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CHAPTER |

INTRODUCTION

1.1 Background of the Thesis

Statistical process control is an effective method for controlling quality and
productivity in a firm. The primary tool of statistical process control is statistical control
chart. Control chart developed by W.A. Shewhart (1931) is a useful tool to monitor the
process to check whether the process is in_eonirol or there is a system of assignable
causes occurs (Celeno and Fichera, 1§'€99). The objectives of control chart is to help
determine either variation.in"measurements of a product are caused by small, normal
variations that cannot besacted upon ("Clbmmon causes') or by some larger variations

("special cause") that candoe acted ubbn df;"ixed.

i 4
\ &

The X-bar chart is one of ithe variable c‘,’!gntrol chart that is among the most important
and useful on-line statistical "brécess .-}Tdﬁloﬁitoring and control techniques. The
i " ] F‘
ald v ol
characteristic of X-bar chart'is {6 control the _;Qyocess average or mean quality level

between subgroups.

The design of théf%——barchaﬁ—mvﬁveswﬁh—thefde’feﬁﬂ@éﬁion of the sample size and
the frequency or tin-W; between sampling. In practice, th_e X-bar chart normally has
sample size (n) aroun‘;j 4 or 5. The sampling interve;I is generally based on the
production ratesand familiarity ‘with the process (Alexander et al., 1995). Sample size
and sampling frequency play an important role in the quality of the control chart.
Moreovet, there are.many‘casts, relatedto theisample size and sampling [frequency such

as cost of poor product and cost of sampling. Therefore, the quality and costs related to

the control chart should be concerned when developing the control chart.



1.2 Statement of Problem

The design of X-bar chart is important in many aspects of different levels in the firm.
For example, the parameters needed to control can affect the long run product quality.

Managers are interested in achieving quality at the minimum cost.

The main factors that needed to concern when designing X-bar chart are sample
size (n) and sampling frequency (f). Sample size and sampling frequency are normally
determined based on quality criteria only. /Increasing sample size and sampling
frequency are necessary when we want to'incréase the ability of detection. However,
increasing sample size -and-sampling* frequeneyresults in an increase in cost of
sampling, but cost of scrap.and cost of rework can be reduced because we can detect
the mean shift more quickly. [he/causes of variation can be fixed early. On the other
hand, decreasing samplg’ size jand sampling frequency results in a decrease in
probability of detection, cadsing higher. C(;.;t of scrap and rework. However, the cost of
sampling is reducing. J '

The problem with the commro'r'\‘['y useé%ﬁqgroach that considering only available

4
aspect when designing control chart is that the cost effectiveness is not obtained. The

problem is whether to,take Iargé- samples at less frequentsinterval or small samples at

more frequent intefvg';il—(GoeI, Jain, and Wu, 1968). Dégérmining sample size and
sampling frequency is important for minimizing the costs related. Many researchers
have proposed economicimedels for designing of control chart which give the guideline

to answer those quéstians.

HowevenmaSaniga,and Shirland=(1977)showed thatyveryfew-ecenomiec models for the
design of control charts have implemented. The economic models are not widely used
because the models are quite complex, and difficult to evaluate and optimize
(Alexander et al., 1995). The economic models usually use complex mathematic and
statistic, which are hard to understand and applied in real case. Woodal (1986) stated
that control chart based on economically optimal design generally have poor statistical

properties. Moreover, Montgomery (1980) also stated that the proposed models did not



consider all relevant costs and no formal optimization techniques applied to the total

cost function.

Hence, this project aims to solve these problems by developing understandable
economic mathematical model using both quality and cost criteria. The model is used to
determine the control chart parameters which are sample size (n) and sampling
frequency (f) that minimizing the total cost of quality while the quality level remains the
same. The economic mathematical modeliwill be developed under the real situation of

the case study company to make the model realistic.
-

1.3 Background of the Case.Study Company

i
The case study companyis an‘electronic company that produces specific parts in a

motor for hard disk drive (HDD): The pEoduotion of the product consists of turning

i
1 -

process, internal process quality éssurang:e'(IPQA), and outgoing quality assurance

(OQA). The turning process is a process'-"ﬂthaff turns an internal diameter (ID) of the
F

product. This process is conS|dered to be a Iong run production process and has a
sLhd

steady standard deviation (SD) The IPQA p{iocess is a quality control process which

monitors the ID parameter in productlon line. At the present; the company is using X-bar

control chart to mom_tg_r the ID as a variable data in IPQA }p_r_ooess. The OQA process is
the final quality control process before delivering the product to the customer. This

thesis will use the ID of the product as a variable data to monitor an X-bar chart.

Inside Diaméter

Figure 1.1: Inside Diameter of the Product Studied



1.4 Thesis Objective

1. To develop economic mathematic model by integrating quality costs related to the

implementation of control chart.

2. To find the appropriate sample size and sampling frequency for the case study

.,

the process in the case stu ny n- uC s parts in HDD. The thesis uses

company.

1.5 Scope of the Thesis

1. The scope of the t onom|c mathematical model for

X-bar chart for monitorin

2. Constraints abo (a) and type 2 error (f3).

o 1
Type 1 error and type 0. e illustrated in forms of ARL, (—) and ARL,
. = o

(%) respectively.

4. Costs in the mo@l con 0 CO andﬁailure costs. Prevention costs

are excluded from the model because they are not dependent on sample size and

B NENIHE NS



1.6 Methodology

1.6.1 Exploratory Research from Literatures, Books, and Journals

This phase focuses on researching relevant literatures, books, and journals about
the design of control chart and costs of quality. Data from the research will be analyzed
and identified to set a scope and arrange a schedule for the thesis. The objective of the

thesis and its expected benefit are also settled in this phase.

1.6.2 Collect All Related inf '\ Study Process

The case study p e study more realistic and

practicable. There are | from the case study process,

which are quality cost

1.6.2.1 Quali

related costs will be studie - make the mathematic model precise as

much as possible.

1622 Quanrff

Qualité charact!’r' ic measured from theﬁo;d]ucﬁvill be collected and used

L LITET I
RIANNIUURIAINYIAY

1.6.3tDevelop the Mathematical Model

for designing

The economic mathematical model will be developed based on theory, literature,
and case study data. The model will include related appraisal and failure costs and
statistical quality criteria to determine sample size and sampling frequency. Sample size
and sampling frequency are the variables affect both costs and statistical quality of the

control chart.



1.6.4 Improve the Mathematical Model

The collected data will be applied in the model for validating and improving the
model. The impractical issues and drawbacks in the economic mathematical model will
be analyzed and improved to make the effective model. Literature will also be reviewed

to ensure that the improvement is in the right direction.

1.6.5 Summarize the Results

Results, advantages, and disadvantages oi-the"economic mathematical model and
its application will be illustrated and.concluded. Also, limitations and assumptions will be

discussed and suggested.

1.7 Research Schedule

Table ¥.1: Research Schedule

1. Study

research

2. Collect data

3. Develop the

model

4. Improve the

model

5. Summarize




1.8 Expected Benefits

1. Costs of quality will be identified and analyzed about their relationship with the

control chart implementation and statistical quality criteria.

2. Developed mathematical model can determine the appropriate sample size and

sampling frequency for minimizing total quality costs.

3. After using the new develop bdel, costs will be reduced while statistical

quality is retained.

AULINENINYINS
AR TN TN



CHAPTER I

RELATED THEORETICAL STUDIES AND LITERATURE REVIEWS

2.1 Related Theoretical Studies

2.1.1 Statistical Quality Control (Montgomery, 2005)

My,

4

e ——

%of how well designed or
e

carefully maintained it atural variability that always

exists. This natural v cumulative effect of many

small, basic unavoida

often called a “stable system

A Procef_s,,tbﬁﬁ"a: L only chance causes of variation
present is said to bedn statistical control. In other word s,-the chance causes are an

inherent part of the process

AUEERENTNYIN T
Y 1S e Ea £ N a3 2

improper machines control or adjustment, operator errors, or defective raw material.
Such variability is generally large when compared to the background

noise, and it usually represents an unacceptable level of process performance. These

sources of variability that are not part of the chance cause pattern are called



“assignable causes”. A process that is operating in the presence of assignable causes

is said to be out of control.

2.1.1.2 The Design of the Control Chart

A. Identify What to Control or the Control Objective

B. Speci Size a 1e Sampling Frequency.

The ize jar hers pling frequency depend on the following

factors:

1. ~pr tion ex. more sampling frequency is

€ new one.

Y]

3. :
AN ANENINEINT
% T ER)8 B WV B oo o

dependiﬂg on the type of control chart. After collecting all data, the result is used to

formulate control chart from each sample to find sample mean, sample distribution and

sample sensitivity.
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D. Calculate Control Limits and Develop the Control Chart
Control chart consists of:
1) Upper Control Limit: UCL

UCL=j+Lé

2) Centerline: CL

of control limits from the center line,

andard deviation units

\ ceroets
AUEINENINYINT
PRAINTRIIAENYAT

LCL=ji- L&

Figure 2.1: UCL, CL, and LCL of the Control Chart
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E. Plot and Analyze the Control Chart

Plot the points that have been computed based on measurement on
the control charts and then analyze the distribution of the points whether the process is

in in-control state or not. The characteristics of in-control state are as follows:
1. Most of the points are near the center line.

y

2. The points near the er and the lower limit are in small quantity.

3. Nearly a

&\I between the upper and the lower
_‘_,
w

Using > Rule termine the deviation of the process.

