length, which is h. The number of X values to be plot-
ted before the first X falls outside the control limits follows a geometric dis-
tribution with a mean of 1/(1 - 8), where Sis the probability of Type Il error
defined in Eq. (8.4). Hence, the expected length of the period until detection is

E@B) =h/(1 - P (8.55)

There is an overlap between the in-control period and E(B). Let us denote
this overlap by L. The expected value of this period—that is, E(L)—is to be
subtracted from E(B) in order to obtain the expected length of the out-of-
control period until detection.

The problem in finding E(L) is that we do not know at what interval the
process goes out of control. We can solve this problem by assuming that the
out-of-control state starts in the ith interval [(i — 1)h, ih] and conditioning on
that event.

Let A; = out of control that occurs during the ith interval. That is,

A =[@{i —-1h<S<ih]
where S is the time during which the process stays in control. Hence,
P(A) =P[(i — 1)h < S <ih] (8.56)

The expected length of L, given that failure occurs (out-of-control state starts)
during the ith interval, is given by:

E[L/A] = E[S/A] - (i - 1)h (8.57)

Once the E[L/A]] forall i (i=1, 2, ...), are obtained, E(L) can be found as:
E(L) = ZE[L/Ai] P[A] (8.58)

Let f(s) be the probability density function of S, which is the time during which
the process is in control. From the definition of conditional expectation,

E[S/A] = I:_l)hs f(s/A;)ds (8.59)
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The conditional probability density function, f(s/A)) is

f(s/A) =1(s)/P[A] = Ae/P[A] (8.60)
where
ih
P[A] = I(H)h f(s)ds
- e—(i—l)h)\ _e—/\ih (8.61)

Now, Eq. (8.60) can be written as:
f(s/A) = Ae™/[e ™M™ - e (i-Dh<s<ih (8.62)
Hence, Eq. (8.59) is

ih

E[S/A] = [ sAe/[e "M _ e s

(i-1)h
= 1+ Aih—e™™(1+ Aih—Ah)/A(L —e™) (8.63)

Using Eq. (8.63), (8.57) can be simplified to:
E[L/A] = (1 + Ah —e")/ZA(L —e™) (8.64)

Finally, using Eq. (8.64), E(L) can be written as:
E(L) = (1 -1 + Ah)e™/ZA@ —e™) (8.65)
Hence, the expected length of the out-of-control period is
E(B) - E(L) = [/ -B)] - [ - (1 + An)e™/A(L -e™)]  (8.66)

8.5.3 Time to Take a Sample Batch and Interpret the Results

In his paper, Duncan® assumes that this interval is a constant, g, times the
sample size n. Let the length of this interval be U, which then is

U=gxn (8.67)
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8.5.4 Time to Find the Assignable Causes and Fix Them

Duncan® assumes that this interval is a constant equal to D, as per assump-
tion 7. Now the total expected length of one cycle is

E(CT) = 1/A+h/(1-B) —[(L = (L +Ah)e™/(A(1-e™)] +gxn+D
(8.68)

8.5.5 Expected Costs per Cycle

Duncan includes the following costs in the total costs per cycle, E(C):

1. Cost of sampling

2. Cost of searching for an assignable cause when none exists (false
alarm)

3. Cost of running the process in its out-of-control state
4. Cost of checking and eliminating an assignable cause

Let us now derive expressions for these costs.

8.5.5.1 Expected Cost of Sampling

Duncan assumes that the cost of sampling consists of a fixed cost of $a, (per
sample batch), which is independent of the sample size, n, and a variable cost
of $a, (per item). The expected sampling cost per cycle = sampling cost per
batch x expected number of batches per cycle, or

(a, + @, x n) x E[CT]/h (8.69)
where E(CT) is given in Eq. (8.68).

8.5.5.2 Expected Cost of Searching for an Assignable Cause When None
Exists or Expected Cost of False Alarms per Cycle

Duncan® assumes that each time a false alarm occurs, a unit cost of $a; is
incurred. Hence,

E[cost of false alarms/cycle]
= a'y x Expected number of false alarms/cycle  (8.70)

Let M be the number of false alarms/cycle, then

Expected number of false alarms/cycle = E(M)

ime[M =m] (8.71)
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where P[M = m] is the probability distribution of the number of false
alarms per cycle. This probability distribution can be related to the distri-
bution of the length of time interval during which the process is in control
(S). The expected value of false alarms per cycle can be shown to be equal to

E(M) = Z(ma)P[mh <s<(m+1)h]
m=0
=aym[" " ae™ds 872
m=0 mh
E(M) = azom[e‘r"“—e“m*”“‘]
_ > —mhA > —(m+1)hA
=ay¥§ me —aN me (8.73)
In Eq. (8.73),
> —-mhA > —-Ahym
ay me =ay me)
= (ae™)/(1-e™")’ (8.74)
and
o (mhd _ M . .-mhA
ay me = ae me

ae"[e(1—e")’

(8.75)
Now, Eg. (8.73) is simplified to

E(M) = ae™/(L—e™) —ae™[e?"/(1-¢7")]
ae"/(1-e™") (8.76)

Now, Eq. (8.70) can be written as:

E[Cost of false alarms/cycle] = a5 x ae™"/(1 — ™) (8.77)

8.5.5.3 Expected Cost of Running Process in Out-of-Control State
Duncan® assumes that the unit cost of running the process in its out-of-control
state is $a,/unit time; therefore,
E[cost of running the process in its out-of-control state]
= a, x Expected length of time during which the process
is run in its out-of-control state (8.78)
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The expected length of time the process is run in its out-of-control state is
segment 2 of the cycle, and as per Eq. (8.66) is

(h/(1 - PB) - [(L - (L +Ane™/AL - e™)]
Hence, Eq. (8.78) is

E[Cost of running the process in out-of-control state]
= a,x{(/(1-P)-[(1-(1+Ah)e™)/A1-e"")]} (879)

8.5.5.4 Expected Cost of Finding an Assignable Cause and Fixing It

Duncan® assumes that this cost is a constant and is equal to $a;. Now, the total
expected cost per cycle, E(C), can be written as the sum of the costs derived
earlier, and is equal to

E(C) = {a,+a,xn} E(CT)/h+a; xae™"/(1—e™"
+a,x{h/(1-B)—[(1—(1+Ah)e™)/A(1-e""]} +a, (8.80)

where E(CT) is given in Eq. (8.68).

The objective function to be minimized is the expected total cost per unit
time, E(TC), which is obtained by dividing the total expected cost per cycle,
E(C), as per Eq. (8.80), by the total expected length of one cycle, E(CT), as per
Eq. (8.68):

E(TC) = [{a, +a,n} E(CT)/h+a; xae ™"/ (1—e ") +a, x{(h/(1-p))
(A= +Ah)e™™ /A1 -e"M]} +a5]/[1/A+h/(1-P)
—[(1=(1+Ah)e™)/A(L-e™] +gxn+D] (8.81)

Because of the complexity of this function and the fact that n is an inte-
ger, this problem cannot be solved by taking partial derivatives of the
objective function with respect to each of the decision variables and set-
ting them equal to 0. Numerical methods or trial-and-error methods are
recommended.

There are many papers that deal with the economic design of control
charts. Montgomery,’ Svoboda,™ and Ho and Case* have provided excellent
reviews of the work done in this area. The economic design models are not
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popular among the practitioners because of the complexity of the models and
the difficulties in estimating the cost parameters.’

8.6 Some Recent Developments

The traditional c and U charts assume that the underlying distribution of the
number of defects per unit or batch is a Poisson distribution, but this assump-
tion is not valid in real-life applications. Also, the control limits are derived
assuming a normal approximation. To overcome these shortcomings of the ¢
and U charts, Xie and Goh*’ proposed new control limits based on geometric
distribution. Chan et al.? recently developed a new type of control chart, the
Cumulative Quantity Control chart, because of the unsatisfactory perfor-
mance of the ¢ and U charts for monitoring high-yield processes with low
defect rates. Recently, Philippe® developed a special EWMA type of chart for
monitoring the range R.

8.7 References

1. Statistical Process Control, QS-9000, Reference Manual, Automotive Industry
Action Group, Southfield, Ml, 1995.

2. Chan, L.Y., Xie, M., and Goh, T.N., Cumulative quantity control charts for
monitoring production processes, Int. J. Prod. Processes, 38, 397-408, 2000.

3. Duncan, A.J., The economic design of X charts used to maintain current control
of a process, J. Am. Stat. Assoc., 51, 228-242, 1956.

4. Ho, C. and Case, K.E., Economic design of control charts: a literature review
for 1981-1991, J. Qual. Technol., 26, 39-53, 1994.

5. Lucas, J.M. and Saccucci, M.S., Exponentially weighted moving average control
schemes: properties and enhancements, Technometrics, 32, 1-12, 1990.

6. Montgomery, D.C., The economic design of control charts: a review and liter-
ature survey, J. Qual. Technol., 14, 75-87, 1980.

7. Montgomery, D.C., Introduction to Statistical Quality Control, 3rd ed., John Wiley &
Sons, New York, 1997.

8. Philippe, C., An R-EWMA Control Chart for Monitoring the Logarithm of the
Process Range, working paper, Ecole des Mines de Nantes, France, 2000.

9. Roberts, S.W., Control chart tests based on geometric moving averages, Tech-
nometrics, 1, 239-250, 1959.

10. Ross, S.M., Introduction to Probability Models, 6th ed., Academic Press, San Diego,
CA, 1997.

11. Svoboda, L., Economic design of control charts: a review and literature survey
(1979-1989), in Statistical Process Control in Manufacturing, J.B. Keats and D.C.
Montgomery, Eds., Marcel Dekker, New York, 1991.

12. Xie, M. and Goh, T.N., The use of probability limits for process control based
on geometric distribution, Int. J. Qual. Reliability Manage., 14, 64-73, 1997.

©2001 CRC PressLLC



.|
8.8 Problems

1. The in-control mean of the outside diameter of a component is 0.65"
and the in-control standard deviation is 0.001". The diameters are
normally distributed.

a. What are the control limits of the X chart, if a = 0.0026 and the
sample size is 6?

b. What is the probability of running the process when the mean
shifts to 0.651"?

2. The in-control mean and the standard deviation of a quality char-
acteristic are 2.50" and 0.005", respectively. The characteristic is
normally distributed.

a. What are the control limits of the X chart, if a =0.005 and n = 6?

b. What fraction of components is expected to fall outside the
tolerance limits of 2.500 + 0.01" when the process is in control ?

c. What is the probability of Type Il error if the mean shifts to
2.505"?

3. Sample batches of size n =5 are collected from a process each day.
After 25 sample batches have been collected, X =30 and s =2.1.
Both charts exhibit a process that is in control. The quality charac-
teristic is normally distributed. Assume that a = 0.0026.

a. Estimate the process standard deviation.
b. Determine the limits for the X and s charts.

4. A manufacturer is interested in controlling a process, using an X
chart. Historical data for 5 sample batches, each consisting of two
observations, are as follows.

Sample
Batch X Standard Deviation (s)
1 99 0.8
2 98 1.0
3 104 1.0
4 101 14
5 98 0.8

Determine the control limits of the X and s charts, assuming
a = 0.0026.

5. The surface roughness values of ten successive surface plates
ground on a grinding machine are as follows. Set up the limits for
the individual and moving range charts. Assume that a = 0.0026.
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Surface
Item Roughness

41
42
44
42
40
42
41
43
41
40

O WO ~NOO U~ WNBE

=

6. The following are the hardness values of ten powdered metal com-
ponents made out of successive blends. Set up the control limits
for the appropriate control charts, with a = 0.0026.

Blend Hardness

65
63
61
64
66
64
62
60
61
64

O OWOoO~NOOUOD WNBE

=

7. The following data were collected from a foundry regarding the
hardness of cast iron from successive charges of the cupola.

52 50 48 51 50

Assume that 1, =50, g, =2, L =3, and A = 0.8. Set up an EWMA
control chart and compute the test statistics and control limits. Also,
identify the out-of-control points, if any.

8. In order to monitor the quality of the picture tubes of television
sets, the following data were collected. These are the actual number
of nonconforming units found in sample batches of size 50 each:

Batch # 1 2 3 4 5 6 7 8 9 10
Nonconforming 2 6 5
units

Set up the appropriate control chart(s) (with LCL, UCL, and CL)
using the above data. Assume a = 0.0026.
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9. An automobile manufacturer wants to monitor the quality of the
automobiles manufactured. The following data were collected on
the number of nonconformities in 10 sample batches with 12 auto-
mobiles in each:

Batch # 1 2 3 4 5 6 7 8 9 10
Nonconformities 2 10 2 1 5 6 4 7 5 3

Set up the appropriate control chart(s) (with LCL, UCL, and CL)
using the above data. Assume a = 0.0026.

10. Aluminum sheets are produced in sizes of 4’ x 4’. The producer is
concerned about the surface defects on the sheets and collected the
following data to monitor the production process:

Batch # 1 2 3 4 5 6 7 8 9 10

Batch size 1 5 2 3 2 2 3 1 1 3

Surface defects 1 2 0 4 2 0 6 0 1 1
in the batch

Set up the appropriate control chart(s) (with LCL, UCL, and CL)
using the above data. Assume a = 0.0026.

11. Suppose that your assistant has been maintaining three ¢ control
charts: one to monitor the number of defects of type A per product
(cn), one to monitor the number of defects of type B per product
(cg), and the third chart to monitor the number of defects of type C
per product (cc). Let us assume that a type A defect costs your
company $a, to fix, a type B defect costs $a, to fix, and a type C
defect costs $a;. Suppose that you want to maintain one control
chart to monitor the total amount in dollars required to fix all the
defects of types A, B, and C per product. That is, the test statistic
to be plotted on the new control chart is total cost per product =
a,Ca +a,Cg + asCc, Where c,, cg and ¢ are the actual number of defects
of types A, B, and C per product, respectively. Assume that the
mean number of defects of types A, B, and C per product are Cg,,
Cys, and Cy, respectively.

a. What are the limits of the new control chart? Assume that a =
0.005. Assume also that c,, ¢z, and c¢ are independent.

b. Ifa, =$5.00, a, = $15.00, and a; = $10.00; the mean number of defects of
type A per product (Cys ) = 3; the mean number of defects of
type B per product (Cyg) = 4; and the mean number of defects
of type C per product (Cy) = 8, what are the control limits of
this new chart? (a = 0.005.)
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12. An X chart is used to monitor the mean of a quality characteristic.
The process is judged to be out of control if the process shifts by
1.5 standard deviations. The length of time the process is in control
is exponentially distributed with a mean of 100 hours. The fixed
sampling cost is $1.00 per batch and the variable cost is $0.20 per
sample observation. It costs $10.00 to investigate a false alarm, $2.50
to find an assignable cause, and $50.00 per hour if the process is
run in its out-of-control state. The time required to collect and
evaluate a sample is 0.02 hour and it takes 1.5 hours to locate an
assignable cause.

Assume that h = 30 minutes, k = 2.81, and n = 5. What is the
expected cost per hour if this control chart is used?
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9

Design of Experiments
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9.1 Introduction

In the design of experiments, a single experiment or a sequence of experi-
ments is performed to test and quantify the effects of one or more input vari-
ables on one or more output variables of a process or a product. The design
of experiments may be used to help improve the capability of a process by
identifying the process and product variables that affect the mean and the
variance of the quality characteristic(s) of the product. It can also help in
improving process yields. The variables that affect the output variables are
divided into two groups:

1. Input variables or signal factors
2. Noise variables

9.1.1 Input Variables or Signal Factors

Input variables or signal factors can be set at the desired levels by the exper-
imenter; that is, these variables can be controlled during the experiment and
at the design stage and/or in the actual production stage.

9.1.2 Noise Variables

Noise variable factors either cannot be controlled or are difficult and/or
expensive to control during the design or actual production stage. Some exam-
ples of these factors are the composition of raw materials used in manufacture
and the humidity level in a production shop. Both these variables could be
controlled but only at considerable cost.
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9.1.3 Other Variables

A third type of variable which includes variables that are functions of input
variables and affect the output variables, is called an intermediate variable.
The output variable that is being studied and measured in an experiment is
the response variable. Identifying the input variables, intermediate variables,
noise variables, and response variables is a critical step in any experiment
and can be effectively performed using cause-and-effect diagrams.*

9.1.4 Replication

Experimental runs under identical conditions should be replicated a suffi-
cient number of times to obtain accurate estimates of experimental errors and
the effects of the input variables on the response variables(s).

9.1.5 Randomization

The order of assigning objects or components to the levels of factors and
experimental runs should be randomized as much as possible in order to bal-
ance out the effect of the noise variables on the response variables, to mini-
mize the bias, and to introduce independence among the observations of the
response variables. This may not be easy or feasible in all experiments.

9.2 Single-Factor Experiments

In these experiments, the effect of only one signal factor or input variable on
a response variable is studied.

9.2.1 Analysis

The following assumptions are made in this design.

1. The single factor is set at a different levels.

2. At each of the levels of the factor, n experiments are conducted;
that is, the number of replications is n.

3. The value of the jth response variable at the ith level of the factor
is denoted by y;;, i =1,2, ...,aand j=1,2, ..., n.