. It . o
If there is a point-exci > UCL or LCL, the investigation has to
be established to fix.the ¢ ses. After he ¢ ere faund, eliminate all the points

that plotted outside ------------------------- '.'J rol chart using the points

inside the control IimitﬁJse e

AUAANENIIELNT e s e
A Anena Y

2. The assumption in developing the control chart is that the sample

0 Corﬁl the process. The important

factors are:

data has to have normal distribution.
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G. Use Control Chart to Improve Product Quality

The improvement of product quality is necessary for the competition.
Besides, when the process is improved ex. the center line or the sensitivity is change in
the better way, the new control limits must be computed to make the control chart

conform to the present situation.

2.1.1.3 The X-bar Contr
The X-bar charts g the

process monitoring an niques: Contre e process average or mean

ant and useful on-line statistical

quality level is usually «~--\. called the X-bar chart.

2.1.1.4 Develop

There are 4 im : ping X-bar and R charts which are

control limit width, sample si ampl y, and method of subgroup selection.

A. Contro

Cofird L v

trol of L since O'is a value that

derived from the procﬂ variability which cannot be adﬁted Normally, the L value is

ﬂiJEJ’J“fIﬂﬂiWﬂ']ﬂ‘i

CL u+Lo

AMAININUMIINYAY

The main considerations when developing control chart are lost due to

set to be 3.

nonconformance, cost of adjusting machine, type 2 error (£), and type 1 error (« ).
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af2 A

Figure 2.2: X-bar Contral Cha jits-and the 1\ the Process Mean from 4, to

Sam;E size is the number of products ”'I

ﬁeﬁﬂ@ﬁw TR

. We want a small gample size beoause we Wantbsave the sampling

’QW']&Nﬂ‘iflJﬂmﬂﬂEﬂﬂEl

2. We want a large sample size because we want the mean sample to

ich will be formed to be one

distribute as a normal distribution and increase the power of the

detection.

Normally, the sample size is around 4-6 pieces.
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Sample size and type 2 error ().

B =d(L-kv/n)—d(-L —k+/n)

Where f is the function of sample size which can detect the

magnitude of the shift in various sample sizes (n)

®d is the standard normal cumulative distribution function

of the shift from the normal state

standard deviation units

Itiple o %v dard error in the control limits

‘\‘o mance measurement of control

ARL \
Fsamples taken in order to detect the shift. The

large value of ARL me e Iaﬁ'e mbé of samples is required for detection,
, , , i Eji' P I'l1
which resulted in higher %;q arge number of defect products have been

AN 1

> detect the shift early.

A 7 T "
i !‘t_,#'—’ b -
= e

,

1y

C. Sam;ihrg.Frequency (for 1/h)

Pl AN e v ver

that the speolal cause variation mafarlse and alsé~consider aboutthe sampling cost.
High's Dﬂ ’]@ gﬂ ijuw ’lg m HQ ﬁ:ﬂcan reduce the
time reqwred to detect the causes resulting in less defect product produced. However,
this can increase the sampling cost due to the fact that it needs more resources to

operate. The sampling frequency can be lower when the production is stable.
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D. Method of Subgroup Selection

The samples should be selected by an appropriate method so that the
common-cause variation can be well-detected and also increase the opportunity to
detect the special cause variation. There are two methods of subgroup selection as

shown below.

1) Consecutive Sampling

Each sample at the same time (or as closely

together as possible) creat igh t the common-cause variation.
B— E——

m the beginning to the end
since it can detect immediate

and short time variance whi and also has the ability to detect

The sari;ples are from th&’same process, but different machines

resulting in hlﬂ’a%d &I Q Vlvﬂt%’n%w&}eqhﬂ ﬁ'z machines are not the

same. The contfol looks like an eﬁect°ye process smce the dlstrlbutlon of the mean on X-

QARSI H TN oo

normal.

B. Mixing

The samples are combined from all machines and then randomly

tested. More than one distribution mode might be happened on X-bar chart.
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2.1.2 Quality Costs

Since financial costs take an important part in business management, it is essential
to integrate financial controls in every department or function including in quality
function. Quality costs are emerged into financial control tool so that the company can
specify chances to reduce quality costs and consequently reduce overall costs in the
company. The main concept of quality costs is to quantify the total cost of quality-related

efforts and deficiencies that normally.a iated with producing, identifying, avoiding, or

repairing products that do not

Quality costs can W

Appraisal costs, and Failur

to ima

es which are Prevention costs,

cost which likely to h
A

ﬁpen is déédh'géd?s.- llov

This COS}IS related to the creatlon of the plans involved with the quality

such as mspetﬁ urg{ap%aﬁ%qﬁ wﬁQtﬂsﬁrance function.
9 RIAIAIALIBITNLNAY

This cost is involved with acquiring data on product performance and

process efficiency and also analyzing these data to identify the problems.
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C. Quality Training and Workforce Development

The cost of training consists of developing, preparing, executing,

operating, and maintaining quality training program.

D. Process Design

The cost of proces

Vais occurred in order to improve the overall

quality of the process and pro

niques which has the main

function to monitor th on and improve the product

AN

quality.
2.1.2.2 Appraisal
Appraisal cost 'th measuring, evaluating,
Ry |
and testing produc \f-». de ‘. determine whether they

conform to the standa s or not. This type of quality cosm used to check the products,

) ﬂfiﬁ are R o e
’&1 WTredn ﬁwwmﬁ Yigr 1 El

Costs occurred from inspecting and testing of all materials to ensure

that there is no defect in those incoming materials.
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B. Test and Inspection of Products

The cost involved with checking the conformance of the products in

each stage of production from the manufacturing through the shipping.

C. Test and Inspection of Equipments

Costs in this sectio cerned with maintaining the accuracy and

efficiency of equipment in ord ent in good condition.

L
——
D. Quali

Cost a periodic audit of quality-assurance system to

ensure that everything i

2.1.2.3 Failure

Failure costs are Cost ﬂrm ,J ( pends to correct products, processes,
and services that fail.fo stomers. Failure costs can be

divided into two types, v external failure costs. An

&

internal failure is the failure that happens before the prﬂct or service is delivered to
the customer, n&etﬁw s after the product or
service is dell\éiil Yiﬁﬂmﬁhﬁj ﬁaine and external failures
would dlsaiﬁaar if there are no defedts in the prodée

ARSI MU ANYNA Y
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The major internal failure costs are described as followed:
1. Scrap before Reaching Customers

Scrap cost is loss including labor cost and raw material cost from defective

products that cannot be repaired or used.

2. Rework before Reaching Customers

y)ﬁng the nonconformance products to
: failu \ t includes the cost of idle

: ’ to the nonconformance to

Rework cost is associ

"==:

make them conform as the s
3. Internal Pro

This cost de
production process >fr

requirements.

The major external iI , _.S-_ _ ribed as followed:
. e Z .l"‘.u:‘-f .
1. COSt Of D all 1O thCuston e )

This cost a8soc d adjustment of customers’

1[ onforming products

: PfﬂHH’J NYNINYINT
BV i oy e

3. Indirect Costs

complaints from the no

This type of costs involves an indirect cost that arisen from product failure

such as customer dissatisfaction and loss of reputation.
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Table 2.1: Quality Costs

Type of quality costs

Examples

Prevention costs

Quality planning

Investment in quality-related information systems

Quality training and workforce development

Process design

Process control

Appraisal costs

Testiand.dnspection of purchased materials

Test andinspeetion of products
- |

Test and inspection of equipments

Quality audits
2

Internal.failue costs

Failure costs

| Sctap before reaching customer

Rework before reaching customer

™ .
Internal pracess failure

External failure costs

Cost_';df dealing with customer complaints

Product recal

Indiregji_..ggsts
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2.2 Literature Review

2.2.1 Development of Economic Statistical Design of Control Chart
2.2.1.1 Statistical Design of Control Chart

Control charts were firstly established in 1924 by Walter A. Shewhart
(Shewhart, 1931) as a mean to discriminate between the normal expected random
causes and the special assignable causes of the measured values. This Shewhart
control chart is called X-bar control chart, In_an X- bar control chart, the control limit
coefficient (L) is equivalentte 3 based orlrthe normaldistribution theory while the sample
size (n) is usually arounds4-to 5. However, there are no general guidelines for the

sampling interval (h). .

The design of the control chart will affect directly to the performance and the
cost of the control chart. TraditionaHy, ContEol chart has been designed only by statistical
criteria. The type 1 error probability and pcii\zvae;réare usually specified at the desired level
while the sample size «(n) jand r_ici_ontrollj'ﬁ;mi-ts coefficient (L) can be specifically
determined. However, the high’.guality criteiél;-rﬁay result in high performance control
chart since it can detect an assignable Cosit;%-élr}ly; but it may cause more false alarms

and in higher operation cost. Thus, the design of the confrel'¢hart is very important to its

performance in terms ofquality and cost criteria.

2.2.1.2 Semi Econamic Design of Gontrol Chart

Thefirst work @bouteconomic designis.dengbyiGirshickiandjRubin (Girshick
and Rubin, 1952). They proposed in an area of cost modeling of quality control system
and also analyze a process model that a machine produces items with a quality
characteristic (x). The machine production can be divided in to four stages. Stage 1 and
2 are production stages and the output quality characteristic is described by the
probability density function f,(x) where i = 1, 2. Stage 1 is an in-control stage which has a
constant probability of a shift into stage 2 which is an out-of-control stage. The process

is not self-correcting so repairing is required to bring the process back to stage 1 or an
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in-control stage. Stages 3 and 4 are repair stages. They also discussed about 100%
inspection and periodic inspection rules. The economic criterion is to maximize
expected net income from the process. Since the optimal control rules are hard to derive
due to complex integral equations, the usage in practice has been limited. However,
they were the first who proposed the expected cost per unit of time which is beneficial to
the following researchers which have used this criterion to further development. Bather
(1963), Savage (1962), White (1974), and Ross (1971) have investigated generalized
formulations of the Girshick and Rubin model; but their results do not lead to practical
process control rules. There are also several.early researchers proposed their economic
design of conventional Shewhart-control*chart. Weiler(1952) proposed that, for an X-bar
chart, the optimum sample_size (n) should minimize the total amount of inspection. If
there is a shift from an in-centrol'state (u,)to an out of control stage p, = y, +0 o, Weiler
illustrated that the optimal sample’ size ‘can be calculated from n=d /5% where
d depends on the control limits width. HoYvexger, Weiler did not formally concern about
costs but his work aimed for minimizing "j:total_inspection resulting in minimizing total
costs implicitly. Taylor (1965) show_eéd that',-:j'dc-r;gn-trol procedures based on fixed sample
size (n) and sampling frequency: {f)<are not ébﬁ;ﬂﬂal. He suggested that these variables
should be determined based on-pasterior ptc;b'ability which the process is in an out-of-

control stage. Howeveﬁr@ practice, fixed sample size (n) aind/sampling frequency (f) are

widely used because of their administrative simplicity. I conclusion, these economic
designs can be classifled in the semi-economic design Because the proposed models
do not consideréllgrelated eosts or theresis.no formal optimization techniques applied to

the cost functions

2.2.1.3 Economic Models of the X-bar Control Chart

Duncan (1956) proposed the first paper dealing with fully economic model of
the Shewhart control chart and incorporating formal optimization methodology to
determine the control chart parameters. The design criterion is to maximize the

expected net income per unit of time.
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There are many assumptions needed to be applied when using the Duncan’s

model which are as follows:
1. The control chart is used to detect a random single assignable cause.

2. Actions are taken when any point exceeds the control limits since the

process is not self-correcting.
3. The process begins from an in-control stage.

4. The distribution of the quality characteristic of the process output is normal.

-

5. The assignable cause’ occurs acecording to a Poisson process and the
occurrence time of “the _assignable cause is an Exponential distribution with

parameter A >0, wheré 1/ Ais the mean ti_m;? that the process is in the in-control stage.

6. The process js allowed o o'perete during the search for an assignable

cause (continuous process)s

£ )
v ol
7. The rate of production is highr}sdg-that the occurrence of change in the

process during the sample taking _is_neglect@

el

8. The processis characterized by anin=control-stage 1, and the assignable
cause occurs at random at magnitude @ which resulted in the mean from g, to either
My +0 or u,—o. The process is monitored by an X-bar chart with centerline x, and

upper and lowetr controllimits '+ k(o /x/ﬁ) .

A production cycle consists of four perio@s which are_in-control period, out-of-
control period, timeé'to“take a'samplé and'interpret!thewresult,vand=time to find an
assignable cause. The expected length of the control period isl/A. The number of
samples required to produce an out-of-control state is a geometric random variable with
meanl/(1— ) so the expected length of the out of control period ish/(1— ) —7 where
7 is the expected time of occurrence within the interval of adjacent samples. The time

required to take a sample and interpret the results is a constant g which is proportional
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to the sample size (n) while the time required to find the assignable cause is a constant

D. Hence, the expected length of the cycle is

E(T):1+L—r+gn+D.
A 1-p

The net income per hour when the process is in the in-control state is V,, while
the net income per hour when the process is in the out-of-control state is V;. The cost of
taking sample size (n) is a, +a,n where @ is a fixed cost of sampling anda,is a
variable cost of sampling. The cost of fincling an_assignable cost is a, and the cost of
finding a false alarm is a:,,. The expectedJnumber oivfalse alarm during a cycle is a times
the expected number ofssample taken when the ‘process is in the in-control state,

orae™™ /(1—-e~™") . Thusrthe eXpected nat income per cyele is
|

—-Ah

EM)
h

a, a8
W—(aﬁazn)

V. h Ao 28
E(c)=2+V &+ 474 gn+D]-a, ~
©=" b 4 £ 9301

. ),
The expected netincome per hour E(A) is found by dividing the net income

per cycle E(C) by the expected length of tF-;ef‘eycle E(T).

i )
Vo) +Vy[h/(1—f) =7+ gn+Dl=a, —a,ce " [(1-e™) a +a,n
1/A+h/il-B)-r+gn+D h

E(A) =

The objecti'i/‘éﬂ is to maximize the expected net income per hour [ E(A) ] with
respect to sample size™(n), interval between sample (h),"and multiple of sigma used in
control limits (k)=There are several numerical-approximationssare-applied in the structure
and optimization, of the model. An optimization method needs numerical approximation
and repetitious procedure.to salve.for the optimal sample size.(n) .and.multiple of sigma
used in control limits (k). However, this'is not really a ‘practical ‘optimization method so
there are several authors reported optimization methods for the Duncan’s model. Goel,
Jain, and Wu (1968) devised an iterative procedure that will produce the exact optimum

solution which is superior to Duncan’s optimization method in some situations.
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Although the Duncan’s model is the model that integrates fully economic
design of the control chart, but there are many unrealistic assumptions and limitations in

the model as follows:

1. The Duncan’s model does not concern about statistical properties since
there is only an economic objective without statistical constraints in the model (Saniga,
1989).

2. The process is allowed to continue in operation during the search for an
assignable cause which may be unrealistic in'case that the process has to halt to search
for an assignable cause (Mentgomery, 1%80).

3. The cost of gliminating an assignable cause is not charged against the net
income for the period (Mentgemery, 1980).

4. The cost elements are/quite réugh since it is hard to value the cost elements
in practice (Montgomery; 1980). _.

5. The optimization methodvis o"{_)m?plicated with no general solving method

(Alexander et al., 1995).

£y
X/

These disadvantages ahd'limitatio@fithe Duncan’s model persuade many of
researchers to develop their medels based bfri-Dhncan’s model for specific usages and
assumptions. There'are_many. issues that can be developﬁéd from the Duncan’s model
such as assumptions, -actions occurred in the cycle time,;cost elements, optimization

methods, related control charts, and sampling plans. These issues will be illustrated

further.

2.2.1.4 Economic Statistical Design

Both statistical designs and economic designs have strengths and
weaknesses (Zhang and Berardi, 1997). The advantage of statistical designs are that
they give low error rate both in type 1 and type 2, but may cost more than economic
designs due to its strict quality criteria. On the other hand, economic designs focus on
cost and ignore statistical properties resulting in low quality criteria level. The economic

statistical design was first developed by Saniga (1989) which aimed to integrate
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advantages from both statistical and economic designs and reduces disadvantages
from them. The main objective of economic statistical design is to minimize the expected
cost per unit of time as in economic design, but also consider type 1error, type 2 error,
and ATS as the constraints (Saniga, 1989). Alternatives and additional constraints can
be added depending on the objective of each design. Even though economic statistical
design generally cost more than normal economic design, the output qualities or quality

statistic properties are better.

2.2.2 Economic and Eeenomic Steftistical Design of X-bar Chart with Different

Adaptation

2.2.2.1 Weibull Eailure'Raie/Assumption

i

Most of the jprevious proecess-models assumed that the process failure

mechanism follows a Poisson process and;fthe time that the process is in the in-control

state follows an exponential drstrlbutron However these assumptions may not be
F

suitable for every process. Baker @971 reported that the optimal economic control

chart is sensitive to the process fallure meohanlsm assumption. Hu (1984) discussed an

i

economic design of ‘an X-bar control chart with non- P0|sson process. An economic

design of an X-bar oontrol chart under a Weibull failure mechamsm was proposed by
Banerjee and Rahim (1988). Weibull failure mechanism.can be generally used in any
system with a constant, increasing, or evenideécreasing failure rate. Thus, the usage of
Weibull failure| mechanism is wider _than Peisson [failure 'mechanism with a constant
failure rate. Zhang and Berardi (1997) proposed .economic statistical design of X-bar
control'chart'with Weibull in-control time .and'also added statistical-constraint to previous

economic design with Weibull in-control time.



27

2.2.2.2 Multiple Assignable Causes Assumption

The assumption for most of previous models is a single assignable cause
assumption. However, many of production processes have several assignable causes.
Duncan (1971) extended his single assignable cause model to be a multiple assignable

causes model. The occurrence times of the assignable causes assumed to be

independently exponentially distributed with mean times %Where j is a number of
j
occurrences. It is assumed that after an initialsshift occurred, the second occurrence of
an assignable cause is allowed. The shift.hassbeen assumed to be at constant
magnitude regardless of ‘what the cauSes are"AHew probability (pj) represents a
probability that a point fallssettside the control limits after the occurrence of cause A
Knappenberger & Grandage (1969) also 1purposed economic design of the X-bar chart
for multiple assignable catises. They assumed that the process can be stopped while
action signals are investigated and thereT-.;aF_e no constraints that limit the number of
assignable cause occurfenge which is Cori:__‘siacijeé_red to be more realistic assumption and
more practical than Dun€an’s mo_d_el. A"-J'\‘/;l:adrl;ov chain model structure is used. In
conclusion, multiple assignable Gause mode@t‘é maore complex than single assignable

cause models and there are mere tnknown parameters that must be specified in order

to determine the optimum control chart design. Duncan (1971) and Knappenberger &

Grandage (1969) rep'orted that a single assignable cause model that match the true
multiple assignable cause system in certain important ways produces very good results
(Montgomery, 1980). Thus, itisteasonable t6;concldde thatiaymadel which contains only

a few stages canapproximately substitute very complex multistage processes.