4. The y; for any given level i are independent and follow normal
distribution with a mean p; and variance 4 i=12 .. a

Let us consider the following example.
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TABLE 9.1
Data for Example 9.1

Temperature  Replication1l Replication2 Replication3 Row Mean

600°F 5 (Yu) 6 (Yi2) 7 (Y1a) 6.0 (V10

650°F 3 (Y1) 4 (Y) 5 (Y23) 4.0 (Y1)

700°F 7 (Ya1) 8 (V) 9 (V) 8.0 (Va0
Example 9.1

A process engineer wants to test the effect of annealing temperature on the
tensile strength of a component. She selects three levels of annealing tempera-
ture: 600°F, 650°F, and 700°F. A total of nine identical components are selected
for the experiment, and three components are tested at each of the three levels.
The components are randomly assigned to be annealed at the three levels of
annealing temperature. The coded values of the tensile strengths of the nine
components are given in Table 9.1. In this example, a =3 and n = 3. The jth
observation at level i of the factor, y;, can be written as:

Yii = i * & (9.1)

where 1 is the population mean of the observations at level i of the factor and
g;; is the associated error. Because of the assumption that the y; are indepen-
dent and normally distributed with a mean ; and variance ¢, the error
terms, g;, are also independent and normally distributed with a mean 0 and
a variance ¢”. The observation y; can also be written as:

Vi = M+ (1= p) + (v — 1) 9.2)

sk
where u = %“‘

Let

is the grand mean.

L=K~H (9.3)

which represents the effect of level i of the factor on the response variable.
From Egs. (9.1) and (9.2),

€ = Yi ~Hi (9.4)
Hence, Eq. (9.2) becomes:

yi=u+T+e, fori=1,2 ..,a and j=1,2,...,n (9.5)

j
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This is the linear model for single-factor experiments. The sum of the squares

of errors, ey, is

Sei=Y Y -t (9.6)

It can be shown that the estimate of 1, which minimizes this quantity, is

yo= 22N =122 9.7)

As the g; are independent with mean = 0 and a common variance, the esti-
mate given in Eq. (9.7) is also an unbiased estimator of 4, i =1, 2, ..., a. Upon
replacing e; and (; by the respective estimators in Eqg. (9.6), we get:

1=1

DLEDPLISD ©2)
i=1 j=1 i j=1

This is called the sum of squares due to error (SSE). The total variation present
in the data is

a n
Total variation = (yi-—ym)2 (9.9)
3 30
where
- ziazlzjnzlyij
ym= == (9.10)

which is the estimate of u. The total variation is called the sum of squares total
(SST). The difference between SST and SSE is obtained as follows:

SST —SSE

1
M
M-

<

|

<
a

|
M-
M-

<
<
<

n

™M
=3
L
<
a

(9.11)

It can be seen that the term on the right-hand side is a positive quantity, hence
SST = SSE. Rearranging the terms, Eq. (9.11) can be written as:

S S -y =0y @y + S Y -9 (012)

=1 j=1 =1 =1 j=1
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The term on the left-hand side of Eq. (9.12) is the sum of squares total (SST), the
first term on the right-hand side is called the treatment sum of squares (SS treat-
ment) and the second term is the sum of squares due to error (SSE). So, in the
single-factor model, the total sum of squares is partitioned into the treatment
sum of squares and the sum of squares due to error.

There is an alternate way of obtaining the relation in Eq. (9.12). The obser-
vation yj; can be written as follows (replacing the means in Eq. (9.2) by their
respective estimators):

Yij = Yo+ (Yie—Ym) + (Vi —Yi0) (9.13)
which gives
Yii—Yo= (Yio—Yo) + (yi;—Yid
(Yy=¥0 = [(Fim0) + (yy =yl
and

[(Fi— ) + (v~ Yl

Mo

Il
[y

S -y = 3

i=1

-Mm
M:

1l
iy

Il
[y

( |D"YD§ + :%: ii yu

i=1 j=1

1]
M=
MZ

Il
|
Il
[y

+2 i(yim—ym)(Yij_yiﬁ (9.14)

=1

Mm

Il
[y

As the third term can be shown to be equal to zero, Eq. (9.14) becomes:

TS G-y =03 Gy S S -9’
i=1 j=1 i j

i=1 =1 j=1

which is the same as Eq. (9.12)
The original objective of testing the effect of the single factor on the
response variable is equivalent to testing the following hypotheses:

Null hypothesis, Hy: y; = b, = [IE Y,
Alternate hypotheses, H;: At least two p; are unequal.

Now we need to develop an appropriate test statistic with which we can
test these hypotheses.
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The important underlying factor in developing the test statistic is the
assumption that all the y; have the same variance (o). If the alternate
hypothesis is true, then there are a sample batches, each one from a different
population with a different mean but the same variance. The sample variance
from each of these sample batches is an unbiased estimator of the common
variance, o°. The sample variance from the ith batch is

2 _ Zjnzl()’ij—yiﬁz .
S; = —(n—l) , 1=1,2,...,a (9.15)

The pooled estimator of g, using these k estimators, is

& = Zia:lsiz - R A (yij—)i/i@2
a a(n-1)
SSE

- a(n-1)

(9.16)

The next step in the development of the test statistic is to divide the sums
of squares by the respective degrees of freedom, which is the number of sta-
tistically independent elements in the associated sum of squares. Estimation
of a parameter causes loss of one degree of freedom. The calculation of SST
requires calculation of yi which estimates p. Hence, the degrees of freedom
associated with SST are the total number of observations -1:

Degrees of freedom (SST) =an-1=N-1 (9.17)

where N is the total number of observations. The degrees of freedom associ-
ated with SS treatments is the total number of levels of the factor used in the
experiments -1:

Degrees of freedom (SS treatments) =a -1 (9.18)

The degrees of freedom (DF) associated with SSE is computed by subtracting
the degrees of freedom for SS Treatments from the degrees for SST. That is,

DF(SSE) = DF(SST) — DF(SS treatments)
= (an-1)—-(a-1)
= a(n-1)
= N-a (9.19)

Dividing the sums of squares by the associated degrees of freedom yields the
associated mean squares; that is,

Mean square (treatments) = MST = SS(treatments)/(a - 1)  (9.20)

Mean square (error) = MSE = SSE/a(n — 1) (9.21)
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The right-hand side of Eq. (9.21) is the same as the right-hand side of Eq. (9.16),
hence

E(MSE) = ¢° (9.22)
The expected value of MST can be shown to be equal to

E(MST) = 0° + nf? (9.23)

where

2 _ T (—p)°
o = k) (9.24)

which is a function of the difference among the means of the levels. This
guantity will be zero if there is no difference among the means. Hence, both
MSE and MST are unbiased estimators of the common variance o” if there is
no difference among the means, p. If the means are different, then MSE is still
an unbiased estimator of o°, but MST is a biased estimator of the common
variance o because it estimates an additional quantity n6>.

9.2.1.1 Some Results from Theory of Statistics

1. SSE/o” follows a chi-square distribution with a(n — 1) degrees of
freedom.

2. SS(treatments)/a2 follows a chi-square distribution with (a - 1)
degrees of freedom if the means are equal; that is, if the null hypoth-
esis, Hy: 1y = W, = IF W, is true.

3. The ratio SS(treatments)/Z(a—1) _ MST ¢4 15\ys an F distribution with
(a-1) numera%g%léié?e_e%f freedomand a(n — 1) denominator degrees
of freedom when the null hypothesis is true.

From result 3, the logical test statistic is

MST

Computed F = NISE

(9.25)

which is large if the alternate hypothesis—H,: At least two p; are unequal—is
true. This gives the following acceptance/rejection rules for the hypotheses
testing for a specified probability of type I error, a:

Accept H, if the test statistic is less than or equal to F,[(a — 1), a(n — 1)].
Otherwise, reject H, and accept H;.
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TABLE 9.2
ANOVA Table for Single-Factor Experiments

Source of Sum of Degrees of Computed F F Value from
Variation Squares Freedom  Mean Square (Test Statistic) Table A.3
Treatments  SS (treatments) @a-1) SS(T)/(a-1) MST /MSE

= MST
Error SSE a(n - 1) SSEZa(n - 1) —

= MSE
Total SST an -1 — —

The values of F,[(a— 1), a(n — 1)] are tabulated in the F table given in Table A.3
in the Appendix for a = 0.05 and 0.01. Calculation of the sums of squares,
degrees of freedom, and mean squares is summarized in the analysis of vari-
ance (ANOVA) table given in Table 9.2.

The following computationally simpler formulas can be used to compute
the sums of squares:

a n a n y
SST = 3 S (vi—V zzyﬁ—% (9.26)
=1 j=1 =1 j=1
2 2 ZLy? 2
SS(treatments) = nz(ym—ym) = %}/'D——Z—aﬂ (9.27)

=1

SSE = SST - SS(treatments). In Egs. (9.26) and (9.27), yip = 2?:1yij, i=12..a
and yg= E?:12?:1)’”-

9.2.1.2 Computation of Sum of Squares

2
SST = 52+62+72+32+42+52+72+82+92—35:'3 = 300
2 2
SS(treatment) = w_% = 24.0
SSE = 30-24 = 6.0

Let us assume that a = 0.05 (level of significance). The ANOVA results are
given in Table 9.3. As 12.0 > 5.14, we conclude that temperature affects tensile
strength at a = 0.05.

9.2.2 Confidence Intervals for the Treatment Means

Using the above results, the 100 (1 — a)% confidence interval for the mean for
treatment i (level i of the single factor), u;, is

[y.u—ta[a(n N [, Tk tala(n - 1)]ﬁ} (9.28)

©2001 CRC PressLLC



TABLE 9.3
ANOVA Table for Example 9.1

Source of Sum of  Degreesof Mean Computed F F Value from
Variation Squares Freedom Square (Test Statistic)  Table A.3 (a=0.05)
Temperature 24 3-1=2 2472 =12 12/1=12.0° 5.14

Error 6 8-2=6 6/6=1 —

Total 30 9-1=8 — —

Indicates significance at a = 0.05.

where s = /MSE and t, ,[a (n — 1)] is the t value with a(n — 1) degrees of free-
dom and area to its right = a/2. The t values can be found in Table A.2 in the
Appendix.

Example 9.2

In Example 9.1, let a =0.05 (95% confidence interval). Asa=n =3, the degrees
of freedom = 3(3 — 1) = 6. ty 0,5(6) = 2.4469; /MSE = ./1 =1.0. The limits for the
mean of treatment 1 are [6 —2.4469 x (1/./3), 6 +2.4469 x (1/./3 )] =(4.59, 7.41).

9.2.3 Fitting Equations

In most design of experiment problems, the experimenter is usually inter-
ested in obtaining a quantitative relationship between the response (depen-
dent) variable and the independent variables. This quantitative relationship
is usually expressed as a mathematical equation. For example, in an experi-
ment with a single factor (independent variable), the relationship between
the response variable y and the independent variable x could be expressed by
the following linear equation, assuming a linear relationship:

Y =Bt Bix, (9.29)

where [, is the intercept on the vertical axis and S, is the slope of the line.
These parameters are estimated using the data on y and x using regression
analysis based on the method of least squares.

The linear model is restrictive and may not adequately capture the true
relationship between y and x. The polynomial model is a better model to rep-
resent the relationship between y and x, assuming that x is a quantitative
variable:

Y =B+ Bix+ Bx + Bx + Bxt + [+ BXP + ¢ (9.30)
which is a pth-degree polynomial (or the order of the polynomial is p).
= The most common objective in obtaining the relationship between
y and x is to determine the lowest possible order polynomial equa-

tion (to minimize p) that still adequately describes the relationship.
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= The order of a polynomial equation depends upon the number of
levels of x. The maximum value of p = the number of levels -1.

= The coefficients of the polynomial equation can be determined by
using regression methods.*

= |f the levels of the factor (independent variable) are equally spaced,
then determining the polynomial equation is simplified by using
orthogonal polynomials.?

= If the levels of the factor are not equally spaced, then a regular
polynomial equation can be used and the parameters can be deter-
mined using regression analysis (method of least squares), which
software such as MINITAB and SAS performs efficiently.

9.2.4 Diagnosis Agreement Between the Data and the Model

The analysis of variance technique developed to test whether the effect of the
factor on the response variable is significant depends upon the important
assumption that the observations are independent and normally distributed
with a common variance, o°. This implies that the errors, g;, are independent
and normally distributed with a mean 0. In order to verify this assumption,
tests must be performed on the data and the residuals, which estimate the

errors:
8; = y;—vic foralliand j (9.31)

(Refer to Example 9.1.) The residuals are given in Table 9.4. These residuals
must be tested for independence by plotting the residuals against the treat-
ment means for common variance using tests such as the Levene (Med)
test, F Max test, and Bartlett’s test® and for normality using tests such as the
Kolmogorov-Smirnov tests. These diagnostic tests can be performed using
MINITAB or SAS software. If the original data are not found to have homo-
geneity of variances, then transformation should be performed on the data so
that the transformed data have equal variance.

The method of power transformations to stabilize variances uses the
empirical relationship between the standard deviation and mean to obtain

TABLE 9.4
Residuals for Example 9.1
Row/Treatment
Temperature (°F)  Replication 1*  Replication2®  Replication 3 Mean
600 ) -1 ®6)0 @) +1 6.0
650 @) -1 @0 ) +1 4.0
700 7) -1 ®)0 @) +1 8.0

® The original observations are enclosed within parentheses.
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the transformation that results in homogeneity of variances.” Let us assume
that in a particular experiment involving a single factor, a levels of the factor
were tested with n replications at each level. Let the standard deviation and
mean for level i be s; and V., respectively:

a _ 2
zj:l()’ij—yiﬁ
n-1

zjn=1yij
n

Yio

(The sample standard deviation s; estimates the population standard devia-
tion g;, and the sample mean Yyip estimates the population mean p;, fori=1,
2, ...,a.) As per the assumption for the linear model for a single-factor exper-
iment, g, = g, = [IIF g,

Let us assume that in this example, the g; are not equal and that the rela-
tionship between the g; and the (; is of the form: o O uB, where Bis a constant.
Denoting the original variable (observations) by y, g, O uﬁ, which can be
written as:

o, = o (9.32)
where Jis the proportionality constant.
Let us assume a power transformation of the type:
x=y"
which will result in the following relation between the standard deviation
and the mean of x:

o 0Pt (9.33)

The condition to be satisfied for x to have homogeneity of varianceisp+3-1=
0 or p =1 - B. This requires estimation of the constant 3, which can be
obtained by replacing oy, 6, and u by their respective estimators in Eq. (9.32):

s, = 675 (9.34)

Taking natural logarithms of both sides of Eq. (9.34) yields:

In(s) = IN(@3) + B In(yi) (9.35)

This is a straight line, and the slope of the line is the estimate of 8, which is ,23
For example, if the estimated linear relationship is In(s;) = 0. 85 + 0 75 In(y 0,
then B =0.75, and the required power transformation isx =y

After the data are transformed, ANOVA should be performed and mfer-
ences made on the transformed data, but final conclusions must be stated
with respect to the original data.
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9.3 Random Effects Model

In Example 9.1, in which the effect of annealing temperature on the strength
of the component was tested, the complete treatment population of interest
consisted of the three levels (or treatments) of the annealing temperature
(600°F, 650°F, and 700°F) only. These are called fixed effect models, in which
most of the time inferences are made only on those particular treatments used
in the experiment.

There are other types of studies in which the researcher would want to
identify the major sources of variability in a population of treatments and
estimate their variances. In such cases, the experimenter would randomly
select the levels or treatments from the population. These are called random
effects models. For example, if we are interested in testing whether there is a
difference in the percentages of defective parts manufactured by the opera-
tors on the shop floor, we would select a certain number of operators ran-
domly from a large group of operators on the shop floor and perform the
experiment. This is a random effects model because a limited number of
operators, who are considered levels or treatments, are selected randomly
from a large population of operators and the results from this experiment will
be extended to the entire population of the operators.

The model for the fixed effects model was given earlier in Eq. (9.5) as:

Yi=HTT+g

where 1; = i, — u is the effect of the ith treatment or level.

The model is the same for the random effects model. The major difference
lies in 7;, which is a constant in the fixed effects model. But, in the random
effects model, 7, is a random variable, because the treatments (levels) are
chosen randomly and the inferences will be extended to the population of
treatments.

Let us replace 7; by f; in the model, which then becomes:

yj=u+fi+e, fori=12 ..,a and j=1,2,...,n (9.36)
where f; is the random effect for treatment i:
u=u+f, fori=12 ...,a (9.37)

and e; = y; — 14, as in the fixed effects model.
Let us assume:

1. The observation y; is assumed to follow a normal distribution with
a mean of 1 and a common variance, a§ for all i and j.
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2. The random variables ¢; and f; are assumed to be independent of
each other.

3. The error g;is normally distributed with a mean of 0 and a variance
of ¢ forall i and j.

4. The random effect f;is normally distributed with a mean of 0 and
a variance of o4 for all i.

- If 0% =0, the population of treatments does not affect the response
variable.
« If &% >0, the population of treatments affects the response variable.

= In this model, the treatment means, 1, are of no interest, because
the treatments (or levels) are only a sample from the population
of treatments. The parameter of interest is ;.

« The variances ¢ and of are called the components of variance,
and the model in Eq. (9.36) is called the variance components
model. Because of the assumptions made,

P =t (9.38)

Let us look at the similarities and differences between the fixed effects
model and random effects model.

Fixed Effects Model

Random Effects Model

Yi=H+ T +eg
Var(y;) = Var(eij)(ag = C’f)
Ho: py = M= phy

H,: At least two y; are equal
SST = SS(treatments) + SSE

DF(SST) =an-1
DF(SS treatments) =a -1
DF(SSE) = a(n - 1)
Mean square (treatments)

Yij = 4+ T+
Var(y;) = Uf’ = sz + UE
Hy: ¢ =0 (treatment does not affect response
variable)
H,: ¢ >0 (treatment affects response variable)
SST = SS(among group) + SS(within group)
= SSA + SSE
DF(SST) =an -1
DF(SS among groups) = D(SSA) =a -1
DF(SS within groups) = a(n - 1)
Mean square (among groups)

= MsT = SS(treatments) = MSA = SSA
(a-1) a-1
_ _ SSE s _ _  SSwW
Mean square (error) = MSE = =D Mean square (within groups) = MSW a—(n )
S (- u)?
E(MST) = o?+n6, where 6 = (“fl“) E(MSA) = & + nd (9.39)
E(MSE) = ¢ E(MSW) = ¢
i _ MST L _ MSA
Test statistic = MSE Test statistic MSW
Estimate of &% = w (9.40)
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Example 9.3

The following data show the effect of four operators chosen randomly on the
number of defectives produced on a particular machine:

Operators
Lot 1 2 3 4
1 5 4 4 5
2 8 2 0 3
3 6 1 1 2
4 6 6 1 1
5 7 2 2 4
Total 32 15 8 15
TABLE 9.5
ANOVA for Example 9.3
F from
Source of Sum of Degrees of Mean Table A.3
Variation Squares Freedom Square  Computed F  (a =0.05)
Operators (group) 62.6 4-1=3 20.87 8.26° 3.24
Error 40.4 19-3=16 2.53 —
Total 103.0 20-1=19 — —

Indicates significance at a = 0.05.