2.2.2.3 Joint Economic Design of X-bar and R Control Chart

Saniga (1989) developed an economic statistical model for the joint economic
design of X-bar and R control charts. He divided the process into three stages.
However, there are statistical constraints on the economic model. In the in-control state,
the mean of the process is x, and the standard deviation is o,. Two assignable causes

can cause an out-of-control-stage. The first assignable cause creates a shift in the
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process mean to g, while the second assignable cause creates a shift in process
standard deviation to o;. Since the X-bar and R control charts are statistical
independent, the X-bar chart monitors process mean, while the R chart monitors
process standard deviation. The design parameters are sample size (n), sampling

frequency (f), multiple of sigma used in control limits (K ), and upper control limit

x—bar
factor on the R chart (Kg). This design is a design for two assignable causes so the
general modeling is quite similar to Knappenberger and Grandage model. The result
from the joint optimized of X-bar and R ¢harts,in general, is that it requires less frequent

samples than those in only. X-bar chart.“This" is«because the power of the test is

increased from using both=X=barand R control-chart:

]
2.2.2.4 Econemic Design of Control Chart Using the Taguchi Loss Function

_—

Duncan has roughly defined C‘gsta_; elements in his model but he did not
propose how to estimate the cost_lel_ementéf_.-fo_r example, Duncan integrated a penalty
cost for operating out offcoatrol inv his m'(f)'g{_edl but he did not illustrate how this cost

element can be obtained and’guantified ( lexander et al., 1995). Alexander et al.

(1995) proposed the algorithm-to-estimate céét'sﬁvith Taguchi loss function. The Taguchi
loss function gives a-mean of considering the loss due to 9rocess variability caused by

both chance and assignable causes. The Taguchi loss function is defined below.

A,
Expected.ossiunit = =¥

A2
Where A is a cost to society for manufacturing a productout of specification
A is a bilateral tolerance of equal value

2 . ..
Vv*° is a mean squared deviation of the process

In this research, the cycle time is similar to Duncan’s model and the process is

allowed to operate during the investigation and fixing the assignable causes.
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2.2.2.5 Minimum-loss Design of X-bar Charts for Correlated Data

In general, the assumption when measuring within a sample is usually
assumed to be independent. However, this assumption may not always be realistic for
some processes. For example, the process consists of multiple but similar units on a
single part. Liu, Chou, and Chen (2002) developed the economic design of X-bar charts
for correlated measurements within a sample with Taguchi’s loss function. They used
correlation model developed by Yang: and Hancock (1990) and the loss model from
Alexander et al. (1995). The objective function is to minimize the costs in the loss model.
Average of the correlation=eeefficient ajnong thesmeasurements (p) was set for the
correlation assumption. Theyimplied that positively correlated data resulted in a smaller
sample size and a frequent sampling interval. The power of the chart decreases when
the correlation coefficient ingreasgs. On lf_hg_ contrary, negatively correlated data has a
smaller sample size withinarpower control l;m.its.

)

2.2.3 Other Control Charts £

i

T aind ety
2.2.3.1Economic-statistical Design of an Adaptive X-bar Chart

o

Prabhu, Montgemery-ahc-Ranger(1+994)-proposed an adaptive X-bar chart in
year 1994. They callect!this control procedure a comb/néd adaptive chart. An X-bar
chart with adaptive des{gn parameter outperforms a traditional fixed sample size (n) and
sampling interval (h) Xsbar chart (Prabhu, ‘Montgoriery, and Runger, 1997). Moreover,
Taylor (1965) stated that a constant sample size (n) and a sampling frequency (f) are not
optimal™Theradaptive X:ban ehart cantdéetect the sSshifti faster becatiseiof larger sample
size (n) tand more sampling frequency (f) when the process is running off-target.
However, an adaptive chart uses more resources because it uses a frequent sampling
rate and a large sample size to improve its performance. Afterward, Prabhu et al. (1997)
proposed an economic-statistical design for adaptive X-bar chart with dual sample sizes
(n) and dual sampling interval (h). The objective is to minimize the cost function along
with a statistical constraint which is Average time to signal (ATS). The adaptive control

chart allows the sample size (n) and sampling interval (h) vary over time in order to be
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consistent with the present situation which is chosen by threshold limits (w and—w).
The choosing criterion is illustrated below.

—
(n,, t,)if w<Z, , <UCL

(), 1) = << (n, L) if —w<Z, <w

(n, 1) if LCL<Z,, <-w
—

i —Ho

oln(i)

n,, t, is apairof minimum samplesize and longest sampling interval

Where Z, =

n,, t, is asPaipdimmaximum sample size and shortest sampling interval

Lorenzen andgVance (1986).economic model was extended to an adaptive
scheme. A general cycle'time cont-ains an"J inicontrol state, an out-of-control state, and
an investigation & repair period. Mofeover, they stated that the average sample size (n)

and average sampling interval ( ) o’f the adIaptlve chart remain identical to the normal
4Lk

chart if the process is running on- target OnT’ﬁ_eother hand, if the process is running off-

target, the adaptive procedure mlght use more' samples and more frequency to make an

effective detection of ‘a shift resulting in higher operation costs However, the adaptive
control chart is quite oomplex and hard to implement in application because of its

adaptation procedure.

2r2:3 . 2<Economic-Design-ofi Fraction DefectivesControkChart

Most of the previous papers concern about control chart for variable data.
However, the control chart can be used for attribute data also. In the economic design
of fraction defective control chart, the type 1 and type 2 errors will be computed from a
binomial distribution. Further study in the economic design of fraction defective control
chart is also interested such as C and U chart. There are several authors who have

developed economic design of attribute control chart. Ladany and Alperovitch (1975)
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proposed an economic model of the fraction defective control chart based on Duncan’s
model and he assumed that only a single assignable cause can exists. His model
consists of cost of sampling, cost of searching for assignable causes, process
adjustment, and production in an out-of-control state, but he reported no numerical
result. Chiu (1977) purposed his model with a sensitivity analysis. He concluded that the
model is insensitive to errors in estimating the cost parameters but requires more
precise estimation of the fraction defective in the in-control and out-of-control states.
Montgomery, Heikes, and Mance (1975) purposed an economic design of fraction
defective control chart with multiple assignable” causes. This fraction defective control
chart has a fraction defectiverwhich calculated from

L \\D

T\
Where D is the number of defeLc.tive units found in the sample and n is the

sample size /

The model consists of cost of sa-fri-]‘;p_li.ng, cost of investigating and correcting
the process when an out-of-conirol‘state oc@éﬁéd, and cost of defective product. The
objective is to determine sample-size (n), iht;_-tfvéJ between sample (h), and multiple of
sigma used in controldimits (k). Direct search techniques afe used in order to optimize
the expected cost funetion. The sensitivity also presented and the result is that the
model is not sensitive to the number of out-of-control state. Montgomery (1980) stated
that a proper chosén lsingle"assignableicause model would:hera suitable approximation

for a multiple cause model. Using a single assignable cause will reduce the complexity

of the maedelswith, an-aceeptable:approximation e multiple assignable causes.

2.2.3.3 An Economic-statistical Design of Double Sampling X-bar Control
Chart

Daudin (1992) applied double sampling plans concept to Shewhart’'s X-bar
chart and also adopted two stages Shewhart's X-bar control chart for monitoring

process mean. A double sampling X-bar control chart can maintain the advantages of
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Shewharts’s control chart and improve the abilities to detect mean shift and reducing
sample size as well (Torng, Lee, and Liao, 2009) . This is because the double sampling
plan X-bar chart is quicker and more sensible to detect a mean shift than Shewhart's X-
bar control chart. Torng et al. (2009) developed an economic-statistical design of
double sampling X-bar control chart based on Duncan’s economic model. Average run

length (ARL) is used as a constraint for the economic statistical model.

2.2.3.4 Economic Design of ControlCharis with Two Control Limits

Schmidt, Bennettand Case (1980) proposed the control chart with two pairs of
control limits for acceptanee sampling by variables. Chung (1995) proposed an
economic design with twarcontral limits gontrol chart. In-the literature review, there are
two out-of control statesf called /state 1 “and state 2 which assumed to be the
independent assignable causes jand expg)nezntially distributed with each own means.
State 1 represents an out-offcontrol siate é?gsgd by a minor assignable cause 1 while
state 2 represents an out—of—oontro!l_state tﬁé_tdt-he process mean is shifted by a major
assignable cause. The process standard deﬁé’t&n is'assumed to be constant when the
process is out-of-control. The eerrection proééduie—for operating is designed specifically
for this control chaw.—The_authars alsg proposed afi procedure which can be

implemented in real time on a personal computer. However, the procedure needs a

certain procedure search technique which is hard to implement in practice.

2.2.3.5 Weakness of the Economic Design.Control Chart

Saniga and Shirland (1977) reported that only few practitioners have
implemented economic model to design their control charts. This is quite strange
because most practitioners claim that a major objective in the use of statistical process
control procedures is to reduce the costs (Montgomery, 1980). There are major reasons
for the lack of practical implementation of economic design. First, the models are
complex, difficult to be evaluated, and optimized (Saniga, 1989) which suitable only for

research but difficult to implement. Moreover, there is no general solution to optimize the
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cost function. Some model needs manual computation to solve the model. Second, the
cost elements need to be evaluated but most of the presented models do not describe
them thoroughly. Although costs do not have to be estimated with high precision
(Montgomery, 1980), explicating cost is a very important factor for minimizing cost which
is the major objective of the model. The practitioners have to understand deeply about

their economic model in order to develop the model effectively.

2.3 Research Plan

This thesis will developran-understandable-econemic mathematical model for X-bar
chart using both quality and.cest.eriteria. The weak points of previous economic designs
will be solved, while the stiengths will be applied in erder to reduce total quality costs.
The disadvantages of ecanomic design that it usually ignores statistical properties will
be solved by adding more staiistical quali—tlg/ constraints to the model to retain quality of
the control chart. Also,sthe jadvantages o‘;_*_the_economic design will be used to help
reducing total quality costs. Besiae_%, the r,éﬁé__tp-ematical model will be developed in an

understandable method which réguires non-cemplex model and optimization method.

The assumptions will be established for a ’gréi;jical situation. The costs related to the

control chart will beid@scribed in details so that the approXiration of costs will be more

precise. This thesis wilkdecrease the weaknesses of complex specific economic model

by providing more undérstandable and practical model.

The next step of.the thesis is ta collect related data for the economic mathematical
model. Costs related to the controlgschart will be.collected and analyzed about their
relationship /1o thel control charti Appraisal land failurel costs are' the| cost of quality
involved in this research. Examples of Appraisal costs are sampling cost, false alarm
cost, and true alarm cost. Examples of Failure costs are cost of failure product both
occurred in internal and external. These quality costs will be analyzed and applied in the
model to create total quality costs function. In order to make the model more effective,
the case study data will be collected and studied. Also, the related procedures that

affect costs and statistical quality criteria will be studied. The statistical quality
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constraints are type 1 error and type 2 error. These constraints will be considered in the

model to retain the power of the control chart.

In developing the model, cycle time of the control chart will be established. The
cycle time will include necessary points of action occurred during the process. The
process failure mechanism of the assignable causes will be created as an assumption
along with other necessary assumptions. Time of in control period, out of control period,

the case study company. The costs and
!w/iowever, the objective of the thesis is
CitDonss

; ed in general so some procedure

and statistical quality cwy is ( acquire a realistic model.

and correcting period will be collecte

their causes will be formed in

limitations of the model will b nofified Sens ysis will help to see how the model

T‘

§
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CHAPTER IlI

CASE STUDY

Many researchers have proposed economic model under their specific
assumptions. However, Saniga and Shirland (1977) showed that very few economic
models for the design of control charts have been implemented. The economic models
are not widely used because the models are guite complex, and difficult to evaluate and

optimize (Alexander et al.,.1995). J

This thesis aims to#"Solve these problems by developing an understandable
1
economic mathematicalgmode! that was g‘enerated from realistic assumptions based on

case study processes and procedures.

v

Case study is very crucial to make a realistic economic mathematical model since it
can give an important data to formulate qua}‘lijy costs such as sampling plan, probability
of defective product, procedure jand penalty cost. Parameters of the developed model

can be changed in order to fit varous apptio'a%_dn;s._

3.1 Current Problems of the Case Study

The main fagtors, that needed .to. be, concerned, when..designing X-bar chart are
sample size and sampling ‘frequeney. 'Sample size<and sampling frequency play an
important role, in the statistical performance and €dsts related to the control chart. For
example; increasing samplelsize and sampling frequency is.necessary.when we want to
increase the ability of detection. However, increasing sample size and sampling
frequency results in an increase in cost of sampling, but cost of scrap and cost of
rework can be reduced because we can detect the mean shift quicker which means that
the causes of variation can be fixed early. On the other hand, decreasing sample size
and sampling frequency results in a decrease in probability of detection causing higher

cost of scrap and rework. However, the cost of sampling is reduced. At the present, the
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case study company designs the sampling plans of control charts by considering only
statistical performance. The costs associated with the implementation of the design

sampling plans are not considered.

3.2 Case Study Process Chart

The case study company produces specific parts in a motor for hard disk drive. The

i 1
(IPQA), and outgoing qu f turning process is a process that

alit
turns an internal diame’ﬁ 0 @GSS is considered to be a long

run production process iation (SD). The IPQA process

production processes consist of ss, internal process quality assurance

is a quality control proc . th ightness of ID parameter in the
production line using x-b 3 ) s he company is using X-bar
control chart to monit eSS ' i data in IPQA process. The
7 delivering the product to the
customers. The customer ing tf g plan to test the incoming lot.
In order to make the mode ' study data will be collected and

studied. Also, the related prooedf@r—f[hatf 'ﬁ_‘. sct costs and statistical quality criteria will

g
Tuming process

_quwwm
mﬁﬁmw%wmaa

Manitor 1D using Control chart in production line

) 4

OQA

Final guality contral

Figure 3.1: Case Study Process Chart
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3.3 Turning Process

Turning process is considered to be a steady state production. The quality
characteristic of measured value is normally distributed and the standard deviation is

known. Details about the turning process will be described by 4M method as followed.

3.3.1 Man

There are the engineer ar ponsible for turning machines and

.J
also cooperate closely W wen the out-of-control signal is
' Ml staff, the technician will be
N

i is an assignable cause, the

3) for each type of product. The machine

)e controlled the quality in straightness.

tA known variance (¢ ). The

o' ol and out-of-control periods

are Y ;jand v, respectlvgy The machine needs to be stopped in order to be repaired

after the out- O?ru EI éﬂa%ﬂ%ﬁo%r@fzﬂtﬁ product is also being

done by these machines. The probablllty of defect which occurs in reworklng process is

! RTATIHIRIINYIN Y

3.3.3 Material

There are three types of products which required three types of turning machines.

The products are M1, M2, and M3.
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3.3.4 Method

The machine is automatically run 24 hours with steady production rate (P).
However, the machine has to be stopped in order to be repaired after an assignable

cause had occurred.

3.4 IPQA Process

The IPQA process uses-only-single Wpper-control-limit (UCL) in the control chart to
monitor the straightness of the product ID in real time. The product ID straightness has
to be controlled within thesUCL n the cEpntroI chart. There are also variable sampling
plans to test the product which are/ IPQA variable sampling plan and IPQA after rework
variable sampling plan. IPQA vaiiable sar_'rjpl,i;ng plan is the testing process to test the
hold product that produced while the pro;’ess is out-of-control while IPQA after rework
variable sampling plan is/the tesf-ir!wé proce‘%%_qté test the product from rework process.
Each of the variable sampling plans has 'é;at.ph own statistical criteria that can be

determined separately. Details. about the IPQ;;--pfocess will be described by 4M method

as followed.

3.4.1 Man

There are staffsSiwho are“responsible forpickingiupthessamples from the production
line. These staffs; will only pick a sample and then deliver it to the testing staffs. The
testingstaffs=are, responsible for all testingsactivities including=controlschart testing and

variable sampling plan testing.

3.4.2 Machine

There are several testing machines, which measure the straightness of the product
ID. Three types of products use the same testing machine, but the machine can test

only one piece of product at a time. Hence, these testing machines are considered to be
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one of the constraints in the model. Investing in the new testing machine will result in

more capability of testing. Therefore, this topic will be considered in this thesis.

3.4.3 Material

In this case study, the testing is a non-destructive testing. Therefore, the tested

product will be in the same conditions like other products that have not been tested.

3.4.4 Method

Staffs collect the sample”with specific amount (n) at specific time (f).If there is an
assignable cause detected insthe contro‘ll- chart, the technician will be called to search
for an assignable cause which takes F t:i~rﬁ'é. After that, if there is an affirmation of the
occurrence of an assignable ,cause, :the 'Eproduction process will be stopped and the
engineer will take T2 time for rep_airing th':e:-amgchine to be back to an in-control state
again. The production will be resumed as-'.f'sdlfggp as the assignable cause is fixed. The
produced lot during the out-of-Génatrol periOd:l;_?Z;)J:J\/Vi|| be held for further testing by IPQA
variable sampling plan. Reworkifng-process \:Afi%l"'b.'e applied _to the lot that fails to the test.
The reworked lot willrbe—tested—agam—by—LPQA—aﬁer—Fewd‘rk variable sampling plan to
check whether the dé%ect has been corrected or not. If the {ested lot still fails, the fail lot

will be turned to be ajscrap. On the other hand, the lot will be transferred to OQA

process if it passed the test.

3.4,5 IPQA Procedure

1. Staffs pick the samples n pieces from each production machine every 1/f

hour.
2. Staffs test the ID straightness of those samples with testing machine.

3. If the samples passed the test, the production process is allowed to run

continually with Y, probability of defect.
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4. If the samples fail the test (the measured value is outside the control limits),
the production process will be checked by the technician within T, time without any

stoppage of the production process.

5. If there is no abnormality found by the checking process, it means that there

is no assignable cause and the false alarm occurred so the production process is

’Wy the checking process, true alarm
productlon process. The products
mbability of defect. The process

o

allowed to run continuously.

6. If there is an abno

occurred and there is an &
produced during an m?eno will

is stopped for repairing b

7. The prod er within T, time

8. The productio wed to run with Y, probability of
defect.

9. The defective p § the process is out-of-control with
Y, probability of defect will beer\_?%y ng by the variable sampling plan

10. If the testing by IPQA variable sampli plan passed, the hold lot is
allowed to pass with 13 probab the products in this hold lot

still have Y, probability offiefect

AU NS WEINL, v
RTINS Inenas

Y2, Reworking on the hold lot. The reworked products will have Y, probability

of defect.