1. Perform an analysis of variance at the 0.05 level of significance.

2. Compute the estimates of the operator variance component and
the experimental error variance component.

SST =5° + 4% + [+ 2° + 4° — 70°/20 = 103.0.
SSA = (32 + 15° + 8° + 15°)/5 — 70°/20 = 62.6.

The ANOVA results are given in Table 9.5. There is wide variation in the out-

put among the operators at the 0.05 significance level (we are not selecting
the best operator).

The estimate of the operator variance component = M = 3.67.

9.4 Two-Factor Experiments

9.4.1 Analysis

Even though study of single-factor experiments is necessary to understand
the basis of ANOVA and other analyses, many experiments in real-life appli-
cations involve the study of the effects of two or more factors on the response
variable at the same time. A design in which there is at least one observation
for each of all possible combinations of all levels of all factors included in the
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study is called a factorial design or a full factorial design. The simplest type of
factorial design is a two-factor experiment, in which the effects of two factors
on one or more response variables are tested simultaneously.

In a two-factor experiment, the factors are usually denoted by Aand B. Let
the number of levels of factor A be a and the number of levels of factor B be
b. Then, there is a total of a x b combinations in a full factorial design. If there
are n replications, then there is a total of n x a x b observations. The levels of
factor Aare A,, A,, ..., and A,, and the levels of factor B are B, B,, ..., and B,,

9.4.1.1 Notation

= Yii = kth observation at level i of factor A and at level j of factor B,
that is; the kth observation incell (i,j),i=1,2, ...,aj=1,2, ..., b;
k=12, ...,n.

< Sum of observations at level i of factor A = E?:lELlyijk = Vim
= Sum of observations at level j of factor B = ={;3;_,Vix = Yga
= Sum of all the observations = =, 30 1. vy = Yo

= Sample mean of observations at level i of factor A = Bﬁj = Vim

Ygo

= Sample mean of observations at level j of factor B = ™

= Yuo

= Grand mean of all observations = ;/Tmr? = Y

= Sum of observations in cell (i, j) = ELZlyijk = VYiia

« Sample mean of observations in cell (i, j) = yF,: = Viio

9.4.1.2 Assumptions

The observations in the cell (i, j) are assumed to be normally distributed with
a mean of 1;; and a common variance of o”. All the observations are indepen-
dent of each other.

The mean of the (i, j)th cell = mean of the population at the ith level of A
and jth level of B = y;;:

- Z?:l Z?:l Hij
a ab

STy o Ef
Hio= '_SH’ iy = Z=tH
The effects these means and their estimates are given in Table 9.6.

TABLE 9.6
Means and Their Estimates

Mean Measures Estimated by
1 Effects of level i of A and level j of B Yijo
Hio Effect of level i of A Yim
g Effect of level j of B Yo
u — Y
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TABLE 9.7
Data for Example 9.4

Composition (B)

Temperature j=1 j=2 j=3 j=4 Row Row
A) (5%) (8%) (11%)  (14%) Total (y;g Mean Vim
i=1 600°F 5/7 3/5 8/4 7/5 44 (y,) 55
12 (6) 84 12 (6) 12 (6)
i=2 650°F 3/3 4/8 2/3 4/5 32 (Ya) 4.0
6(3) 12 (6) 5(25) 9(4.5)
i=3 700°F 7/6 5/6 7/9 6/6 52 (yap) 6.5
1365 11(55 16(8)  12(6)
Column total (y) 31(ya) 31(Yad 33(Yad 33 (Yw) 128 (ym -
Column mean YQD 5.17 yﬂj 5.17 ymj 55 yBD 55 ygm —_ 5.33 ym]]

Note: In the (i, j) cells, the numbers underlined are the cell subtotals, y;; and the numbers
within parentheses are the cell means, yijs

Example 9.4

Let us modify the single factor experiment in Example 9.1 to include material
composition as the second factor, B, in addition to the annealing temperature, A.
There are four levels of B (b =4) and three levels of factor A(a = 3). Each of the
12 combinations is replicated two times (n = 2). The observations are given in
Table 9.7.

In a two-factor experiment, in addition to the main effects (due to A and B),
there is one other effect present. Consider the observations and their sample
means in cells (1, 1), (1, 2), (2, 1), and (2, 2), at levels 1 and 2 of A and B, which
are given below:

Factor B Factor B
Level 1 Level 2
Factor A
Level 1 6 4
Factor A
Level 2 3 6

Figure 9.1 contains the plot of these averages. It can be seen that the effect of
A (annealing temperature) on the response variable (strength) depends upon
the level of B (material composition). More specifically:

= At B; (5%), Vim decreases from 6 to 3, as A increases from A, to A,.
= At B, (8%), Yimincreases from 4 to 6, as A increases from A, to A,.

This difference in the effect of A on the mean (of the response variable) for

different levels of B is due to the interaction between A and B. If there is no
interaction in this example, then the plot of the true means will be as given in
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Response Variable

A
6 Fomomm kol

“4--- Level 20f B (B))

-~==1 Level 1of B (B1)
/N IS <) NS NI
3 _______________________________

FIGURE 9.1
Presence of interaction effects.

Response Variable
A
--= Level 2 of Factor B (B,)

Level 1 of Factor B (B1)

v

FIGURE 9.2
Absence of interaction effects.

Figure 9.2. Therefore, in a two-factor experiment, we can test the main effects
of A and B and the interaction between A and B.

Let a; represent the effect of level i of factor A and S the effect of level j of
factor B on the response variable. Then,

a; = U (9.42)
and its estimate is

& = Yir-Ym (9.42)
and

Bi = Hyg— U (9.43)
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and its estimate is

B = Vo Ym (9.44)

As p; measures the combined effects of means fip and i on the response
variable, it can be written as:

iy = 1+ (o ) + (g — 1) (9.45)

if there is no interaction between level i of factor A and level j of factor B. On
the other hand, if there is interaction between level i of factor A and level j of
factor B, it has to be the difference between the left-hand and right-hand sides
of Eq. (9.45):

(aB)ij = (pij—p) = (Hio— p) — (U — )
Hij — Hic— Hg + [ (9.49)

where (af); denotes the interaction between level i of Aand level j of B. This
is estimated by:

(aB)y = Vi Yio— Yoot Y (947)
It can be seen that a reasonable linear model in the two-factor experiment is
Yik = U+ a; + B+ (aB); + ei (9.48)
where gy is the error equal to yy, — 1 and its estimate is (yi;—Yio.
9.4.1.3 Partitioning of the Total Sum of Squares

In two-factor experiments, the observation yjy, can be written as:

Yiik = Yijx = Yiiot Yijo— Yimt Yio— Yoot Yoo Yoot Yo Yoot Yo
(Yik—Ym = (Vi —Yid + Yir—Ym) + (Yg—Ym) + (Vij—Yio— Yoot ym) - (9.49)

G+ O +Bi+(@ B) i

a b a b n a
DBATSEIED DDA Vi) +bn (Jiory)

a b
+anZ(yum—ymﬂ +n ZZ Vi i Yoot ) (9.50)

J=1 i=1 J=1
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SST

SSA SSB SSAB SSE

FIGURE 9.3
Partitioning of SST.

All the other terms are equal to zero. In Eq. (9.50), the expression on the left-
hand side is the sum of squares total (SST), the first term on the right-hand
side is the sum of squares due to error (SSE), the second term is the sum of
squares due to factor A (SSA), the third term is the sum of squares due to factor
B (SSB), and the last term is the sum of squares due to the interaction between
A and B (SSAB). Hence, Eq. (9.50) can be written as:

SST = SSE + SSA + SSB + SSAB (9.51)

This partitioning of SST is shown in Figure 9.3.
Simpler formulas for computing the sums of squares are given below:

SST = i )3 Zy?jk—y—m (9.52)

ShYin Y
SSA = ﬁ“ﬂ—ﬁ (9.53)

Zih: 2 2
SSB = Tlg’iﬂ—gbﬂf (9.54)

s2 5P 2 2
ssAB = ZitZizYin Ymw_gga oo (9.55)
n abn

SSE = SST — (SSA + SSB + SSAB) (9.56)

The hypotheses tested in a two-factor experiment are as follows:

= Effect of factor A:

Hy: o, = a, = [IIF a,.

Hy: a; # a; for some i and j.
= Effect of factor B:

Ho: B = B, = U= .

H;: B # B for some i and j.
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TABLE 9.8
Summary of Test Statistics

Degrees of Test Statistic
Sum of Squares Freedom Mean Square (Critical Value)
SST abn -1 — —
SSA (effect of A) a-1 MSA MSA/MSE
=SSA/(a-1) (Fql(@a - 1), ab(n = 1))
SSB (effect of B) b-1 MSB MSB/MSE
=SSB/(b - 1) (Fal(b — 1), ab(n = 1)])
SSAB (effect of @-1)(b-1) MS(AB) MSAB/MSE
interaction =SSAB/((a-1)(b-1)) (F.[(a—1)(b-1), ab(n-1)])
between A and B)
SSE ab(n - 1) MSE —
= SSE/(ab(n - 1))
TABLE 9.9
ANOVA for Example 9.4
Source of Sum of Degrees of Mean F from Table A.3
Variation Squares Freedom Square  Computed F (a=0.05)
Temperature (A) 25.33 3-1=2 12.67 5.84° 3.89
Composition (B) 0.67 4-1=3 0.22 <1
Interaction (AB) 27.33 6 4.56 2.10 3.49
Error 26.00 23-11=12 2.17 —
Total 79.33 24-1=23 — —

? Indicates significance at o = 0.05.

« Effect of Interaction between A and B:
Ho: All (aB);= 0.
H;: At least one (aB); # 0.

The degrees of freedom, mean squares, and test statistics are summarized in
Table 9.8. Let us now return to Example 9.4 and the necessary calculations:

2
SST =5°+ 7% + K 6° + 6° — % =79.33.

44% +32° +52%  128°

SSA = T - W = 2533
_ 31%+31%7+33%+33% 128 _
SSB = %o — =5 =067
2 2 2 2 2 2
ssaB = 128 +12 ;’ [ 16 + 12 —% 2533 - 0.67 = 27.33.

SSE =79.33 - (25.33 + 0.67 + 27.33) = 26.

The ANOVA results are given in Table 9.9. The effect of temperature on ten-
sile strength is significant at a = 0.05. The effects of composition (B) and inter-
actions are not significant.
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9.4.2 Without Replications

Example 9.5

Let us assume that in Example 9.4 the experimenter could not replicate the
experiment and there is only one observation for each of the 12 combinations
of the levels of A and B. Table 9.10 contains the observations. Necessary cal-
culations include:

SST=5%+3%+ M+ 7° + 6° — i—lzz =40.92.

SSA = W - 951-12—2 = 20.67.

ssB = 5 +12° - 177+ 17" 61—122 = 5,58,
61°

SSAB =5°+3° + [+ 7° + 6° — 15 ~20.67-558 =14.67.
SSE =40.92 - (20.67 + 5.58 + 14.67) = 0.
We need SSE and MSE to perform ANOVA. Here, there is no alternative

except to assume that the interaction between A and B is negligible and to use
SSAB as SSE. The resulting ANOVA is given in Table 9.11.

TABLE 9.10
Data for Example 9.5
Composition (B) Row
Temperature (A) 5% 8% 11% 14% Total
600°F 5 3 8 7 23
650°F 3 4 2 4 13
700°F 7 5 7 6 25
Column total 15 12 17 17 61
TABLE 9.11
ANOVA for Example 9.5
F from
Sum of Degrees of Mean Table A.3
Source of Variation Squares Freedom Square  Computed F  (a=0.05)
Temperature (A) 20.67 2 10.34 4.22 5.14
Composition (B) 5.58 3 1.86 <1
Interaction (AB) — — — —
Error 14.67 6 2.45 —
Total 40.92 11 — —
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None of the effects is significant at a = 0.05. The advantage of having more
than one replication can be seen in this example. At least two replications for
at least one combination are necessary for obtaining an explicit sum of square
due to error.

9.4.3 Approximate Percentage Contributions of Effects and Error

The following formulas are used for computing the approximate percentage
contribution of each effect (main factor or interaction) to the variability of the
response variable:’

% contribution of U = % x DF(U) x 100 (9.57)

where U = A, B, or AB (any main factor or interaction). This percentage is set
to 0 if MSU < MSE.

% contribution of error = 100 — (sum of % contributions of all
main factors and interactions) (9.58)

In Example 9.4,

_12.67-2.17 _ 0
A = — =933 x2x100 = 26.5%.
_022-217 0
B——79.33 x2x100<0 - 0%.

_ 456-2.17 _ 0
AB = ~933 x6x100 = 18.0%.

Error =100 - [26.5 + 18] = 55.5%.
A large percentage of contribution by error indicates possible changes in the

levels of signal factors not controlled during the experiment and/or large
inherent variation in the process due to noise variables.

9.4.4 Confidence Intervals

100(1 - a)% confidence interval for the mean of response variable
at level i of factor A:

yint t,[ab(n—1)] [MSE (9.59)
> bn
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100(1 - a)% confidence interval for the mean of response variable
at level j of factor B:

Yoot t[ab(n—1)] [MSE (9.60)
5 an

100(1 - a)% confidence interval for the cell mean of response vari-
able at level i of A and level j of factor B:

Tt talab(n - 1)] [M2 (0.6
2

9.5 Nested Factor Designs

9.5.1 Description

In standard factorial treatment designs, each level of every factor occurs with
all levels of the other factors. In such designs with more than one replication,
all the interaction effects can be studied. In a nested design, the levels of one
factor (for example, factor B) are similar but not identical for different levels
of another factor (say, A). These are also called hierarchical designs.

Example 9.7

A company is interested in testing whether there is any difference among the
percentage of defects produced on the three machines (1, 2, and 3) on the
shop floor. They use a nested design with six operators—b;, b,, bs, b, bs, and
bse—who operate the machines and two replicates. (See Figure 9.4.) Observa-
tion yy is the kth replicate, k =1 and 2, on machine i, i=1, 2, and 3, with oper-
ator j, j = by, by, by, by, bs, and bg. This is a two-stage nested design. If there are
an equal number of levels of B within each level of A and an equal number of
replicates, then the design is a balanced nested design. The effects that can be
tested in this design are the effect due to machines (factor A) and the effect of
operators nested within the machines (B/A). The error term is nested within
levels of A and B. In this design, the interaction between A and B cannot be
tested because every level of B does not appear with every level of A.

The linear model for this design is

Yik = M+ 0 + By + & (9.62)

where pis the grand mean, a; is the effect of level i of factor A, 3 is the effect
of level j of factor B nested within level i of factor A, and e, is the error nested
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Machine 1 Machine 2 Machine 3

(ﬁ. by Op. b Op. b3 Op. b Op. bs Op. be

FIGURE 9.4
Nest design with two factors.

Factor A

Factor B 1 2 3 4 5 6

ANV AN ANV ANERVAN

Factorc| 1 2 3 4 5 6 7 8 9 10 11 12

FIGURE 9.5
Nested factor design with three factors.

within levels i of Aand j of B. Replacing the parameters in Eg. (9.62) by their
respective estimators yields:
Yije = Y+ (Yim—Ym) + (Yij— Yim) + (Yij = Yiio (9.63)

We assume that the observations yj, are independent and normally distrib-
uted with a mean of ; and a variance of .
An example of three-stage nested design is shown in Figure 9.5.

9.5.2 Analysis

9.5.2.1 Sums of Squares

Let the number of levels of factor A be a, the number of levels of B nested
under each level of A be b, and the number of replications be n. The sums of
squares and the associated degrees of freedom are as follows.

The total sum of squares is

a b n a 2
SST=3 Y YUu-y0' =3 5 Yy - 22 (9.64)
and it has (abn — 1) degrees of freedom.
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The sum of squares due to factor A is

Ziazlysm]_ __)_/_?g

SSA = an(yiM—Ymﬁz ~ Tbn _abn
i=1

and it has (a — 1) degrees of freedom.
The sum of squares due to B nested within Ais

a b
SS(B/A) = n% > (Vir—Vin) m
==

and it has a(b — 1) degrees of freedom.
The sum of squares due to error is computed as:

SSE = SST - [SSA + SS(B/A)]

which has ab(n — 1) degrees of freedom.

b o2 2
2 _ ST i _Yio

(9.65)

- (9.66)

(9.67)

The mean squares and test statistics are obtained in a manner similar to

those used in earlier designs.

Let us add data to Example 9.6 (see Figure 9.6). Analyze the data and draw

conclusions at a 5% significance level (a=3,b=2,n=2).