13. The reworked lot will be tested again by IPQA after rework variable

sampling plan.
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14. If the testing by IPQA after rework variable sampling plan passed, the
reworked lot is allowed to pass with (1-H) probability (accept lot). These products will

have Y , probability of defect.

15. If the testing by IPQA after rework variable sampling plan fails, the

reworked lot will be turned to be a scrap with H probability (reject lot).

AULINENINYINS
AR TN TN
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Figure 3.2: IPQA Process Chart
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3.5 OQA Process

OQA is the final quality control process which uses variable sampling plan to test the
lot before delivering to the customer. The first variable sampling plan in OQA process is
OQA variable sampling plan. The second variable sampling plan in OQA process is the
variable sampling plan for after rework process called OQA after rework variable
sampling plan. Each of the OQA variable sampling plans has its own statistical criteria.

Details about the OQA process will be described by 4M method as followed.
3.5.1 Man

Staffs will have responsibility totest the samplesusing variable sampling plan.

3.5.2 Machine

The testing machines used in OQA pf'pcess are the same machines that used in
IPQA process. The capacity of the testing machines has to be shared for both OQA and

IPQA processes. There are no dedicated tesi'i_'rfg r_nachines for each process.

3.5.3 Material

The testing is a non:destructive testing. The passed samples will be loaded with the

other good products waiting=for delivering to‘the customer.

3.5 4yMethod

The product will be divided in lot amount Og__ waiting for testing with OQA variable

Size
sampling plan before delivering to the customer. If the tested lot fails, the fail lot will be
reworked 100%. Then, the reworked lot will be tested again by OQA after rework
variable sampling plan. If the lot fails again, the lot will be turned to be a scrap.

Contrarily, the pass lot will be delivered to the customer as a lot.
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3.5.5 OQA Procedure

1. Finished products from IPQA process with P probability of defect are

divided into lots.

2. Each lot will be tested by OQA variable sampling plan before delivering to

the customers.

5. Reworkin s, o] u. s will have Y, probability of
defect.

6. The reworked | A after rework variable sampling
plan.

7. If the testing by jeje variable sampling plan passed, the
reworked lot is allowed m__ probability (e e ."ﬁ," while the products have

Y , probability of defe
|!

! J
8. If the testing by‘gQA after rewor&‘yariable sampling plan fails, the lot will be

umed o beaﬁuﬁf’éf%bﬂﬁﬁw 8InN3
q RIAINTUURIINYIA Y
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Product with P
defective

Defective
Prop: P

Test by Variable

sampling plan Pass with 1-Po

Not pass with Po
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3.6 Customer Process

Customer is one of the main factors that influences to the cost related to the control
chart. This cost will be described further in term of external failure cost. The company
has to deliver the lot of finished product to the customer as a routine process. The
customer will check the product lot by using customer variable sampling plan. If the lot
is rejected by the customer, the customer will claim the company and request for
replacement. If the testing by customer variable sampling plan passes, the product will
be allowed to enter to the customer /manufacturing process. In the customer
manufacturing process, if the product faﬂs to-assembly, the customer will also claim for
the new product from the coempany. In addition, the.customer will charge for a penalty
from the company for thefprodacithat faiils to assembly with agreed rate. The company
will deliver the productier replacement el\./e’ry specific interval. The entire products that
are delivered and rejegted by the Cusﬁ)_,r.ner are considered to be worthless. The

customer will not accept the old reje:cted pﬁpdﬂots again.

3.6.1 Customer Procedure . j#

1. The product lots are delivered to the customer with P' probability of

ol §
[l

defective from OQA process. -

2. Each of thelproduct lot will be tested by customer variable sampling plan

before delivering to the customer manufacturing process.

3. If the testing by @ustomer variable sampling plan fails, the lot will be turned

to be a scrap with P, probability (reject lot)

4. If the testing by customer variable sampling plan passed, the lot is allowed

to pass with 1-P_; probability (accept lot). The product will have P’ probability of defect.

5. The pass lot will be delivered to the customer manufacturing process to

assemble the product with other components in their manufacturing process.
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6. If the assembly fails with probability P, the product and other components
will be turned to be scraps. The penalty will be charged from the case study company

with determined rate per piece (P,,).

7. If the assembly passed with probability 1-P_, the product is definitely

accepted.

8. The case study company has to deliver the new product for replacement to

Scrap the defective
product and call for
replacement

Manufacturing with Not pass with Pm

P” defective o

AUBANENINGN
MSUNRIINYIAY

RIRIN5E
Ve

Figure 3.4: Customer Process Chart




CHAPTER IV

ECONOMIC MATHEMATIC MODEL

Due to the importance of knowing assumptions and theories involved with the
model, the derivation of the proposed model starting from previous models that had
been carried out is illustrated in this chapter. The scopes, assumptions, cycle time, and

variables and parameters used in this thesis are also described.

4.1 Previous Models

The first work aboul ecenomic desigr-! is done by Girshick and Rubin (Girshick and
Rubin, 1952). They proposéd gcenomic design in an area of cost modeling of quality
control system and also apalyzed the prc?fceds_s model that a machine produces items
with a quality characterigtic (x). The machinfle_ broduction can be divided into four stages.
Stage 1 and 2 are production stageé and th(; 8utput quality characteristic is described

by the probability density function Hx) where: i,? 1, 2. Stage 1 is an in-control stage

which has a constant probability of & shift intﬁ_,_gtage 2 which is an out-of-control stage.

Stages 3 and 4 are repair stages.

Duncan (1956) proposed the first paper dealing with fully economic model of the
Shewhart control chart énd incorporating formal optimizafion methodology to determine
the control chaft parameters. A production cycle,consists (of four periods which are in-
control period, out-of-control period, time to take a sample and interpret the result, and

time to find'an assignable cause.

Although the Duncan’s model is the model that integrates fully economic design of
the control chart, but there are many unrealistic assumptions and limitations in the model

as follows:
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1. The Duncan’s model does not concern about statistical properties since there is

only an economic objective without statistical constraints in the model (Saniga, 1989).

2. The process is allowed to continue in operation during the search for an
assignable cause which may be unrealistic in case that the process has to halt to search

for an assignable cause (Montgomery, 1980).

3. The cost of eliminating an assignable cause is not charged against the net

income for the period (Montgomery, 1980).

4. The cost elements are quite rough since-itis hard to value the cost elements in

practice (Montgomery, 1980).

5. The optimizationgmethod s Cohplicated with .no general solving method

(Alexander et al., 1995). e

_—

These disadvantages and limitations f)_f fhe Duncan’s model persuade many of

researchers to develop their models based-_:,é"n Duncan's model for specific usages and

s T
I
assumptions. ;,,',

Knappenberger & Grandage (1969) alsé'fb-réb‘osed economic design of the X-bar
chart for multiple assignable-causes=Buncan=(4974)-and-Khappenberger & Grandage
(1969) reported that:a'single assignable cause model thrat match the true multiple
assignable cause sysiem in certain important ways Vproduces very good results

(Montgomery, 1980).

Duncan integrated a penalty cost*for operating#ut of control in his model but he did
not illustrate 'how this cost elementicanbe obtained and._guantified [(Alexander et al.,
1995). Alexander et al. (1995) proposed the algorithm to estimate costs with Taguchi
loss function. The Taguchi loss function gives a mean of considering the loss due to

process variability caused by both chance and assignable causes.

Chung (1995) proposed an economic design with two control limits control chart. In
the literature review, there are two out-of control states called state 1 and state 2 which

assumed to be the independent assignable causes and exponentially distributed with
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each own means. State 1 represents an out-of-control state caused by a minor
assignable cause while state 2 represents an out-of-control state that the process mean

is shifted by a major assignable cause.

Although there are many model proposed, only few practitioners have implemented
economic model to design their control charts. This may be because the models are
complex, difficult to be evaluated, and optimized (Saniga, 1989) which suitable only for
research but difficult to implement. For example, the cost elements are quite rough since
it is hard to value the cost elements in practice (Montgomery, 1980) and the optimization
method is complicated with--no geneLgI selVing=method (Alexander et al., 1995).
Moreover, there is no general solution tojoptimize the cost function. Some model needs
manual computation {e*solve” ihe model. Second, there are many cost elements
occurred and need to be evaluated on oréeflto minimize them but most of the presented
models do not describefthem thoroQgth.:ﬁ;Ithough costs do not have to be estimated
with high precision (Montgomery, i-.980), %f)fr;i-icating cost is a very important factor for

minimizing cost which is the major'objective“:éf the model.

o1
add v ol

4.2 The Proposed Model ey

The main objecti'_v;é of economic statistical design is nét__bnly minimize the expected
cost per unit of time as -i_n economic design, butalso consider type 1error, type 2 error,
and ATS as the statistical’quality constraints,(Saniga, 1989). This thesis will develop an
understandable‘economic mathematical model for/X-bar chart using both quality and
cost criteria. Besides, the developed mathematical model is non-complex and easily
solved by Salver function;in Microsaft Excelland doesnit Fequire;eomplex optimization

method to solve for solution.
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4.3 Model Assumptions

To develop the model, specific assumptions are necessary to be specified. For
example, certain assumptions about the behavior of the production process are
required to formulate an economic model for the design of a control chart (Montgomery,
1980). The model in this thesis will be developed based on the assumptions which

gained from both previous research and the case study company.

4. The distri measured value is normal.

Applying the central limit oximately correct for the X- bar

chart even if the underlying hiu and Huang, 1996).

5. Taking agﬁon only when a pbln ext trol limits (Duncan, 1956).

6. Rate of prqﬁjc |

a change in the process %pcurrlng during the taklng of a sample (Duncan, 1956).

ol W ANV g s

current aSSBnabIe cause is |dent|f|ecfand removed:ss

RGN NTA 1 ANYA Y

8. The process is not self-correcting.

vﬁcan neglect the possibility of

9. Measurements within a sample are independent.

10. The standard deviation is assumed to be stable even though the process

mean may change. (Gibra, 1971)
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11. The process is subject to the occurrence of a single assignable cause of
variation which takes the form of a shift of known magnitude *dcin the process mean.

(Gibra, 1971)

12. The production process is allowed to stop while repairing an assignable

cause.

4.3.2 General Assumptions
1. Production rate equals export rate-and-customer production rate.

2. Probability of defegtive product after rework assumed to be equal to the
probability of the productithat is in-oontroll(y W\

i

_—

4.4 The Cycle Time /

In order to develop the model,,_t:he Cyc'lfed;ftlrﬁe and actions that occur in each stage
have to be generated. Duncan'{1956) propé_éé& a production cycle which consists of
four periods which are in-contrelperiod, outﬂ]d—%fébmrol period, time to take a sample and
interpret the result, eneLtime to find an assignable catise. ;He also assumed that at the
start, the control chart+s maintained to detect a single assiénable cause that occurs at
random and results in a change in the process of known proportions. However,
Duncan’s modgel does inotsallow/ the process to|ber shtut down:when a search for the
assignable cause Is being carried out and it does not include the time and cost of

repairing, thesprocess if it isfoundde beroutrofscontral (Chiug 1975);
In this thesis, the cycle time is divided into four stages illustrated below.

1. The in-control stage in T, period. Also as Duncan’s model, it will be presumed that
the process begins in a state of control at the level indicated by the standard values. In
this stage, the process is allowed to operate continuously with Y , probability of defect.
The samples are collected by specified sample size and sampling frequency. False

alarm can occur in this stage with Ol probability.
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2. The delay detection stage in ATS period. The ATS is the mean time the control
scheme takes to detect an out-of-signal condition from the time of occurrence of the
assignable cause (Prabhu, Montgomery, and Runger, 1997). After the production
process goes from an in-control stage to an out-of-control stage at the mean shift point,
it takes ATS time to detect an assignable cause in the control chart. In this period, the

defective products are produced with Y , probability.

3. The finding an assignable cause stage in T, period. The process is searched for
an assignable cause in order to stop and .repair if there is an assignable cause
occurred. At this stage, the process is stﬂrl allowea-to run and the defective products are

produced with Y, probability:

4. The repairing staggdin [y period. THe process is allowed to stop for repairing in T,

period. After the repairing'stage, the prdeéss is then resumed to run in an in-control

_—

stage again and a new gycle begins. F‘ljovmever, T, value can be equal to zero to

represent the continuous pracess.

<
.

. [ -_,J‘_.l
Ty ALS— T Ty

A
A 4

A
A 4

A
LA 4
A

Start [~ Mean shift - Detect “Find Special cause Start

(Stop)

Figure 4.1: The Cycle Time
: Time period that the process'is'in‘an in-control'stage

ATS, : Averagelime to Sighal: ATS will represent the average time between the shift

and its detection (Montgomery, 2005).

T, : Time period for finding an assignable cause
T, :Time period that the process is stopped for repairing
Teyee @ The cycle time

Tevee = ToFATSHT 4T,

Cycle
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4.5 Variables and Parameters

J :Product set = (M1, M2, M3}
Viel

4.5.1 Variables

n. :Sample size Piece/Time

f. . Sampling frequency Times/Hour

where L =3

\7Z
Yy Probability

. V)
is in-coO roI

ﬂ%ﬂ@dﬂﬂ NINYIAT

’Y2i
out of-control
f] ﬁ grﬂ jm&m rl’a nﬂoﬂ a(ﬂmme
stage
ATS, : Average Time to Signall Hour/Time
ATS=(_1 1
- 1,
T, :Time period for finding an assignable cause Hour/Time
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T, :Time period that the process is stopped for Hour/Time
repairing
Teyee : The cycle time Hour/Time
Toyoe = ToTATSHT 4T,
P.. :Production rate for each product Piece/hour
M, Baht/Hour/Machine
R Baht/Piece
P, Baht/Piece
C, Baht/Time
o Piece/Time
I, Hour
Co paar Baht/Piece
Cr oan . ,1;‘ Baht/Piece
Co s Produoost when deliverex S Cust er Baht/Piece
ﬁﬂﬁ Tnondngng =
taff labor rate 7 «Baht/Hour/Person
qu.ck ,.-]rﬁfor cﬂ jnggn'u es from each ma& n:] a-ic%'rl person/Time
Tei - Time for testing a sample per piece Hour person/Piece
K : Testing machine capacity Piece/Machine/Hour



0

D.  : Cost of destructed product

S,  :Engineer labor rate

S, :Technician labor rate

MC. : Number of production machine

: OQA variable sampling plan lot size

a : Testil

n "
r : Intere ate in the bus

Baht/Piece

Baht/Hour

Baht/Hour

Machine

Piece/Time

Piece/Time

Machine

Machine

Hour/Year

Baht

Year

Percent/Year

v g Tmemingang =

RRIATHUNIINYA Y

USL, : Upper specification limit for every variable sampling plan

Oi . Standard deviation for each product

57
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4.5.2.4 IPQA Variable Sampling Plan

AQL . :Acceptable quality level in IPQA variable sampling plan

LTPDsq, : Lot tolerance percent defective in IPQA variable sampling plan

Alpha., : Type | error in IPQA variable sampling plan

Beta,q, - Type Il error in IPQA variable sampling plan

Nipa | . Sample siz 7 pling plan

ble s pling plan

KIPQAi -
Y, ) arabe sampling plan
1Y TR 1 \‘: variable sampling plan
el T \ |
4.5.2.5 IPQA Aft aria \ ng Plan
¥ :
AQL o ari - Acceptable oV PQA AR variable sampling plan
LTPD poa amit Ot tolerance percent defective inIPQAJAR variable sampling plan
i 1‘
Alpha o ari: @36 | erro . variable s ling plan

~FUT TN ST

NipoA AR : Sample size indPQA AR variable sampling plan,
RIa97 NNEAY
:IK,PQAARi : Critlcal;;sgwue%‘ ;21 AR variable sampling plan

H. : Probability of rejecting the lot in IPQA AR variable sampling plan

1-H, : Probability of accepting the lot in IPQA AR variable sampling plan
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4.5.2.6 OQA Variable Sampling Plan

AQL,, :Acceptable quality level in OQA variable sampling plan

LTPD, : Lot tolerance percent defective in OQA variable sampling

plan

Alphaga, - Type | error in OQA variable sampling plan

Betagg,; ’ky)samplmg plan

Noaai arl g plan

Koaa ampling plan

Po ariable sampling plan

4.5.2.7 OQA After Rework (AR) Va pling Plan

AQLp a0 ble variable sampling plan

B L
LTPD o ari - 0L e ét;. A AR variable sampling plan

J
AIphaOQAAR, Type lerror in OQA AR, variable sampling plan

o LA YA NE NS,
Y AEATRHHAIREIN

KOQAARi . Critical distance in OQA AR variable sampling plan

P, : Probability of rejecting the lot in OQA AR variable sampling plan

1-Py : Probability of accepting the lot in OQA AR variable sampling plan
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4.5.2.8 Customer Variable Sampling Plan

AQL.,, :Acceptable quality level in customer variable sampling plan
LTPD; : Lot tolerance percent defective in customer variable sampling plan
Alphag g : Type | error in customer variable sampling plan

Beta, g : Type ll errorin cgstomer variable sampling plan

Nousi . Sample si ' ) sampling plan

sampling plan

er variable sampling plan

mer variable sampling plan

4.5.2.9 Custome

P li fec unc e customer manufacturing process

mi

L

453 Seco%uébé 'ﬂ E] ﬂ lﬁ w EI l] ﬂ ‘j

P. :_Percentage of defective pro(ﬁjot rroduoe(ﬁiom IPQATC&!'S

XH

The percentage of defective product produced from IPQA process can be obtained

)+Y xyllx(l H ]

b= (AT§+T1i)X(7£i x (-

i
TCycIe i

T,

from three sources which are in-control stage, out-of-control stage, and after rework
process. The defective product will occur with Y, probability during T, time in an in-

control period and Y ,, probability during ATS +T, time in an out-of-control period. The
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defective product produced during ATS+T, period will pass from IPQA when it passes
the test by variable sampling plan with 1-Y probability. The product after rework will
have 7Y, probability of defect as in an in-control stage. The defective product occurs
during reworking process will pass IPQA after rework sampling plan with 1-H probability.

(See Figure 4.2: IPQA Process Chart)

AULINENINYINS
AR TN TN



Determine n and f

Collect sample
with nand f

In-control
Defective
Prop:
Gamma 1

False alarm
occurred
Defective
Prop:
Gamma 1

/. True alarm
/ . occurred

Q4
{op Process ¢
with '? duration De;s;:;_ve
a u al l| 2
L] " Y " r i A ) - =7
It Te .

out-of-control
period

Figure 4.2: IPQA Process Chart
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Defective
Prop:
Gamma2

Variable sampling
plan

Not Pass with Y Prop

Rework

Defective
Prop:
Gamma 1

=4
Not Pass with H P 1‘9,?, .,'-é-

' %

s V5

.,
AUBANENIngng
ARIAINIUUNIINYA

Z, "Amount of product that has to be held for checking Piece/Time
Z; =Prx(ATS +T;)

The amount of product that will be held is the product produced during the process

is out-of-control during ATS+T, time.
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P, . Percentage of defective product produced from OQA process

P =P x(1-PRy)+Pyxyy; x(1-Py)

The percentage of defective product produced from OQA process can be obtained
from two sources which IPQA process and after rework process. The defective product
that passes OQA variable sampling plan with 1-P, probability will have P defective as it
passed from IPQA process. The product after rework will have Y, probability of defect.