Machine 3

Machine 1 Machine 2
8 2 0 3 1
yi 13 6 4 8 3
Yi.. 19 12
FIGURE 9.6

Data for Example 9.6.
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TABLE 9.12
ANOVA for Example 9.6

F from

Sum of Degrees of Mean Table A.3
Source of Variation  Squares Freedom Square Computed F (a=0.05)
Machines 15.5 2 7.75 2.16 5.14
Operators within 17.25 3 5.75 1.61 4.76

machines

Error 215 6 3.58 —
Total 54.25 12-1=11 — —

9.5.2.2 Calculations

2
SST:52+82+42+22+---+12+42—% =54.25.
_19°+12°+8% 39° _
SSA__......_...._4 T =155.

13°+6°+4°+8°+3°+5° 19°+12°+8°

=17.25.
2 4

SS(B/A) =

The ANOVA results are given in Table 9.12. There is no difference among the
number of defectives generated by the machines. Also, there is no difference
among operators nested within each machine. In a nested experiment, the fac-
tors tested could be fixed or random or a combination of both. While, the com-
putation of the sums of squares and the test statistics do not change whether
these factors are fixed or random, the interpretation of the results depend
upon the types of factors.

9.5.3 Staggered Nested Designs to Equalize Information About Variances

The nested factor design contains more information on factors at lower levels
in the hierarchy of the design than at higher levels because of the larger
degrees of freedom. In larger studies, the discrepancies in degrees of freedom
among sources of variation can be considerable. Staggered nested designs
were developed to equalize the degrees of freedom for the mean squares at
each level of the hierarchy. The staggered designs have unequal numbers of
levels for factors that are nested within other factors. The levels for factor B
nested within factor A are varied from one level of factor Ato another in such
a way that the degrees of freedom for MSA and MS (B/A) are more equal.

Example 9.7

A staggered nested design is given in Figure 9.7. The degrees of freedom
(machine) = 2. For three operators/machines, the degrees of freedom
(operators/machines) =2 + 2 + 2 = 6. In the above design, the degrees of free-
dom (operators/machines) =2 +1+1 =4,
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Machine 1 Machine 2 Machine 3

AN

Op. A Op.B Op.C Op.D Op. E Op. F Op. H

FIGURE 9.7
Staggered nested design.

9.6 2" Factorial Experiments

9.6.1 Analysis

As the number of experiments (combinations) in a full factorial experiment is
very large when the number of factors included in the experiment increases,
it is common to use two levels for each factor studied. If the effect of a factor
on the response variable is nonlinear, then selecting only two levels might
miss the minimum or maximum effect. If there are k factors set at two levels
each, then the total number of combinations is 2% therefore, these designs are
called 2" designs. The two levels of a factor are called low and high, even
though this notation may be arbitrary in the case of qualitative factors (such
as cleaning method or type of raw material). The other notation used to
denote the levels are

Low High

- +
1 2

Example 9.8

An experiment with three factors is conducted to test the effect of wing length
(A), body width (B), and tail length (C) on the descent time of a paper heli-
copter. The levels of these three factors are as follows:

Low High
wing length (A) 1" (9 1Y/12" (+)
Body width (B) 1" (=) 13/ (%)
Tail length (C) 1" () 115" (#)
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TABLE 9.13
Data for Example 9.8

A B C

(inches)  (inches) (inches) Replicationl Replication2  Total

-1 -1 -1 97 84 181

-1 -1 +1t/, 63 66 129

-1 +13/4 -1 96 104 200

-1 +13/4 +1Y/, 72 72 144

+1Y/, -1 -1 87 100 187

+1Y/, -1 +11/, 75 88 163

+1Y/, +1%/4 -1 104 100 204

+1Y/, +1%/4 +11/, 59 81 160
TABLE 9.14
Rearranged Data for Example 9.8
A B C AB AC BC ABC Obs.1 Obs.2 Total
- - - + + + - 97 84 181
- - + - - + 63 66 129
- + - + - + 9 104 200
- + + - - + - 72 72 144
+ - - - - + + 87 100 187
+ - + - + - - 75 88 163
+ + - + - - 104 100 204
+ + + + + + + 59 81 140

1348

The experiment was replicated twice, and the data are given in Table 9.13.
The possible effects that can be studied in this experiment are the main factors
A, B, and C and interactions AB, AC, BC, and ABC. The linear model for this
design is

Yija = M+ a; + B+ % + (aB); + (aV)ic + (BYjc + (aBYijc + iju (9.68)

In Eq. (9.68), yj is the Ith observation at the ith level of A, jth level of B, and
kth level of C. Also, u is the grand mean; a;, 5, and y are, respectively, the
effects of level i of main factor A, level j of main factor B, and level k of main
factor C; (aB);;, (ay)i, and (By); are, respectively, the effects of the appropriate
levels of the two factor interactions AB, AC, and BC; (aBy)i is the effect of the
appropriate level of the three-factor interaction ABC; and ey is the error.
The observations are given in Table 9.14 with “~" representing low levels
and “+” representing high levels. The signs in an interaction column are
obtained by multiplying the signs in the associated columns of the main factors.
The sum of squares total (SST) is computed using the same formula used
earlier. Because, in this design, each factor is set at two levels only, the formulas
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for the sum of squares of the factors are simpler:

_ (Sum of the observations at ”~ level)®
(Number of observations at ”-"" level)

SS(any factor)

(Sum of the observations at "+ level)?
(Number of observations at ”+” level)

_(Grand sum of all the observations)2
Total number of observations

13482

SST=97°+84%+ ... +592 + 812 — =3417.

_ (187 +163 +204 +140)° (129 +181 + 144 + 200)* 1348

SSA = . . w5 = 100.
2 2 2
sop = (144+200+204+140)° (129 +181+187 +163)° 1348° _ ,0 .
8 8 16
2 2 2
ngz(u9+m4gms+pm)+(m1+mo;m7+m®_g?? = 240100,

The sum of squares of the interactions are computed by considering “-” as
one level and “+” as the second level:

_ (129 +181 +204 +140)* | (144 +200 + 187 +163)* 1348

AB =100.00.
SS(AB) 3 3 5 —10000
2 2 2
SS(AC) = (181 + 200 + 163 + 140) + (129 + 144 + 187 + 204)" 1348" _ 25 00.
8 8 16
2 2 2
SS(BC) = (181 +144 + 187 +140)" _ (129 +200 + 163 +204)" 1348 _ 121.00.
8 8 16
2 2 2
SS(ABC) = (129 +200 + 187 +140)° (181 + 144 +163 +204)" 1348° _ 81.00

8 8 16
SSE = 3417 — (100 + 49 + 2401 + 100 + 25 + 121 + 81) = 540.00.

The ANOVA results are given in Table 9.15. Only the main factor C is signif-
icant at a = 0.05.
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TABLE 9.15
ANOVA for Example 9.8

F from
Source of Sum of Degrees of Mean Table A3
Variation Squares Freedom Square  Computed F (a=0.05)
A 100 1 100 1.48 5.32
B 49 1 49 <1
C 2401 1 2401 35.57°%
AB 100 1 100 1.48
AC 25 1 25 <1
BC 121 1 121 1.79
ABC 81 1 81 12
Error 540 8 67.5 —
Total 3417 15 — —
Indicates significance at a = 0.05.
TABLE 9.16
Contrasts and Effects for Example 9.8
A B C AB AC BC ABC Obs.1 Obs.2 Total
- - - + + + - 97 84 181
- - + + - - + 63 66 129
- + - - + - + 96 104 200
- + + - - + - 72 72 144
+ - - - - + + 87 100 187
+ - + - + - - 75 88 163
+ + - + - - - 104 100 204
+ + + + + + + 59 81 140
Contrast 40 28 -196 -40 20 —-44 -36 — — —
Effect 5.0 35 -245 -50 25 -55 45 — — —

Let us now examine the formulas for computing the sums of squares. There
are k factors, and the number of replications is n. Then, there are 2“xn=
m observations. The number of observations at each level of each of the n
factors = m/2. Consider any main factor or interaction. Let T, be the sum of
the observations at level “+” and T, be the sum of the observations at level
“=" Then, the grand sum of all the m observations is T =T, + T,. The sum of
squares for this factor is computed as:

(T2 +TH/(m/2) =T7/m
(T,- Tz)Z/ m

Sum of squares =

The quantity within the parentheses is called the contrast of this factor:

Sum of squares for any factor or interaction = Contrast/m  (9.69)
Effect of any main factor or interaction = Contrast/(m/2) (9.70)
Table 9.16 contains all the contrasts and effects in Example 9.8.
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9.6.2 Polynomial Equation

In general, the polynomial equation in a 2° full factorial experiment is

Y = 0 0 Xy F 00X+ 0 XgF O XiXy + 03 XiXg + 03XpXg F (igs XiXoXs

(9.71)

The orthogonal polynomial equation is
Y = o+ oXy + Xy + 05 X5+ 0 X Xp + 003 X X5+ 053X, X5 + 0015 X, X, X5

(9.72)

where

—t
—_ 1
X, = g(d_iH 9.73)
where t; = (Max. level, + Min. level))/2, and d; = (Max. level, - t,). The “intercept”
a, is the grand average of all the observations, and a;, a;;, or ay is equal to the
associated effect/2.
It can be seen that X; is a coded observation taking value -1 or +1. In
Example 9.8,

1/ 1/
1Y/4 /4
3/ 3
1 / 16 /16
1/ 1/
1 ,/4 /4

W N -

and the polynomial equation is

y 0 025 O 0 01875 U 0 025 O
_95 X —1.25n 9(2_1-1875D+ 195 X1 — 1.25q %3 —1.25
20 025 OO0 01875 O ~“° 0 025 00 025 O

5 75 [k = 118757 %~ 1251
"> 001875 OO0 025 U

e X1 1.257 % — 118757 %, — 1.257
225 5025 00 01875 OO 025 O (9.74)

where x; =1 or 1Y/, , X, =1 or 13/, and x; =1 or 1%,.

Residual and other diagnostic analyses must be performed before using the
equation for predicting the response variable within the ranges of the main
factors included in the experiment.” The linear model, analyses, and method-
ology used in developing the equation can be easily extended to more than
three factors.
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9.6.3 Factorial Experiments in Incomplete Blocks

Suppose that a trial is to be conducted using a 2° factorial design. To make the
eight runs under conditions as homogeneous as possible, it is desirable that
batches of raw material sufficient for the complete experiment for one repli-
cation be blended together. Suppose, however, that the available blender is
only large enough to accommodate material for four runs. This means that
blends mixed at two different times will have to be used. Hence, all the eight
combinations will not have “identical” blends. In this case, the 2° design
should be arranged in two blocks of four runs each to neutralize the effect of
possible blend differences. The disadvantage with such an experimental
setup is that certain effects are completely confounded or mixed with the
blocks as a result of blocking. The number of effects confounded depends on
the number of blocks required.

9.6.3.1 Experiments with Two Blocks

One effect is confounded in an experiment with two blocks. Usually the highest
order interaction is selected to be confounded. For example, if the three-factor
interaction effect is confounded in a 2° design with two blocks, then only the
main effects and two-factor interactions can be studied in this experiment.
The method of distribution of treatment combinations between the blocks is
illustrated in the next example.

Example 9.9
Construct two incomplete blocks of a 2° design:

1. Define the effect to be confounded, called the defining contrast. In
Example 9.9, the logical defining contrast is the three-factor inter-
action, ABC.

2. Write all the 2 combinations in a table with “~~ representing low

levels and “+” representing high levels. The combinations for
Example 9.9 are given in Table 9.17.

TABLE 9.17

Design Table for Example 9.9
A B C ABC
- - + +
- + - +
_ + + _
+ - - +
+ - + -
+ + - -
+ + + +
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3. All the combinations that have the sign “~” in column ABC in
Table 9.17 belong to one block, whereas the other combinations
form the second block:

Block 1 “+” Block 2 “~”
A B C A B C
- + - - + +
+ - - + - +
+ + + + -

If this is to be the experiment that blends two different batches because of the
capacity of the blender, then the combinations in block 1 will have to be made
out of blend 1, and blend 2 should supply the material for the combinations
in block 2.

Example 9.10

Divide the combinations in a 2* factorial experiment into two blocks, using
ACD as the defining contrast (see Table 9.18).

9.6.3.2 Experiments with Four Incomplete Blocks

If the treatment combinations of a 2“ factorial experiment is to be divided into
four incomplete blocks, then the experimenter chooses any two defining con-
trasts (those effects that will be confounded with blocks). A third effect, called
the generalized interaction of the two defining contrasts, is automatically con-
founded with the blocks. Thus, a total of three effects will be confounded
with blocks in an experiment with four incomplete blocks.

TABLE 9.18
Design Table for Example 9.10
Block 1 Block 2
A B C D ACD (“-"in ACD) (“+’in ACD)
- - - - - *
- - - + + *
- - + - + *
- - + + - *
- + - - - *
- + - + + *
- + + - + *
- + + + - *
+ - - - + *
+ - - + - *
+ - + - - *
+ - + + + *
+ + - - + *
+ + - + - *
+ + + - - *
+ + + + + *
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Example 9.11
Divide a 2* factorial experiment into four incomplete blocks:

1. The experimenter should choose two defining contrasts—two
effects that are to be confounded. Suppose that, in our example,
the experimenter chooses AB and CD as the defining contrasts.

2. Determine the third effect (generalized interaction) that will be
confounded by multiplying both the defining contrasts and choos-
ing the letters with odd exponents only. In this example, AB x CD =
ABCD is the generalized interaction, because each of the letters A,
B, C, and D has an exponent of one. More examples of 2* factorials
are given below:

Defining Contrasts Generalized Interaction
AB ABC C

ABD ABC CD

BCD AB ACD

3. Group the treatment combinations into four blocks based on the
signs in the defining contrasts selected. In this example, the blocks
are as follows (see Table 9.19):

AB CD Block

+ 1
+ 1+ 1

BN

4. The observations corresponding to the treatment combinations in
each block should be collected under identical conditions.

9.6.4 Fractional Factorial Experiments

The 2" factorial experiment can become quite large when k is large. In many
experimental situations, it can be assumed that certain higher order inter-
actions are negligible or, even if they are not negligible, the experimenter
may not be interested in them and thus it would be a waste of experimental
effort to use the complete factorial experiment. When k is large, the experi-
menter can make use of a fractional factorial experiment in which only one
half, one fourth, or even one eighth of the total factorial design is actually
carried out.
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TABLE 9.19
Design Table for Example 9.11

A B C D AB CD Block 1 Block 2 Block 3 Block 4
- - - - + + 0
- - - + + 0

- - + - + - *

- - + + + + 0
- + - - - + 0

- + - + - - O

- + + - - - 0

- + + + - + 0

+ - - - - + *

+ - - + - - 0

+ - + - - - 0

+ - + + - + O

+ + - - + + 0
+ + - + + - 0

+ + + - + O

+ + + + + + 0

9.6.4.1 One Half Fractional Factorial Design (Half-Replicate)

The construction of a half-replicate design is identical to the allocation of a 2
factorial experiment into two blocks. First a defining contrast is selected that
is to be confounded, then the two blocks are constructed and either of them
is selected as the design to be carried out.

As an example, consider a 2° factorial experiment in which we wish to use
a half-replicate. The defining contrast ABCD is chosen and two blocks are as
follows:

Block 1 (“+” for ABCD)  Block 2 (“~” for ABCD)
A B C D A B C D

+

|
I+ + 1
I+ 1+ + 1

1
I+ + 1

+ 1

+
+

+ o+ o+ o+
o+ 4
+ o+ o+ o+
+ 0+ o+ +
o+ o+ L+

+ +

Either block can be selected. Let us assume that the experimenter selects
block 1 and collects data for the eight combinations in that block. Table 9.20
contains these eight combinations in the block 1 experiment, with all possible
main factors and interactions in a 2* full factorial experiment. Even though
having two or more replications enables us to compute an explicit sum of
squares for error, it does not increase the number of sums of squares due to
main factors or interactions. The number of sums of squares that can be
computed (other than SST) using the above data is 8 —1 =7. The total number
of possible effects (main factors and their interactions) in a 2* experiment is
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TABLE 9.20
Treatment Combinations in Block 1

A B C D AB AC AD BC BD CD ABC ABD ACD BCD ABCD

- - - - % + + + + + - - - - +
- -+ o+ o+ - - + + + - - +
-+ - o+ + - - + + - + - +
-+ + - - - + + - - + + - +
+ - -+ - - + + - - + - - + +
+ -+ - - + - - + - - + - + +
+ o+ - -+ - - + - - + + +
+ o+ o+ o+ o+ + + + + + + + + + +

15, out of which interaction ABCD is not “present” in block 1, because all the
combinations in this block have the same sign, “+”. This leaves out 14 effects
that are present in the experiment, which means that each of the seven sums
of squares is shared by two effects. It can be seen from Table 9.20 that there
are seven pairs of effects (main factors and interactions) such that the effects
in each pair have the same sequence of “~” and “+” signs and the same sum
of squares. Examples of such pairs are Aand BCD, B and ACD, and so on. The
effects in a pair are called aliases. The aliases in each group (pair) can be
obtained by deleting the letters with an even exponent from the product of
the effect (main factor or interaction) and the defining contrast. For example,
the alias of Ais A x ABCD = A’BCD = BCD.
The aliases in this one half fractional factorial design are

A+ BCD
B + ACD
C + ABD
D + ABC
AB + CD
AC + BD
AD +BC

In summary, in a one half fractional factorial design, the sum of squares of the
defining contrast cannot be computed. In addition, there are exactly two effects
(main factors and or interactions) in each alias group. If the test statistic
obtained from the sum of squares of an alias group is significant, we cannot
determine which one of the members of that group is the cause of significance
without supplementary statistical evidence. However, fractional factorial
designs have their greatest use when k is quite large and there is some previous
knowledge concerning the interactions. It becomes evident that one should
always be aware of what the alias structure is for a fractional experiment before
finally adopting the experimental plan. Proper choice of defining contrasts and
awareness of the alias structure are important considerations before an experi-
mental design is selected. The calculation of the sums of squares is done in the
same way as before, keeping in mind the above limitations.
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9.6.4.2 One Quarter Fractional Factorial Design (Quarter-Replicate)

The construction of a quarter-replicate design is identical to the allocation of a
2 factorial experiment into four blocks. Two defining contrasts are specified
to partition the 2" combinations into four blocks. Any one of the four blocks
can be selected for performing the experiment and analysis. In this design, the
defining contrasts and the generalized interaction are not “present” because
each of these will have the same sign (“=” or “+”) in any block selected.

Let us consider a one quarter fractional design of a 2° factorial, constructed
using ABD and ACE as the defining contrasts. The generalized interaction is
BCDE. In this design, ABD, ACE, and BCDE are not “present” because each of
these will have the same sign (“=" or “+”) in any of the four blocks. This leaves
out 2° — 1 — 3 = 28 effects (main factors and their interactions) that are present
in this design. As the total number of treatment combinations in this design is
1/4(25 ) =8, only seven (8 — 1) sums of squares can be computed. This means that
each sum of squares is shared by 28/7 = 4 effects (main factors/interactions),
hence there are four aliases in each group. The aliases in each group can be
obtained by deleting the letters with even exponents from the products of any
one effect (main factor or interaction) and each defining contrast and the gen-
eralized interaction. For example, the aliases of A are

A x ABD = A’BD = BD

A x ACE = A’CE = CE

A x BCDE = ABCDE
This means that A, BD, CE, and ABCDE share the same sum of squares, mean
squares and test statistics.

The following formulas are applicable to incomplete block designs and
fractional designs of a 2" factorial experiment.

1. Full factorial:
Number of factors = k.
Total number of combinations in a full factorial experiment = 2

Total number of effects (main factors/interactions) present in a
2“ full factorial experiment = 2 - 1.

2. Incomplete blocks:
Number of blocks =2%, q=1,2, ..., k- 1.
Number of combinations in each block = 2¢/2° = 2*
Number of defining contrasts needed to generate 2° blocks = .
Total number of effects confounded within blocks = 2% - 1.
Total number of generalized interactions =2 - 1 —q.

—q

3. Fractional factorial:
Fraction = 1/2°.
Notation = 27,

Number of treatment combinations in the fraction = 2.
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Number of sums of squares that can be computed = 29 -1,

Number of effects (due to main factors/interactions) that are
present in the design = 2* - 2°.

Number of alias groups (one sum of squares per each alias
group) = 27 - 1.

Number of aliases in each group = 2%,

9.6.4.3 Construction of Fractional Factorial Designs

The type of alias relationship present in a fractional factorial design is defined
by its resolution.

1. Resolution 111 designs: In this type of designs,
= No main factor is aliased with any other main factor.
= Main factors are aliased with two-factor interactions.
= Two-factor interactions are aliased with other two-factor inter-
actions.
Examples include 2°™* and 2°7 designs.
2. Resolution 1V designs: These are the designs in which:

< No main factor is aliased with either another main factor or a
two-factor interaction.

= Two-factor interactions are aliased with other two-factor inter-
actions.

Examples include 2 and 2° designs.
3. Resolution V designs: In these designs,

< No main factor is aliased with either another main factor or a
two-factor interaction.

= No two-factor is aliased with other two-factor interactions.
= Two-factor interactions are aliased with three-factor interactions.
Examples include 2°™ and 2° designs.

Table 9.21 contains recommended defining contrasts for selected fractional
factorial designs and the resulting resolutions. For more designs, please refer
to Montgomery.®

A basic design is a 2° full factorial design where a =k — q. For example, the basic
design of a 2" fractional factorial design is a 2* full factorial design. The number
of rows (treatment combinations) in a 2 fractional factorial design is equal to
the number of rows (treatment combinations) in the associated basic design.

9.6.4.4 Steps in the Construction of a Fractional Factorial Design

1. Based on the number of factors to be tested (included in the exper-
iment) and the resolution desired and/or the maximum number
of feasible experiments, select a fractional factorial design from

Table 9.21.
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TABLE 9.21
Recommended Defining Contrasts for Selected Fractional Factorial Designs

Number of
Number of Fractional Experiments/Treatment
Factors (k) Design (Zk'q) Resolution Combinations Defining Contrasts
3 221 (1/2) i 4 ABC
4 2" 1/2) v 8 ABCD
5 272 (1/9) 11 8 ABD,ACE
2> (1/2) \Y 16 ABCDE
6 2% (1/8) i 8 ABD, ACE, BCF
2°7 (1/4) v 16 ABCE, BCDF
7 2" (1/16) 1 8 ABD, ACE, BCF, ABCG
272 (1/8) v 16 ABCE, BCDF, ACDG
2" (1/4) v 32 ABCDF, ABDEG
8 2% (1/16) v 16 BCDE, ACDF, ABCG,
ABDH
2% (1/8) v 32 ABCF, ABDG, BCDEH
9 2°°(1/32) 11 16 ABCE, BCDF, ACDG,
ABDH, ABCDIJ
2™ (1/16) v 32 BCDEF, ACDEG,
ABDEH, ABCE]
2°72 (1/8) v 64 ABCDG, ACEFH, CDEFJ

Example 9.12

An experiment is to be conducted to test the effect of seven factors on some
response variable. The experimenter is satisfied with Resolution Ill. Itisa 2™
fractional design.

2. Select the defining contrast(s) from Table 9.21. From Table 9.21, the
recommended defining contrasts for Example 9.12 are ABD, ACE,
BCF, and ABCG.

3. Start with the basic design, which is a 2° full factorial design where
a =k — g. Table 9.21 contains the signs for the first a = k — q factors
in the fractional design. In Example 9.12, the basic design is 2° full
factorial, given in Table 9.22, which contains signs for factors A, B,
and C in the 2" fractional design.

4. Using the alias relationship, identify the columns for the remaining
q factors. In Example 9.12,

Onealiasof D is D x ABD = AB (D and AB share the same column).
Onealias of E is E x ACE = AC (E and ACE share the same column).
Onealias of Fis F x BCF =BC (F and BCF share the same column).

One alias of G is G x ABCG = ABC (G and ABC share the same
column).
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TABLE 9.22

Basic Design for Example 9.12

A B C AB AC BC ABC
- - - + + + -
- - + - +
- + - - +
- + + - + -
+ - - - - + +
+ - + - - -
+ + - + - -
+ + + + + + +
TABLE 9.23
2" Fractional Factorial Design for Example 9.12
A B C D E F G
- - - + + + -
- - + + - - +
- + - + - +
- + + - - + -
+ - - - - + +
+ - + - + - -
+ + - + - - -
+ + + + + + +

Table 9.22 is modified by replacing column headings AB, AC, BC, and ABC by
D, E, F, and G, respectively, resulting in the final 2" fractional factorial
design, given in Table 9.23. In real-life applications, signs “+” and

design table are replaced by the actual levels of the factors.

Example 9.13

Table 9.24 contains the log sheet of an experiment conducted to test the effects

of seven factors on the hardness of a powdered metal component:

OTMUO >

Material composition
Binder type

Position in the basket
Heat treatment temperature
Quenching bath medium
Annealing temperature
Speed of conveyor belt

in annealing oven

5% (=) and 10% (+)

1(-)and 2 (+)

Bottom (=) and top (+)

800°F () and 900°F (+)

Water (=) and oil (+)

300°F (=) and 400°F (+)

2 feet/minute (-) and 4 feet/ minute (+)
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TABLE 9.24
Log Sheet of the 2" Fractional Factorial Experiment in Example 9.13

D
A Heat F G
Material B C Treatment E Annealing Speed of
Composition  Binder Position Temperature  Quenching  Temperature = Conveyor
(%) Type in Basket (°F) Bath (°F) (fpm)
5 1 Bottom 900 Oil 400 2
5 1 Top 900 Water 300 4
5 2 Bottom 800 Qil 300 4
5 2 Top 800 Water 400 2
10 1 Bottom 800 Water 400 4
10 1 Top 800 Oil 300 2
10 2 Bottom 900 Water 300 2
10 2 Top 900 Qil 400 4
TABLE 9.25
Data for Example 9.14
A B C D E Replication1 Replication2 Total
- - - + + 71 72 143
- - + + - 106 100 206
- + - - + 59 62 121
- + + - - 91 94 185
+ - - - - 122 119 241
+ - + - + 91 94 185
+ + - + - 131 119 250
+ + + + + 85 69 154
Example 9.14

One quarter of a 2° factorial experiment (2°%) was conducted to test the effects
of the following five factors on the descent time of a paper helicopter:

Wing length 1" (-) and 1v/2" (+)

Body width 1" (=) and 1%/s" (+)

Tail length 1" (=) and 1Y/2" (+)

Paper type 1 (-)and 2 (+)

Ballast Without (=) and with (+)

mMgoO >

The defining contrasts are ABD and ACE with Resolution Ill. Table 9.25 con-
tains the observations collected in the experiment, which was replicated
twice. The generalized interaction is BCDE. There are seven alias groups with
four effects (main factors and interactions) in each group. Table 9.26 contains
the ANOVA for this problem.
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TABLE 9.26
ANOVA for Example 9.14

F from

Source of Sum of Degrees of Mean Table A.3
Variation Squares Freedom Square Computed F (a=0.05)
A+BD +CE 1914.06 1 1914.06 64.86° 5.32

+ ABCDE
B + AD + CDE 264.06 1 264.06 8.95°

+ ABCE
C + AE + BDE 39.06 1 39.06 1.32

+ ABCD
D + AB + BCE 27.56 1 27.56 <1

+ ACDE
E + AC + BCD 4865.06 1 4865.06 164.8°

+ ABDE
BC + DE + ABE 95.06 1 95.06 3.22

+ ACD
BE +CD +ABC 105.06 1 105.06 3.56

+ ADE
Error 236.05 8 29.51
Total 7546.44 15

Indicates significance at a = 0.05.

9.6.4.5 Conclusions

The main effects A, B, and E and their aliases are significant at a = 0.05. In the
absence of additional evidence, it is not possible to ascertain which of the
effects in a particular alias group is (are) significant. Usually, the main effects
are presumed to cause significance in an alias group.

Equations relating the significant main factors and interactions to the
response variables can be developed using regression methods or the poly-
nomial equation method, described earlier in this chapter. Assuming that A,
B, and E are the only significant factors, the following polynomial equation is
developed for Example 9.14:

+ 1. +1.
§ = 92.81+10.94 5%5215—25%—4.06 5&6-118—%?%—17.44&, (9.75)

where X; = =1 when used without ballast and 1 when used with ballast.

After developing appropriate equations, the levels of the factors that opti-
mize the response variable can be determined using response methodology
or the desirability function approach.’

9.6.5 Addition of Center Points to the 2“ Design

A major problem in using a 2 factorial design is the assumption of linearity
in the effect of signal factors on the response variables. An experiment with
three levels for the factors suspected to have a nonlinear effect on the
response variable (for example, 3*factorial experiment) can be used to remedy
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this problem. Adding a center point to a 2" factorial experiment can also take
care of this problem with a 2“ factorial experiment. Replicating the center
point also provides an independent estimate of error.

Example 9.15

Consider a 2* factorial design in our paper helicopter design problem. Let the
two signal factors be the wing length (A) and body width (B). The following
are the data for one replicate:

Wing Length (A)
Body Width (B) 1" (0 172" (4

1" (9 63 87
13" (+) 72 104

If we want to test for the nonlinear effect of the factors on the descent time,
then we can add a center point to this design as shown in Figure 9.8. Let us
assume that the center point is replicated four times and the readings are 55,
56, 58, and 58. As the center point is replicated four times, the MSE is com-
puted using only the four observations at this point:

MSE = SSE/(n, - 1) (9.76)

where n, is the number of replications at the center point, and

Ne

SSE = ¥ (vi—¥:)’

i (9.77)
where y. is mean of replications at the center point.
Wing Length (A)
1" (—) 11/2" (+)
Body Width (B) 1" (—) 63 87
¥ Center Point
13/8" (+) 72 104
A 11/4"
B - 13/16"

FIGURE 9.8
Addition of center point.
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TABLE 9.27
ANOVA for Example 9.15

F from
Source of Sum of Degrees of Mean Computed Table A3
Variation Squares Freedom Square F (o =0.05)
A 784 1 784 348.44° 10.13
B 169 1 169 75.11%
AB 16 1 16 7.11
Curvature  1225.13 1 1225.13 555.56°
Error 6.75 4-1=3 2.25
Total 2200.88 7

? indicates significance at a = 0.05.

In Example 9.15, ¥, = (55 + 56 + 58 + 58)/4 = 56.75, SSE = (55 — 56.75)° +
(56 —56.75)° + (58 — 56.75)° + (58 — 56.75)> = 6.75, and MSE =6.75 /(4 — 1) = 2.25.
The sum of squares due to curvature is computed as:

_ —\2
SS - nfnc(yf _yC)
CURVATURE (nf + nc) (978)

where y; is the average of all observations, excluding replications at the cen-
ter point, and n; is the total number of observations, excluding replications at
the center point. In Example 9.15, y¢ = (63 + 87 + 72 + 104)/4 = 81.5, and

4 x 4 x (81.5—56.75)°
SScurvaTuRE = ((4 ) ) = 1225.13

The other sums of squares (SST, SSA, SSB, SSAB, and SSE) are computed as
in any 2 design. The ANOVA results are given in Table 9.27.

It can be seen that both the main factors and the curvature effect are signif-
icant at a = 0.05. A more detailed experiment with more levels of A and B is
required to capture the potential nonlinear effects of Aand B on the response
variable.

9.7 Taguchi’s Orthogonal Arrays

Taguchi simplified the procedure used in the design of fractional factorial
experiments by constructing orthogonal arrays (refer to Taguchi’ and
Phadke’ for details of the arrays). His orthogonal arrays are fractional facto-
rial designs of two levels, three levels, and mixtures of two, three, four, and
five levels. The arrays are denoted by L,, where a is the number of rows in the

©2001 CRC PressLLC



TABLE 9.28
2° Basic Design

1+

I
+ I+ o+
[
4+ o+
[ B

+ + + + |

|
+ 1+ 1+ 1+ 1
S B

+
+

array and indicates the number of experiments that need to be performed for
that array. For example, an Lg array has eight rows and L has nine rows. The
Lg array can be used as a 2% fractional factorial design for any k and q such
that, k —q = 3. From Section 9.6.4, we know that the basic design of a 2" frac-
tional factorial design is a 2 full factorial design. Hence, the Lg array can be
considered a basic design for all 2" fractional factorial designs, with k —q=3.
Consider the 2° full factorial design given in Table 9.28, which has no column
headings. Each column is assigned to a factor. Without column headings, we
can assign any column to any factor, keeping in mind the columns that contain
the interactions of other columns. This is important in fractional factorial
designs, because of the presence of alias groups. Taguchi addressed the inter-
actions in tables and graphs.” His L, design can be obtained from the basic
design in Table 9.28 by reversing the order of rows; replacing “+” and “~" by 1
and 2, respectively, and interchanging columns 3 and 4. Similarly, the L,
Ls,, and Lg, arrays are basic designs for all 2““fractional factorial designs with
k and q such that k —q =4, 5, and 6, respectively.

Taguchi developed other types of orthogonal arrays that are difficult to
design using classical design of experiments methodology. For example the
L, array has one column with two levels and seven columns with three levels.
The advantage in using these arrays is that the experimenter can test several
factors with unequal levels using very few experiments. The main disadvan-
tage in such arrays is that it is impossible to test the effects of any interaction.
The only option the experimenter has is to assume that all the interaction
effects are negligible, which may not be true in many real-life situations.

9.8 Design of Experiments Methodology

Barton' presents an excellent discussion on the methodology to be used in the
design of experiments; the flow chart in Figure 9.9 is a summary of the steps
to be used.
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Define the Goals of
the Experiment

A4
Identify and Classify the
Dependent, Independent, and
Noise Variables
(Cause-Effect Diagrams)

v

Choose an Experimental Design:

Pilot Experiment (debug data collection
procedure, verify feasible ranges,
measurement error, etc.)

« Fractional Factorial

« Taguchi’s Orthogonal Arrays
Screening Experiment (elimination of
insignificant variables)

« Fractional Factorial

« Taguchi’s Orthogonal Arrays
Data Analysis (ANOVA)

Exploratory and Confirmatory
Experiment (after screening)
* Full or Fractional Factorial

Data Analysis (ANOVA)
Regression
Optimization

\ 4
Validation Experiment
Implementation

Monitor Improvement

FIGURE 9.9
Design of experiments methodology.
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9.10 Problems

1. A manufacturer in the steel industry wants to test the effect of the
method of manufacture on the tensile strength of a particular type
of steel. Four different methods have been tested, and the data
shown in Table 9.29 have been collected. Test the significance of
the effect at a = 0.05.

2. Data have been collected to test whether the thickness of a polysili-
con coating depends upon the deposition temperature (see Table 9.30).
Test whether there is any difference in the thickness at different
temperature levels at a = 0.05.

3. Prove that =_,3{_;(Vi~yo)(y;; = ¥i) = 0.

TABLE 9.29

Data for Problem 1

Method Tensile Strength

1 2650 2765 2750 2600
2 2985 2975 2865 2890
3 2775 2620 2690 2700
4 2900 2885 2850 2950

TABLE 9.30
Data for Problem 2

Deposition Temperature  Polysilicon Thickness (Coded Data)

Level 1 110 112 109 115
Level 2 105 99 100 103
Level 3 115 120 109 117
Level 4 102 110 108 102
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TABLE 9.31
Data for Problem 4

Operators
1 2 3 4
Output 90 130 125 150
100 145 140 145
95 120 135 135
80 135 140 160
TABLE 9.32
Data for Problem 5
Batches
1 2 3 4 5
8.5 8.4 8.4 8.5 8.9
8.6 8.5 8.9 8.4 8.6
8.2 8.3 8.2 8.2 8.2
TABLE 9.33
Data for Problem 6
Factor A
Factor B 600 650 700
1 142 113 115 129 135 120
126 130 109 98 115 110
2 122 104 112 104 144 132
118 138 100 119 120 139
3 110 126 122 100 142 130

138 120 118 109 110 125

4. The management wants to test whether there is any difference in

the output of operators on the shop floor. Four operators were
selected at random from the shop floor, and the data in Table 9.31
represent the output of the operators. Conduct an ANOVA at
a = 0.01. Estimate the variance due to the operators.

. A chemical engineer has reason to believe that the batches of raw
material used in the manufacture of a compound differ signifi-
cantly in the nitrogen content. Currently, the company uses many
batches; for his study, the engineer randomly selected five of these
batches and recorded three observations on each batch. The data
in Table 9.32 were obtained. Conduct an ANOVA at a = 0.01.
Estimate the variance due to batches.

. A two-factor experiment was conducted to test whether the given
factors affect the response variable. The data shown in Table 9.33
were collected for three levels of A and three levels of B with four
replicates.
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a. Using a = 0.05, test for the significance of all possible effects.

b. Estimate the percentage contributions of all possible effects and
the error.

7. An engineer suspects that the cutting speed (in inches) and the
feed rate (inches/minute) influence the surface finish of a metal
part. For this study, the engineer collected four cutting speeds and
three feed rates and conducted a two-factor experiment to obtain
the data shown in Table 9.34 with three replications.

a. Conduct an ANOVA at a = 0.05 to test the significance of all
possible effects.

b. Estimate the percentage contributions of all the possible effects
and the error.

8. An experiment was performed to assess the effect of engine oil on
the life of lawn mower engines. The data shown in Table 9.35
(engine life in hours which are coded) was collected. There are two
replications. Conduct an ANOVA to test all possible effects in this
experiment. Use a = 0.01.

9. The effects of cutting speed and feed on the surface finish of a
component were investigated in a two-factor experiment. Each
factor was set at two levels and two observations were collected
for each of the four combinations. The coded observations are
shown in Table 9.36.

a. Conduct an ANOVA at a = 0.05 and test for all possible effects.
b. Calculate the percentage contribution of all the effects.

TABLE 9.34
Data for Problem 7
Cutting Speed Feed Rate (inches/minute)
(RPM) 0.10 0.20 0.30
100 54 60 65 79 68 80 99 88 94
200 98 89 94 98 106 90 100 98 108
300 109 98 89 100 108 94 99 82 102
400 112 100 92 94 104 108 98 116 106
TABLE 9.35
Data for Problem 8
Oil Type 1 Oil Type 2
Mower Make Mower Make
| 1] 1 v
1 2 5 8
2 3 6 9
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TABLE 9.36
Data for Problem 9

Cutting Speed (A) (RPM)

Feed (B) 200 300
2 2 3 4 5
4 6 7 1 2
TABLE 9.37
Data for Problem 10
A B C D Replication 1 Replication 2
-1 -1 -1 -1 200 197
-1 -1 -1 1 194 189
-1 -1 1 -1 201 202
-1 -1 1 1 193 196
-1 1 -1 -1 190 208
-1 1 -1 1 195 198
-1 1 1 -1 205 203
-1 1 1 1 199 197
1 -1 -1 -1 188 190
1 -1 -1 1 180 178
1 -1 1 -1 192 193
1 -1 1 1 205 204
1 1 -1 -1 199 200
1 1 -1 1 179 175
1 1 1 -1 187 185
1 1 1 1 185 186
Total 3092 3101

c. Construct an orthogonal polynomial equation for the data.

d. Using the equation in item c, predict the surface finish when
cutting speed is 200 RPM and feed is 4; compute the residual.

10. In an experiment to test the effects of four factors—A, B, C, and
D—on a response variable, a 2* full factorial experiment was con-
ducted with two replications. The data are given in Table 9.37.
Conduct an ANOVA at a = 0.05.

11. Astudy was performed to determine the effect of material compo-
sition (A), heat treatment temperature (B), and annealing temper-
ature (C) on the tensile strength achieved. Each replicate of the 2°
design was run in two blocks, because only four components can
be manufactured using the same batch of raw material. Two rep-
licates were run, with ABC confounded in Replicates | and II. The
coded data are as follows:
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Replicate |

Block 1 Block 2
A B C A B C
- - - -3 + - - 1
+ + 4 - + -1
+ - + 3 - - + -1
- + + 2 + + + 6

Replicate 11

Block 3 Block 4
A B C A B C
- - - -1 + - - 2
+ + 4 - + - 0
+ - + 1 - - + 0
- + + 1 + + 6

Conduct an ANOVA at a = 0.5.

12. A one half fractional experiment was performed according to
Table 9.38, which also contains the data. Conduct an ANOVA at o =
0.05.

13. For the fractional factorial designs given below,
25—1 26—1 26—2 26—3 27—2 27—3 27—4 28—4

indicate the following quantities:

a. Number of defining contrasts

b. Number of generalized interactions

¢. Number of alias groups

d. Number of aliases in each group
14. Construct a 2° fractional factorial design. List all the aliases.
15. Construct a 2" fractional factorial design. List all the aliases.

16. The Research & Development division of a company wants to test
the effect of three factors—A, B, and C—on a response variable.
When designing this 2° factorial experiment without replication,
the project team proposes using the design defined in Table 9.39
to accommodate the constraint that only two experiments can be
performed using materials from the same blend (batch).

a. Briefly critique the design proposed by the team. More specifi-
cally, state the difficulties, if any, that might be encountered
when interpreting the results. Do not criticize the constraint, as
the team cannot do anything about that. Also, the team cannot
replicate the experiment.

b. If you think that there are disadvantages in this design, recom-
mend a better design that will remedy them, while at the same

©2001 CRC PressLLC



TABLE 9.38

Data for Problem 12: 2* Factorial Experiment

A B C D AB AC AD BC BD CD ABC ABD ACD BCD ABCD Replicationl Replication2  Total
- - - - + + + + + + - - - - + 5 6 11
+ - - - - - - + + + + + + - -

-+ - - - + + - - + + + - + -

+ + - - + - - - - + - - + + + 11 12 23
- -+ - + - + - + - + - + + -

+ -+ - - + - - + - - + - + + 32 30 62
_ + + - - - + + - - - + + - + 15 18 33
+ o+ o+ - + + - + - - + - - - -

- - -+ + + - + - - - + + + - 12 14 26
+ - - + - - + + - - + - - + +

- + - + - + - - + - + - + - +

+ o+ -+ + - + - + - - + - - - 16 12 28
- -+ o+ + - - - - + + + - - +

+ + o+ - + + - + - - + - - 24 26 50
-+ o+ o+ - - - + + + - - - + - 10 12 22
+ o+ o+ o+ + + + + + + + + + + +
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TABLE 9.39
Data for Problem 16: Team’s Design

A B C AB AC BC ABC Shift Blend
- - - + + + - 1 1
- - + - - + 1 2
- + - + - + 2 1
- + + - - + - 2 2
+ - - - - + + 1 1
+ - + - + - - 1 2
+ + - + - - - 2 1
+ + + + + + + 2 2

TABLE 9.40

Data for Problem 17*

Cutting Speed (A)
-300 RPM +350 RPM
Hardness (C)

Feed Rate (B) =30 +40 =30 +40

-0.002 10 15 8 13

+0.004 14 16 10 12

? Center point (A - 325 RPM; B - 0.003; C - 35).

time satisfying the given constraint. Please note that the team
cannot replicate the experiment. Indicate your design by writing
the shifts and blends in which each of the eight experiments is

to be run in your design.

State the basis (or bases) of your design (that is, how you came
up with your design) and the disadvantages of your design.

17. In a 2° full factorial experiment to test the effects of cutting speed
(A), feed rate (B) and hardness of material (C) on the surface finish,
one observation per each of the eight combinations was collected.
In order to obtain an independent estimate of the error and to test
the curvature effect of the factors on the response variable, the
experimenter replicated the experiment four times at the center
point. The coded observations are given in Table 9.40.

Conduct an ANOVA to test the effects of all possible effects at

a = 0.05.
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TABLE A.1

Standard Normal Cumulative Probabilities

z 0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09

0.00 0.0000 0.0040 0.0080 0.0120 0.0160 0.0199 0.0239 0.0279 0.0319 0.0359
0.10 0.0398 0.0438 0.0478 0.0517 0.0557 0.0596 0.0636 0.0675 0.0714 0.0753
0.20 0.0793 0.0832 0.0871 0.0910 0.0948 0.0987 0.1026 0.1064 0.1103 0.1141
0.30 0.1179 0.1217 0.1255 0.1293 0.1331 0.1368 0.1406 0.1443 0.1480 0.1517
0.40 0.1554 0.1591 0.1628 0.1664 0.1700 0.1736 0.1772 0.1808 0.1844 0.1879
0.50 0.1915 0.1950 0.1985 0.2019 0.2054 0.2088 0.2123 0.2157 0.2190 0.2224
0.60 0.2257 0.2291 0.2324 0.2357 0.2389 0.2422 0.2454 0.2486 0.2517 0.2549
0.70 0.2580 0.2611 0.2642 0.2673 0.2704 0.2734 0.2764 0.2794 0.2823 0.2852
0.80 0.2881 0.2910 0.2939 0.2967 0.2995 0.3023 0.3051 0.3078 0.3106 0.3133
0.90 0.3159 0.3186 0.3212 0.3238 0.3264 0.3289 0.3315 0.3340 0.3365 0.3389
1.00 0.3413 0.3438 0.3461 0.3485 0.3508 0.3531 0.3554 0.3577 0.3599 0.3621
1.10 0.3643 0.3665 0.3686 0.3708 0.3729 0.3749 0.3770 0.3790 0.3810 0.3830
1.20 0.3849 0.3869 0.3888 0.3907 0.3925 0.3944 0.3962 0.3980 0.3997 0.4015
1.30 0.4032 0.4049 0.4066 0.4082 0.4099 0.4115 0.4131 0.4147 0.4162 0.4177
1.40 0.4192 0.4207 0.4222 0.4236 0.4251 0.4265 0.4279 0.4292 0.4306 0.4319
1.50 0.4332 0.4345 0.4357 0.4370 0.4382 0.439%4 0.4406 0.4418 0.4429 0.4441
1.60 0.4452 0.4463 0.4474 0.4484 0.4495 0.4505 0.4515 0.4525 0.4535 0.4545
1.70 0.4554 0.4564 0.4573 0.4582 0.4591 0.4599 0.4608 0.4616 0.4625 0.4633
1.80 0.4641 0.4649 0.4656 0.4664 0.4671 0.4678 0.4686 0.4693 0.4699 0.4706
1.90 0.4713 0.4719 0.4726 0.4732 0.4738 0.4744 0.4750 0.4756 0.4761 0.4767
2.00 0.4772 0.4778 0.4783 0.4788 0.4793 0.4798 0.4803 0.4808 0.4812 0.4817
2.10 0.4821 0.4826 0.4830 0.4834 0.4838 0.4842 0.4846 0.4850 0.4854 0.4857
2.20 0.4861 0.4864 0.4868 0.4871 0.4875 0.4878 0.4881 0.4884 0.4887 0.4890
2.30 0.4893 0.4896 0.4898 0.4901 0.4904 0.4906 0.4909 0.4911 0.4913 0.4916
2.40 0.4918 0.4920 0.4922 0.4925 0.4927 0.4929 0.4931 0.4932 0.4934 0.4936
2.50 0.4938 0.4940 0.4941 0.4943 0.4945 0.4946 0.4948 0.4949 0.4951 0.4952
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2.60
2.70
2.80
2.90
3.00
3.10
3.20
3.30
3.40
3.50
3.60
3.70
3.80
3.90

0.4953
0.4965
0.4974
0.4981
0.4987
0.4990
0.4993
0.4995
0.4997
0.4998
0.4998
0.4999
0.4999
0.5000

0.4955
0.4966
0.4975
0.4982
0.4987
0.4991
0.4993
0.4995
0.4997
0.4998
0.4998
0.4999
0.4999
0.5000

0.4956
0.4967
0.4976
0.4982
0.4987
0.4991
0.4994
0.4995
0.4997
0.4998
0.4999
0.4999
0.4999
0.5000

0.4957
0.4968
0.4977
0.4983
0.4988
0.4991
0.4994
0.4996
0.4997
0.4998
0.4999
0.4999
0.4999
0.5000

0.4959
0.4969
0.4977
0.4984
0.4988
0.4992
0.4994
0.4996
0.4997
0.4998
0.4999
0.4999
0.4999
0.5000

0.4960
0.4970
0.4978
0.4984
0.4989
0.4992
0.4994
0.4996
0.4997
0.4998
0.4999
0.4999
0.4999
0.5000

0.4961
0.4971
0.4979
0.4985
0.4989
0.4992
0.4994
0.4996
0.4997
0.4998
0.4999
0.4999
0.4999
0.5000

0.4962
0.4972
0.4979
0.4985
0.4989
0.4992
0.4995
0.4996
0.4997
0.4998
0.4999
0.4999
0.4999
0.5000

0.4963
0.4973
0.4980
0.4986
0.4990
0.4993
0.4995
0.4996
0.4997
0.4998
0.4999
0.4999
0.4999
0.5000

0.4964
0.4974
0.4981
0.4986
0.4990
0.4993
0.4995
0.4997
0.4998
0.4998
0.4999
0.4999
0.4999
0.5000

Note: The table gives values of P[0 < Z < z]. If z is negative, then P[Z < -z] =0.50 - P[0 < Z < z].
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TABLE A.2

t-Table
a

s 0.2 0.1 0.05 0.025 0.01 0.005 0.001 0.0005 0.0001
1 1.3764 3.0777 6.3138 12.706 31.821 63.657 318.31 636.62 3183.1
2 1.0607 1.8856 2.9200 4.3027 6.9646 9.9248 22.327 31.599 70.700
3 09785 16377 23534 31824 45407 58409 10215 12924 22.204
4 09410 15332 21318 27764 37470 46041 7.1732 86103 13.034
5 09195 14759 20150 25706 3.3649 4.0322 5.8934 6.8688 9.6776
6 0.9057 1.4398 1.9432 2.4469 3.1427 3.7074 5.2076 5.9588 8.0248
7 0.8960 1.4149 1.8946 2.3646 2.9980 3.4995 4.7853 5.4079 7.0634
8 0.8889 1.3968 1.8595 2.3060 2.8965 3.3554 4.5008 5.0413 6.4420
9 08834 13830 1.8331 22622 28214 32498 42968 47809 6.0101
10 08791 1.3722 1.8125 22281 27638 31693 41437 45869  5.6938
11 08755 1.3634 17959 22010 27181 31058 4.0247 44370 5.4528
12 0.8726 1.3562 1.7823 2.1788 2.6810 3.0545 3.9296 4.3178 5.2633
13 0.8702 1.3502 1.7709 2.1604 2.6503 3.0123 3.8520 4.2208 5.1106
14 0.8681 1.3450 17613 21448 26245 29768 3.7874 4.1405  4.9850
15 0.8662 1.3406 17531 21314 26025 29467 3.7328 4.0728  4.8800
16 08647 1.3368 17459 21199 25835 29208 3.6862 4.0150  4.7909
17 08633 1.3334 17396 21098 25669 28982 3.6458 3.9651 4.7144
18 0.8620 1.3304 1.7341 2.1009 2.5524 2.8784 3.6105 3.9216 4.6480
19 0.8610 1.3277 1.7291 2.0930 2.5395 2.8609 3.5794 3.8834 4.5899
20 0.8600 1.3253 1.7247 2.0860 2.5280 2.8453 3.5518 3.8495 45385
21  0.8591 1.3232 17207 20796 25176 2.8314 35272 3.8193  4.4929
22 08583 1.3212 17171 20739 25083 28188 35050 3.7921  4.4520
23 08575 13195 17139 20687 24999 28073 34850 3.7676  4.4152
24 0.8569 1.3178 1.7109 2.0639 2.4922 2.7969 3.4668 3.7454 4.3819
25 0.8562 1.3163 1.7081 2.0595 2.4851 2.7874 3.4502 3.7251 4.3517
26 0.8557 1.3150 1.7056 2.0555 2.4786 2.7787 3.4350 3.7066 4.3240
27 0.8551 1.3137 17033 20518 24727 27707 34210 3.6896  4.2987
28 08546 1.3125 17011 20484 24671 27633 34082 36739 4.2754
29 08542 13114 1.6991 20452 24620 27564 3.3962 3.6594  4.2539
30 0.8538 1.3104 1.6973 2.0423 2.4573 2.7500 3.3852 3.6460 4.2340
35 0.8520 1.3062 1.6896 2.0301 2.4377 2.7238 3.3400 3.5011 4.1531
40 0.8507 1.3031 1.6839 2.0211 2.4233 2.7045 3.3069 3.5510 4.0942
50 0.8489 1.2987 1.6759 20086 24033 26778 3.2614 34960  4.0140
60 08477 12958 1.6706 20003 23901 26603 3.2317 34602 3.9621
70 08468 1.2938 1.6669 19944 23808 26479 32108 34350 3.9257
80 0.8461 1.2922 1.6641 1.9901 2.3739 2.6387 3.1953 3.4163 3.8988
90 0.8456 1.2910 1.6620 1.9867 2.3685 2.6316 3.1833 3.4019 3.8780
100 0.8452 1.2901 1.6602 1.9840 2.3642 2.6259 3.1737 3.3905 3.8616
120 0.8446 1.2886 1.6577 1.9799 23578 26174 31595 33735 3.8372
o 0.8416 1.2816 1.6449 19600 23263 25758 3.0902 3.2905 3.7190

a
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TABLE A.3a
F Table for a = 0.01

Vi
Vg 1 2 3 4 5 6 7 8 9 10 12 15 20 25 30 40 60 120 o
1 4052 4999 5403 5625 5764 5859 5928 5981 6023 6056 6106 6157 6209 6240 6261 6287 6313 6339 6366
2 9850 99.00 9917 9925 9930 9933 9936 9937 9939 9940 9942 9943 9945 9946 9947 9947 9948 9949  99.50
3 3412 3082 2946 2871 2824 2791 2767 2749 2735 2723 2705 2687 2669 2658 2650 2641 2632 2622 2613
4 2120 1800 1669 1598 1552 1521 1498 1480 1466 1455 1437 1420 1402 1391 1384 1375 1365 1356 1346
5 1626 1327 1206 1139 1097 1067 1046 1029 1016  10.05 9.89 9.72 9.55 9.45 9.38 9.29 9.20 9.11 9.02
6 1375  10.92 9.78 9.15 8.75 8.47 8.26 8.10 7.98 7.87 7.72 7.56 7.40 7.30 7.23 7.14 7.06 6.97 6.88
7 12.25 9.55 8.45 7.85 7.46 7.19 6.99 6.84 6.72 6.62 6.47 6.31 6.16 6.06 5.99 5.91 5.82 5.74 5.65
8 11.26 8.65 7.59 7.01 6.63 6.37 6.18 6.03 591 5.81 5.67 5.52 5.36 5.26 5.20 512 5.03 4.95 4.86
9 10.56 8.02 6.99 6.42 6.06 5.80 5.61 5.47 5.35 5.26 511 4.96 4.81 4.71 4.65 457 4.48 4.40 431
10 10.04 7.56 6.55 5.99 5.64 5.39 5.20 5.06 4.94 4.85 4.71 4.56 4.41 4.31 4.25 4.17 4.08 4.00 3.91
11 9.65 721 6.22 5.67 5.32 5.07 4.89 4.74 4.63 454 4.40 4.25 4.10 4.01 3.94 3.86 3.78 3.69 3.60
12 9.33 6.93 5.95 541 5.06 4.82 4.64 4.50 4.39 4.30 4.16 4.01 3.86 3.76 3.70 3.62 3.54 3.45 3.36
13 9.07 6.70 5.74 5.21 4.86 4.62 4.44 4.30 4.19 4.10 3.96 3.82 3.66 3.57 351 343 3.34 3.25 3.17
14 8.86 6.51 5.56 5.04 4.69 4.46 4.28 4.14 4.03 3.94 3.80 3.66 351 3.41 3.35 3.27 3.18 3.09 3.00
15 8.68 6.36 5.42 4.89 4.56 4.32 4.14 4.00 3.89 3.80 3.67 3.52 3.37 3.28 321 313 3.05 2.96 2.87
16 8.53 6.23 5.29 4.77 4.44 4.20 4.03 3.89 3.78 3.69 3.55 341 3.26 3.16 3.10 3.02 2.93 2.84 2.75
17 8.40 6.11 5.18 4.67 434 4.10 3.93 3.79 3.68 3.59 3.46 331 3.16 3.07 3.00 2.92 2.83 2.75 2.65
18 8.29 6.01 5.09 4.58 4.25 4.01 3.84 371 3.60 351 3.37 3.23 3.08 2.98 2.92 2.84 2.75 2.66 257
19 8.18 5.93 5.01 4.50 4.17 3.94 3.77 3.63 3.52 343 3.30 3.15 3.00 291 2.84 2.76 2.67 2.58 2.49
20 8.10 5.85 4.94 4.43 4.10 3.87 3.70 3.56 3.46 3.37 3.23 3.09 2.94 2.84 2.78 2.69 2.61 2.52 2.42
21 8.02 5.78 4.87 4.37 4.04 381 3.64 351 3.40 331 3.17 3.03 2.88 2.79 2.72 2.64 255 2.46 2.36
22 7.95 5.72 4.82 4.31 3.99 3.76 3.59 3.45 3.35 3.26 312 2.98 2.83 2.73 2.67 2.58 2.50 2.40 231
23 7.88 5.66 4.76 4.26 3.94 371 3.54 3.41 3.30 321 3.07 293 2.78 2.69 2.62 2.54 2.45 2.35 2.26
24 7.82 5.61 4.72 4.22 3.90 3.67 3.50 3.36 3.26 3.17 3.03 2.89 2.74 2.64 2.58 2.49 2.40 231 221
25 7.77 5.57 4.68 4.18 3.85 3.63 3.46 3.32 3.22 313 2.99 2.85 2.70 2.60 254 2.45 2.36 2.27 217
26 7.72 5.53 4.64 4.14 3.82 3.59 3.42 3.29 3.18 3.09 2.96 2.81 2.66 257 2.50 2.42 2.33 2.23 213
27 7.68 5.49 4.60 411 3.78 3.56 3.39 3.26 3.15 3.06 2.93 2.78 2.63 254 247 2.38 2.29 2.20 2.10
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TABLE A.3a
F Table for a = 0.01 (continued)

Vg 1 2 3 4 5 6 7 8 9 10 12 15 20 25 30 40 60 120 (]

28 7.64 5.45 457 4.07 3.75 3.53 3.36 3.23 3.12 3.03 2.90 2.75 2.60 251 2.44 2.35 2.26 217 2.06
29 7.60 5.42 454 4.04 3.73 3.50 3.33 3.20 3.09 3.00 2.87 2.73 257 2.48 241 2.33 2.23 2.14 2.03
30 7.56 5.39 451 4.02 3.70 3.47 3.30 3.17 3.07 2.98 2.84 270 2.55 245 2.39 2.30 221 211 201
35 7.42 5.27 4.40 391 3.59 3.37 3.20 3.07 2.96 2.88 2.74 2.60 2.44 2.35 2.28 219 2.10 2.00 1.89
40 7.31 5.18 431 3.83 351 3.29 3.12 2.99 2.89 2.80 2.66 252 2.37 2.27 2.20 211 2.02 1.92 1.80
45 7.23 511 4.25 3.77 3.45 3.23 3.07 294 2.83 274 261 2.46 231 221 214 2.05 1.96 1.85 1.74
50 7.17 5.06 4.20 3.72 3.41 3.19 3.02 2.89 2.78 2.70 2.56 2.42 2.27 217 2.10 2.01 191 1.80 1.68
60 7.08 4.98 4.13 3.65 3.34 3.12 2.95 2.82 272 2.63 2.50 2.35 2.20 2.10 2.03 1.94 1.84 1.73 1.60
70 7.01 4.92 4.07 3.60 3.29 3.07 291 278 2.67 2.59 245 231 215 2.05 1.98 1.89 1.78 1.67 154
80 6.96 4.88 4.04 3.56 3.26 3.04 2.87 2.74 2.64 2.55 242 2.27 212 2.01 1.94 1.85 1.75 1.63 1.49
90 6.93 4.85 4.01 3.53 3.23 3.01 2.84 272 2.61 2.52 2.39 2.24 2.09 1.99 1.92 1.82 172 1.60 1.46
100 6.90 4.82 3.98 351 321 2.99 2.82 2.69 2.59 2.50 2.37 222 207 1.97 1.89 1.80 1.69 157 1.43
110 6.87 4.80 3.96 3.49 3.19 297 2.81 2.68 257 2.49 2.35 221 2.05 1.95 1.88 1.78 1.67 1.55 1.40
120 6.85 4.79 3.95 3.48 3.17 2.96 2.79 2.66 2.56 2.47 2.34 2.19 2.03 1.93 1.86 1.76 1.66 153 1.38
[ 6.63 4.61 3.78 3.32 3.02 2.80 2.64 251 241 2.32 218 2.04 1.88 177 1.70 1.59 147 1.32 1.00

v; = Numerator degrees of freedom.
v, = Denominator degrees of freedom.
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TABLE A.3b
F Table for a = 0.05

Vi
Vg 1 2 3 4 5 6 7 8 9 10 12 15 20 25 30 40 60 120 L
1 1615 1995 2157 2246 2302 2340 2368 2389 2405 2419 2439 2460 2480 2493 2501 2511 2522 2533 2543
2 1851 1900 1916 1925 1930 1933 1935 1937 1938 1940 1941 1943 1945 1946 1946 1947 1948 1949 1950
3 10.13 9.55 9.28 9.12 9.01 8.94 8.89 8.85 8.81 8.79 8.74 8.70 8.66 8.63 8.62 8.59 857 8.55 8.53
4 7.71 6.94 6.59 6.39 6.26 6.16 6.09 6.04 6.00 5.96 591 5.86 5.80 5.77 5.75 572 5.69 5.66 5.63
5 6.61 5.79 541 5.19 5.05 4.95 4.88 4.82 477 4.74 4.68 4.62 4.56 4.52 4.50 4.46 4.43 4.40 4.36
6 5.99 514 4.76 4.53 4.39 4.28 421 4.15 4.10 4.06 4.00 394 3.87 3.83 3.81 3.77 3.74 3.70 3.67
7 5.59 4.74 4.35 4.12 3.97 3.87 3.79 3.73 3.68 3.64 357 351 3.44 3.40 3.38 334 3.30 3.27 3.23
8 5.32 4.46 4.07 3.84 3.69 3.58 3.50 344 3.39 3.35 3.28 3.22 3.15 311 3.08 3.04 3.01 297 2.93
9 5.12 4.26 3.86 3.63 3.48 3.37 3.29 323 3.18 314 3.07 3.01 294 2.89 2.86 2.83 2.79 275 271
10 4.96 4.10 371 3.48 3.33 322 3.14 3.07 3.02 2.98 291 2.85 277 2.73 2.70 2.66 2.62 2.58 2.54
11 4.84 3.98 3.59 3.36 3.20 3.09 3.01 2.95 2.90 2.85 279 272 2.65 2.60 257 2.53 2.49 245 240
12 4.75 3.89 3.49 3.26 311 3.00 291 2.85 2.80 275 2.69 2.62 2.54 2.50 2.47 243 2.38 234 2.30
13 4.67 3.81 3.41 3.18 3.03 292 2.83 277 271 2.67 2.60 253 2.46 241 2.38 234 2.30 225 221
14 4.60 3.74 3.34 311 2.96 2.85 2.76 2.70 2.65 2.60 2.53 2.46 2.39 2.34 231 2.27 222 2.18 213
15 454 3.68 3.29 3.06 2.90 2.79 271 2.64 2.59 254 2.48 2.40 2.33 2.28 2.25 2.20 2.16 211 2.07
16 4.49 3.63 3.24 3.01 2.85 274 2.66 2.59 2.54 2.49 2.42 235 2.28 223 2.19 215 211 2.06 2.01
17 4.45 3.59 3.20 2.96 281 2.70 261 2.55 2.49 245 2.38 231 2.23 2.18 215 2.10 2.06 201 1.96
18 441 3.55 3.16 293 2,77 2.66 2.58 251 2.46 241 2.34 227 219 214 211 2.06 2.02 197 1.92
19 4.38 352 3.13 2.90 2.74 2.63 2.54 2.48 2.42 2.38 231 223 2.16 211 2.07 2.03 1.98 1.93 1.88
20 4.35 3.49 3.10 2.87 271 2.60 251 245 2.39 2.35 2.28 2.20 212 2.07 2.04 1.99 1.95 1.90 184
21 4.32 3.47 3.07 2.84 2.68 257 2.49 242 2.37 232 2.25 218 2.10 2.05 2.01 1.96 1.92 187 181
22 4.30 3.44 3.05 2.82 2.66 2.55 2.46 2.40 2.34 2.30 2.23 215 2.07 2.02 1.98 1.94 1.89 184 178
23 4.28 342 3.03 2.80 2.64 2.53 244 237 2.32 227 220 213 2.05 2.00 1.96 191 1.86 181 1.76
24 4.26 3.40 3.01 2.78 2.62 251 2.42 2.36 2.30 2.25 218 211 2.03 197 1.94 1.89 1.84 1.79 173
25 4.24 3.39 2.99 2.76 2.60 2.49 2.40 234 2.28 224 2.16 2.09 2.01 1.96 1.92 187 1.82 177 171
26 4.23 3.37 2.98 274 2.59 247 2.39 2.32 227 222 215 2.07 1.99 194 1.90 1.85 1.80 1.75 1.69
27 421 3.35 2.96 273 257 2.46 2.37 231 2.25 2.20 213 2.06 1.97 1.92 1.88 1.84 1.79 173 1.67
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TABLE A.3b
F Table for a = 0.05 (continued)

=

V? 1 2 3 4 5 6 7 8 9 10 12 15 20 25 30 40 60 120 L

28 4.20 334 2.95 271 2.56 245 2.36 2.29 2.24 219 212 2.04 1.96 191 1.87 1.82 177 171 1.65
29 4.18 3.33 293 2.70 2.55 243 2.35 2.28 222 2.18 2.10 2.03 1.94 1.89 1.85 181 1.75 1.70 1.64
30 4.17 332 2.92 2.69 253 242 2.33 227 221 2.16 2.09 201 1.93 1.88 1.84 1.79 1.74 1.68 1.62
35 4.12 3.27 2.87 2.64 2.49 2.37 2.29 222 2.16 211 2.04 1.96 1.88 1.82 1.79 174 1.68 1.62 1.56
40 4.08 3.23 2.84 261 245 2.34 2.25 2.18 212 2.08 2.00 1.92 1.84 1.78 1.74 1.69 1.64 1.58 151
45 4.06 3.20 2.81 2.58 242 231 222 215 210 2.05 1.97 1.89 1.81 1.75 171 1.66 1.60 154 1.47
50 4.03 3.18 2.79 2.56 2.40 2.29 2.20 213 2.07 2.03 1.95 187 1.78 173 1.69 1.63 1.58 151 1.44
60 4.00 3.15 2.76 2.53 2.37 2.25 217 2.10 2.04 1.99 1.92 184 1.75 1.69 1.65 1.59 153 1.47 1.39
70 3.98 313 2.74 2.50 2.35 223 214 2.07 2.02 197 1.89 181 1.72 1.66 1.62 157 1.50 144 1.35
80 3.96 311 2.72 2.49 2.33 221 213 2.06 2.00 1.95 1.88 179 1.70 1.64 1.60 154 1.48 141 132
90 3.95 3.10 271 247 2.32 2.20 211 2.04 1.99 194 1.86 1.78 1.69 1.63 1.59 153 1.46 1.39 1.30
100 3.94 3.09 2.70 2.46 231 219 2.10 2.03 1.97 1.93 1.85 177 1.68 1.62 157 1.52 1.45 1.38 1.28
110 3.93 3.08 2.69 2.45 2.30 2.18 2.09 2.02 197 1.92 1.84 176 1.67 161 1.56 1.50 1.44 1.36 127
120 3.92 3.07 2.68 245 2.29 2.18 2.09 2.02 1.96 191 1.83 175 1.66 1.60 155 1.50 1.43 1.35 1.25
] 3.84 3.00 2.60 2.37 221 2.10 2.01 1.94 1.88 1.83 1.75 1.67 157 151 1.46 1.39 1.32 122 1.00

v; = Numerator degrees of freedom.
v, = Denominator degrees of freedom.
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TABLE A.4

Constants Used for Estimation and Construction of Control Charts

n Cy d, d, A A, A, B, B, Bs Bs D, D, D, D,
2 07979 11280 08525 21213 18806 26586 O 32664 0 26063 0 36855 O 3.2672
3 08862 16929 08834 17321 10231 19545 O 25684 0 22761 0 43581 0 25743
4 09213 20589 08798 15000 07286 16281 O 22662 0 20879 0O 46983 0 2.2819
5 09399 23261 08641 13416 05768 14273 O 20889 O 19635 0 49184 0 2.1144
6 09516 25342 08480 12247 04833 12872 00302 19698 00286 18744 O 50782 0 2.0039
7 09593 27042 08332 11339 04193 11819 01182 18818 01133 18055 02046 52038 00756  1.9244
8 00651 28474 08198 10607 03725 10091 01847 18153 01783 17517 03880 53068 01363  1.8637
9 00693 29700 08078 10000 03367 10317 02389 17611 02317 17069 05466 53934 01840  1.8160
10 09727 30779 07971 09487 03082 09753 02843 17157 02765 16689 06866 54692 02231  1.7769
11 09753 31726 07873 09045 02851 09273 03221 16779 03141 16367 08107 55345 02555  1.7445
12 09776 32584 07785 08660 02658 08859 03541 16459 03462 16090 09229 55939 02832 17168
13 09794 33356 07704 08321 02494 08496 03815 16185 03736 15852 10244 56468 03071  1.6929
14 09810 34072 07630 08018 02353 08173 04067 15933 03990 15630 11182 56962 03282 16718
15 09823 34722 07562 07746 02231 07886 04279 15721 04204 15442 12036 57408 03466  1.6534
16 09835 35323 07499 07500 02123 07626 04482 15518 04408 15262 12826 57820 03631  1.6369
17 09845 35881 07441 07276 02028 07391 04656 15344 04583 15107 13558 58204 03779 16221
18 09854 36403 07386 07071 01942 07176 04817 15183 04746 14962 14245 58561 03913  1.6087
19 09862 36887 07335 06882 01866 06979 04964 15036 04895 14829 14882 58892 04034 15966
20 09870 37355 07287 06708 01796 06797 05096 14904 05029 14709 15494 59216 04148 15852
21 09875 37779 07242 06547 01733 06629 05231 14769 05166 14586 16053 59505 04249 15751
22 09882 38197 07199 06396 01674 06472 05349 14651 05287 14477 16600 59794 04346  1.5654
23 09887 38580 07159 06255 01621 06327 05451 14549 05390 14384 17103 60057 04433 15567
24 09892 38956 07121 06124 01572 06191 05555 14445 05495 14289 17593 60319 04516 15484
25 09896 39308 07084 06000 01526 06063 05639 14361 05581 14211 18056  6.0560 04593 15407
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TABLE A5

Extended Standard Normal Tables

z Value Cum. Prob PPM z Value Cum. Prob PPM

-3.00 0.0013499672 1349.9672 -3.56 0.0001854674 185.4674
-3.01 0.0013063077 1306.3077 -3.57 0.0001785299 178.5299
-3.02 0.0012639426 1263.9426 -3.58 0.0001718356 171.8356
-3.03 0.0012228379 1222.8379 -3.59 0.0001653768 165.3768
-3.04 0.0011829598 1182.9598 -3.60 0.0001591457 159.1457
-3.05 0.0011442758 1144.2758 -3.61 0.0001531349 153.1349
-3.06 0.0011067538 1106.7538 -3.62 0.0001473372 147.3372
-3.07 0.0010703626 1070.3626 -3.63 0.0001417457 141.7457
-3.08 0.0010350715 1035.0715 -3.64 0.0001363534 136.3534
-3.09 0.0010008508 1000.8508 -3.65 0.0001311538 131.1538
-3.10 0.0009676712 967.6712 -3.66 0.0001261406 126.1406
-3.11 0.0009355045 935.5045 -3.67 0.0001213076 121.3076
-3.12 0.0009043226 904.3226 -3.68 0.0001166487 116.6487
-3.13 0.0008740986 874.0986 -3.69 0.0001121581 112.1581
-3.14 0.0008448059 844.8059 -3.70 0.0001078301 107.8301
-3.15 0.0008164187 816.4187 -3.71 0.0001036594 103.6594
-3.16 0.0007889117 788.9117 -3.72 0.0000996405 99.6405
-3.17 0.0007622602 762.2602 -3.73 0.0000957684 95.7684
-3.18 0.0007364404 736.4404 -3.74 0.0000920380 92.0380
-3.19 0.0007114286 711.4286 -3.75 0.0000884446 88.4446
-3.20 0.0006872021 687.2021 -3.76 0.0000849834 84.9834
-3.21 0.0006637385 663.7385 -3.77 0.0000816499 81.6499
-3.22 0.0006410161 641.0161 -3.78 0.0000784397 78.4397
-3.23 0.0006190137 619.0137 -3.79 0.0000753486 75.3486
-3.24 0.0005977105 597.7105 -3.80 0.0000723724 72.3724
-3.25 0.0005770865 577.0865 -3.81 0.0000695072 69.5072
-3.26 0.0005571219 557.1219 -3.82 0.0000667491 66.7491
-3.27 0.0005377977 537.7977 -3.83 0.0000640944 64.0944
-3.28 0.0005190951 519.0951 -3.84 0.0000615394 61.5394
-3.29 0.0005009959 500.9959 -3.85 0.0000590806 59.0806
-3.30 0.0004834825 483.4825 -3.86 0.0000567147 56.7147
-3.31 0.0004665376 466.5376 -3.87 0.0000544383 54.4383
-3.32 0.0004501443 450.1443 -3.88 0.0000522484 52.2484
-3.33 0.0004342863 434.2863 -3.89 0.0000501418 50.1418
-3.34 0.0004189477 418.9477 -3.90 0.0000481155 48.1155
-3.35 0.0004041129 404.1129 -3.91 0.0000461668 46.1668
-3.36 0.0003897667 389.7667 -3.92 0.0000442927 44,2927
-3.37 0.0003758946 375.8946 -3.93 0.0000424907 42.4907
-3.38 0.0003624821 362.4821 -3.94 0.0000407581 40.7581
-3.39 0.0003495154 349.5154 -3.95 0.0000390925 39.0925
-3.40 0.0003369808 336.9808 -3.96 0.0000374913 37.4913
-3.41 0.0003248652 324.8652 -3.97 0.0000359523 35.9523
-3.42 0.0003131558 313.1558 -3.98 0.0000344732 34.4732
-3.43 0.0003018400 301.8400 -3.99 0.0000330518 33.0518
-3.44 0.0002909058 290.9058 -4.00 0.0000316860 31.6860
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TABLE A5

Extended Standard Normal Tables (continued)

z Value Cum. Prob PPM z Value Cum. Prob PPM
-3.45 0.0002803412 280.3412 -4.01 0.0000303738 30.3738
-3.46 0.0002701349 270.1349 -4.02 0.0000291131 29.1131
-3.47 0.0002602757 260.2757 -4.03 0.0000279021 27.9021
-3.48 0.0002507526 250.7526 -4.04 0.0000267389 26.7389
-3.49 0.0002415553 241.5553 -4.05 0.0000256217 25.6217
-3.50 0.0002326734 232.6734 -4.06 0.0000245489 24.5489
-3.51 0.0002240969 224.0969 -4.07 0.0000235188 23.5188
-3.52 0.0002158162 215.8162 -4.08 0.0000225297 22.5297
-3.53 0.0002078219 207.8219 -4.09 0.0000215802 21.5802
-3.54 0.0002001049 200.1049 -4.10 0.0000206687 20.6687
-3.55 0.0001926562 192.6562 -4.11 0.0000197938 19.7938
-4.12 0.0000189542 18.9542 -4.69 0.0000013676 1.3676
-4.13 0.0000181484 18.1484 -4.70 0.0000013023 1.3023
-4.14 0.0000173753 17.3753 -4.71 0.0000012400 1.2400
-4.15 0.0000166335 16.6335 -4.72 0.0000011806 1.1806
-4.16 0.0000159218 15.9218 -4.73 0.0000011239 1.1239
-4.17 0.0000152391 15.2391 -4.74 0.0000010699 1.0699
-4.18 0.0000145843 14.5843 -4.75 0.0000010183 1.0183
-4.19 0.0000139563 13.9563 -4.76 0.0000009692 0.9692
-4.20 0.0000133541 13.3541 -4.77 0.0000009223 0.9223
-4.21 0.0000127766 12.7766 -4.78 0.0000008776 0.8776
-4.22 0.0000122230 12.2230 -4.79 0.0000008350 0.8350
-4.23 0.0000116922 11.6922 -4.80 0.0000007944 0.7944
-4.24 0.0000111834 11.1834 -4.81 0.0000007556 0.7556
-4.25 0.0000106957 10.6957 -4.82 0.0000007187 0.7187
-4.26 0.0000102283 10.2283 -4.83 0.0000006836 0.6836
-4.27 0.0000097804 9.7804 -4.84 0.0000006501 0.6501
-4.28 0.0000093512 9.3512 -4.85 0.0000006181 0.6181
-4.29 0.0000089400 8.9400 —-4.86 0.0000005877 0.5877
-4.30 0.0000085460 8.5460 -4.87 0.0000005588 0.5588
-4.31 0.0000081687 8.1687 -4.88 0.0000005312 0.5312
-4.32 0.0000078072 7.8072 -4.89 0.0000005049 0.5049
-4.33 0.0000074610 7.4610 -4.90 0.0000004799 0.4799
-4.34 0.0000071295 7.1295 -4.91 0.0000004560 0.4560
-4.35 0.0000068121 6.8121 -4.92 0.0000004334 0.4334
—-4.36 0.0000065082 6.5082 -4.93 0.0000004118 0.4118
-4.37 0.0000062172 6.2172 -4.94 0.0000003912 0.3912
-4.38 0.0000059387 5.9387 -4.95 0.0000003716 0.3716
-4.39 0.0000056721 5.6721 -4.96 0.0000003530 0.3530
-4.40 0.0000054170 5.4170 -4.97 0.0000003353 0.3353
-4.41 0.0000051728 5.1728 -4.98 0.0000003184 0.3184
—4.42 0.0000049392 4.9392 -4.99 0.0000003024 0.3024
-4.43 0.0000047156 4.7156 -5.00 0.0000002871 0.2871
—-4.44 0.0000045018 4.5018 -5.01 0.0000002726 0.2726
(Continued)
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TABLE A5

Extended Standard Normal Tables (continued)

z Value Cum. Prob PPM z Value Cum. Prob PPM
—-4.45 0.0000042972 4.2972 -5.02 0.0000002588 0.2588
-4.46 0.0000041016 4.1016 -5.03 0.0000002456 0.2456
-4.47 0.0000039145 3.9145 -5.04 0.0000002331 0.2331
-4.48 0.0000037355 3.7355 -5.05 0.0000002213 0.2213
-4.49 0.0000035644 3.5644 -5.06 0.0000002100 0.2100
—4.50 0.0000034008 3.4008 -5.07 0.0000001992 0.1992
-4.51 0.0000032444 3.2444 -5.08 0.0000001890 0.1890
-4.52 0.0000030949 3.0949 -5.09 0.0000001793 0.1793
-4.53 0.0000029520 2.9520 -5.10 0.0000001701 0.1701
—4.54 0.0000028154 2.8154 -5.11 0.0000001614 0.1614
-4.55 0.0000026849 2.6849 -5.12 0.0000001530 0.1530
—4.56 0.0000025602 2.5602 -5.13 0.0000001451 0.1451
-4.57 0.0000024411 24411 -5.14 0.0000001376 0.1376
-4.58 0.0000023272 2.3272 -5.15 0.0000001305 0.1305
-4.59 0.0000022185 2.2185 -5.11 0.0000001614 0.1614
-4.60 0.0000021146 2.1146 -5.12 0.0000001530 0.1530
-4.61 0.0000020155 2.0155 -5.13 0.0000001451 0.1451
-4.62 0.0000019207 1.9207 -5.14 0.0000001376 0.1376
-4.63 0.0000018303 1.8303 -5.15 0.0000001305 0.1305
—-4.64 0.0000017439 1.7439 -5.16 0.0000001237 0.1237
-4.65 0.0000016615 1.6615 -5.17 0.0000001173 0.1173
—-4.66 0.0000015828 1.5828 -5.18 0.0000001112 0.1112
-4.67 0.0000015077 1.5077 -5.19 0.0000001053 0.1053
—-4.68 0.0000014360 1.4360 -5.20 0.0000000998 0.0998
-5.21 0.0000000946 0.0946 -5.61 0.0000000101 0.0101
-5.22 0.0000000896 0.0896 -5.62 0.0000000096 0.0096
-5.23 0.0000000849 0.0849 -5.63 0.0000000090 0.0090
-5.24 0.0000000804 0.0804 -5.64 0.0000000085 0.0085
-5.25 0.0000000762 0.0762 -5.65 0.0000000080 0.0080
-5.26 0.0000000722 0.0722 -5.66 0.0000000076 0.0076
-5.27 0.0000000684 0.0684 -5.67 0.0000000072 0.0072
-5.28 0.0000000647 0.0647 -5.68 0.0000000068 0.0068
-5.29 0.0000000613 0.0613 -5.69 0.0000000064 0.0064
-5.30 0.0000000580 0.0580 =5.70 0.0000000060 0.0060
-5.31 0.0000000549 0.0549 -5.71 0.0000000057 0.0057
-5.32 0.0000000520 0.0520 -5.72 0.0000000053 0.0053
-5.33 0.0000000492 0.0492 -5.73 0.0000000050 0.0050
-5.34 0.0000000466 0.0466 =5.74 0.0000000047 0.0047
-5.35 0.0000000441 0.0441 =5.75 0.0000000045 0.0045
-5.36 0.0000000417 0.0417 -5.76 0.0000000042 0.0042
-5.37 0.0000000395 0.0395 =5.77 0.0000000040 0.0040
-5.38 0.0000000373 0.0373 -5.78 0.0000000037 0.0037
-5.39 0.0000000353 0.0353 -5.79 0.0000000035 0.0035
=5.40 0.0000000334 0.0334 -5.80 0.0000000033 0.0033
-5.41 0.0000000316 0.0316 -5.81 0.0000000031 0.0031
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TABLE A5

Extended Standard Normal Tables (continued)

z Value Cum. Prob PPM z Value Cum. Prob PPM
=5.42 0.0000000299 0.0299 -5.82 0.0000000030 0.0030
-5.43 0.0000000282 0.0282 -5.83 0.0000000028 0.0028
=5.44 0.0000000267 0.0267 -5.84 0.0000000026 0.0026
=5.45 0.0000000252 0.0252 -5.85 0.0000000025 0.0025
-5.46 0.0000000239 0.0239 -5.86 0.0000000023 0.0023
-5.47 0.0000000226 0.0226 -5.87 0.0000000022 0.0022
-5.48 0.0000000213 0.0213 -5.88 0.0000000021 0.0021
-5.49 0.0000000201 0.0201 -5.89 0.0000000019 0.0019
-5.50 0.0000000190 0.0190 -5.90 0.0000000018 0.0018
-5.51 0.0000000180 0.0180 -5.91 0.0000000017 0.0017
-5.52 0.0000000170 0.0170 -5.92 0.0000000016 0.0016
-5.53 0.0000000161 0.0161 -5.93 0.0000000015 0.0015
-5.54 0.0000000152 0.0152 -5.94 0.0000000014 0.0014
-5.55 0.0000000143 0.0143 -5.95 0.0000000013 0.0013
-5.56 0.0000000135 0.0135 -5.96 0.0000000013 0.0013
-5.57 0.0000000128 0.0128 -5.97 0.0000000012 0.0012
-5.58 0.0000000121 0.0121 -5.98 0.0000000011 0.0011
-5.59 0.0000000114 0.0114 -5.99 0.0000000011 0.0011
-5.60 0.0000000107 0.0107 -6.00 0.0000000010 0.0010
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TABLE A.6
Chi-Square Table

@ (Area to the Right)

v 0.999 0.995 0.99 0.975 0.95 0.9 0.1 0.05 0.025 0.01 0.005 0.001
1 0.0000 0.0000 0.0002 0.0010 0.0039 0.0158 2.7055 3.8415 5.0239 6.6349 7.8794 10.8276
2 0.0020 0.0100 0.0201 0.0506 0.1026 0.2107 4.6052 5.9915 7.3778 9.2103 10.5966 13.8155
3 0.0243 0.0717 0.1148 0.2158 0.3518 0.5844 6.2514 7.8147 9.3484 11.3449 12.8382 16.2662
4 0.0908 0.2070 0.2971 0.4844 0.7107 1.0636 7.7794 9.4877 11.1433 13.2767 14.8603 18.4668
5 0.2102 0.4117 0.5543 0.8312 1.1455 1.6103 9.2364 11.0705 12.8325 15.0863 16.7496 20.5150
6 0.3811 0.6757 0.8721 1.2373 1.6354 2.2041 10.6446 12.5916 14.4494 16.8119 18.5476 224577
7 0.5985 0.9893 1.2390 1.6899 2.1673 2.8331 12.0170 14.0671 16.0128 18.4753 20.2777 24.3219
8 0.8571 1.3444 1.6465 2.1797 2.7326 3.4895 13.3616 15.5073 17.5345 20.0902 21.9550 26.1245
9 1.1519 1.7349 2.0879 2.7004 3.3251 4.1682 14.6837 16.9190 190.0228 21.6660 23.5894 27.8772

10 1.4787 2.1559 2.5582 3.2470 3.9403 4.8652 15.9872 18.3070 20.4832 23.2093 25.1882 29.5883

11 1.8339 2.6032 3.0535 3.8157 4.5748 5.5778 17.2750 19.6751 21.9200 24.7250 26.7568 31.2641

12 2.2142 3.0738 3.5706 4.4038 5.2260 6.3038 18.5493 21.0261 23.3367 26.2170 28.2995 32.9095

13 26172 3.5650 4.1069 5.0088 5.8919 7.0415 19.8119 22.3620 24.7356 27.6882 29.8195 34.5282

14 3.0407 4.0747 4.6604 5.6287 6.5706 7.7895 21.0641 23.6848 26.1189 29.1412 31.3193 36.1233

15 3.4827 4.6009 5.2293 6.2621 7.2609 8.5468 22.3071 24.9958 27.4884 30.5779 32.8013 37.6973

16 3.9416 5.1422 5.8122 6.9077 7.9616 9.3122 23.5418 26.2962 28.8454 31.9999 34.2672 39.2524

17 4.4161 5.6972 6.4078 7.5642 8.6718 10.0852 24.7690 27.5871 30.1910 33.4087 35.7185 40.7902

18 4.9048 6.2648 7.0149 8.2307 9.3905 10.8649 25.9894 28.8693 31.5264 34.8053 37.1565 42.3124

19 5.4068 6.8440 7.6327 8.9065 10.1170 11.6509 27.2036 30.1435 32.8523 36.1909 38.5823 43.8202

20 5.9210 7.4338 8.2604 9.5908 10.8508 12.4426 28.4120 31.4104 34.1696 37.5662 39.9968 45.3147

21 6.4467 8.0337 8.8972 10.2829 11.5913 13.2396 29.6151 32.6706 35.4789 38.9322 41.4011 46.7970

22 6.9830 8.6427 9.5425 10.9823 12.3380 14.0415 30.8133 33.9244 36.7807 40.2894 42,7957 48.2679

23 7.5292 9.2604 10.1957 11.6886 13.0905 14.8480 32.0069 35.1725 38.0756 41.6384 44.1813 49.7282

24 8.0849 9.8862 10.8564 12.4012 13.8484 15.6587 33.1962 36.4150 39.3641 42.9798 45.5585 51.1786
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25
26
27
28
29
30

8.6493
9.2221
9.8028
10.3909
10.9861
11.5880

10.5197
11.1602
11.8076
12.4613
13.1211
13.7867

11.5240
12.1981
12.8785
13.5647
14.2565
14.9535

13.1197
13.8439
145734
15.3079
16.0471
16.7908

14.6114
15.3792
16.1514
16.9279
17.7084
18.4927

16.4734
17.2919
18.1139
18.9392
19.7677
20.5992

34.3816
35.5632
36.7412
37.9159
39.0875
40.2560

37.6525
38.8851
40.1133
41.3371
42.5570
43.7730

40.6465
41.9232
43.1945
44.4608
45.7223
46.9792

44.3141
45.6417
46.9629
48.2782
49.5879
50.8922

46.9279
48.2899
49.6449
50.9934
52.3356
53.6720

52.6197
54.0520
55.4760
56.8923
58.3012
59.7031

v=Degrees of freedom.
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