The defective product occurs during

orking will pass OQA after rework sampling

AULINENINYINS
AN TUNN NN Y
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Product with P
defective

Defective
Prop: P

Test by Variable

sampling plan Pass with 1-Po

Not pass with Po

AULINENINYINS
AR TN TN
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ATU : All testing machine used in the process Machine

n x f, & Nogai X Nipoai IPQAARl
ATU = )+Z(K O +Z( +z( K <T +

Sizei Cycle| Cyclei
m
[ X nOQAARl xPr,)

Z x K,

Slzei

ATU is a number of testing machine used in all processes which consist of control

W IPQA variable sampling plan, IPQA after

ﬂ/ework variable sampling plan. This

that ATU has to be less than or

chart sampling, OQA variable samplin

rework variable sampling pla

equal to the number of

4.6 Economic Model Crit

Girshick and Rubin et the economic criterion to

maximize expected net in n (1956) also proposed design

criterion which is to maximi e per unit of time. Nevertheless,

since net income considered bei _of the variables, the criteria of optimum
b =

design will therefore"ﬂe minimum cost (f)unc" hﬁ‘, maximum net income will

be equal to the mini cost since nt value. Economic model

it time fL&tion (Montgomery, 1980).

This the&sﬂ””ﬁﬂhﬂﬂ%jﬂ:ﬂ@] ﬂcﬁ that consists of costs

related to the implementation of control cha en, the model will be optimized by

TR TN TS

are generally formulategusing a
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4.7 Cost Occurred from Each Stage in the Cycle Time

In order to make a clear picture of costs related to the control chart, it is necessary
to describe costs that occur from each stage defined earlier. The cost elements will be

generated from each stage both directly and indirectly.

1. Stage 1

probability of defect.
2. Stage 2

Costs occur from [ . product with Y, probability of

defect.
3. Stage 3

Costs occur from sa ble cost, and defective product

with Y, probability of defect.

4. Stage 4

L\ )
Costs occur fro ?_Io C cea ng the production process
= o
il

Al
and repairing an assignable cost.

AULINENINYINS
AN TUNN NN Y



CHAPTER V

ECONOMIC MATHEMATICAL MODEL’S COST ELEMENTS &
OPTIMIZATION

In this chapter, the cost elements in the economic mathematical model are
described about their relationship with the control chart. The cost formula, objective
function, constraints, optimization technique, input parameters, and scenarios studied

are also illustrated.

5.1 Economic MathematicalModel’s Cost Elements

Duncan’s cost model inCludes; the (;-ogl.t of sampling and inspection, the cost of
defective products, thefCost of false alarm“,‘ tk}_e cost of searching an assignable cause,
and the cost of process corregtion (Liu, %E}_hbu, and Chen, 2002). However, the cost
elements of Duncan’s are quite foUgh smc? it is hard to value the cost elements in

vl ok

practice (Montgomery, 1980). il

In this thesis, all cost elements will be classified by quality cost concept to make the
model more understandable:The-model will-use cost per-hour unit which is calculated

from the cost per cycle time divided by the cycle time.

Costs in the.maodel cansist of.appraisal costs, and failure.costs. Prevention costs are
excluded from the modelbecause they lare not depended on'sample size and sampling
frequency. Improvement from prevention investmeftwill lead to the‘next scenario of the
model by changing' parametersisuchiias lin-control time.period. For.example, if the
turning machine is improved by investing the new high precision turning machine, the
in-control time period will be changed in the model and the sampling plan will also be

changed because of the new value of parameter (T,).

Appraisal costs are costs occurred from routine sampling activities. The appraisal
costs consist of control chart sampling cost, false alarm cost, and OQA sampling cost.

Control chart sampling cost is a cost that occurs during the usage of control chart in
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IPQA process. False alarm cost is a cost of investigating process when there is an alarm
in the control chart even though the process is still in-control. OQA sampling cost occurs

from sampling activities before delivering finished products to the customer.

Failure costs consist of internal and external failure costs. Internal failure costs occur

from defective products and their sequences of creating loss in the company process.

Retest cost occurs from retesting acti

Internal failure costs consist of retest cost, defect cost, cease cost, and true alarm cost.
T) The retest cost is considered to be one of

iti
\‘ # the defective products that have to

hat oc defectlve products and activities

the failure costs since retestin

be reworked. Defect cost i

needed for repairing th s from an opportunity lost due

to the stoppage of pro the process. True alarm is a
cost that occurs fro assignable cause in the

production process.

External failure co roducts are delivered to the

customer already. The AR t of transportation cost and
J' -

replacement cost. Replace ent@tﬁj&- a replacing the defective products with

Total Cost Elements.

ﬂiJEJ’WlEJ‘ﬂ’ﬁWEJ']ﬂ‘i
awmﬁmm UANINYA Y



Total Cost

Appraisal
Costs
Control Chart OQA
False Alarm
Sampling Sampling
Cost
Cost Cost

Retest Cost

N
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Failure Costs

True Alarm
Cost

Transportation
Cost

Replacement
Cost

Fi
IPQA After

Rework Test

F .-CQSL

Qework Test
oS

Figure 5.1: Total Cost Elements

0.
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5.2 Appraisal Costs

Appraisal costs are costs that occur from testing activities in order to determine
whether the products conform to the specification or not. These costs occur by routine
testing procedure which do not caused from defect products or processes. The
company uses the control chart to monitor the straightness of ID of the product as a
process control tool in IPQA process while variable sampling plan testing is used to test
the product lot in OQA process. Therefare, there will be control chart sampling cost and
false alarm cost occur in control chart activity.and.OQA sampling cost occurs in OQA
variable sampling activity: 4

5.2.1 Control Chart.sampling Costs |

|
Control chart sampling cost jis afisen-from sampling and testing activities in IPQA

_—

process which directly relatedito/the use ?f the control chart. It is considered to be an
appraisal cost because'it i$ a ro_uti_ne tes'ﬁr__]lgrto monitor the process. Duncan (1956)
assumed that the time to take and 3i()spect-j‘ei;:§émple and to compute is proportional to
the sample size. In this model, the'sampling ééfﬁs proportional to both sample size and
sampling frequency. This sampling cost {c’;ec.urs only when the sampling activity

occurred with f frequency.

Control chart sampling cost consists of labor cost, testing machine cost, and

material cost.
5.2.1.1Labor Cost

Labor cost'is a cost of labaf that used to pick the samples from the production
line and test those samples. There are two activities in the control chart sampling which
are picking and testing the samples. In picking sample activity, it is assumed that the
staff uses the same amount of time (T,.) to pick the sample for all sample size.

However, testing time (T is varied with the size of sample because the staff has to

Test>

test the sample one by one. The more sample size has to be tested, the more testing

time spent.
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Labor cost = Labor rate x Labor used

m
Laborcost = L, x D" (Tpg x f x+T;

i=1

xn, x f,)

esti

5.2.1.2 Machine Cost

Machine cost is a machine operating cost such as electricity cost and

maintenance cost. This cost is depe the sample size and sampling frequency.

Machine cost =

Since K is a'testing s a number of pieces needed

to be tested in one hour s@ M - ( "-1- number of machine used in
this testing activity. \

Material cost lf'_-,f ting activity. However, the

testing in this case st@ is a non-des ng so L" e material cost is none. This

cost is also depending or.rthgsample size ar@sampling frequency.

vl B ELATLNAISHAD B
EARNRIRYNIING A Y
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5.2.2 False Alarm Cost

False alarm cost is a cost of investigating an assignable cause which does not really
exist. The false alarm will occur with Ol probability only during an in-control period of the
process. When the in-control ARL (ARLO) increases, it indicates there is a smaller
probability for the occurrence of false alarms (Torng, Lee, and Liao, 2009). However,
this cost cannot be denied since there is a probability of false alarm occurrence. The
probability of false alarm is depended en the control limit coefficient (L) which set to be
3 in order to remain the standard statistical property. The company uses the technician
to investigate an assignable-cause. Tﬁus, the~eost of investigation will come from
technician labor rate (S,).multiply-by time period used.io find an assignable cause (T,).
The in-control time is Ty thussthe fractioq of time that this cost can occur in one cycle

T ’

T o

Cyclei

_—

False alarm cost = Cost of investigatiorﬁ_pér hour x investigation time x probability of

falsg alarmix time tha:,t':"faise alarm can occur (in-control time)
1'_:’._._
m P i ;,;,,
Falsealarmcost =Y (S, x T;xa; x f x=2)

i=1 - - Veyalei-

5.2.3 OQA Sampling Cost

OQA samplingrcoestiis ascostythat accurs inga routine OQA-variable sampling plan
process which gis 'the first “variable sampling plan in® OQA™ process. This cost is
considered,ta.be an.appraisal-cost because,it occurs.from, a routine testing activity that
used to test the product'lot before delivering to the*customer. Since' the production rate

is P, and the OQA sampling cost occurs in every lot amount (Og,,), this cost will occur

Size

with

r
frequency in order to test every produced lot.
Size

OQA sampling cost consists of labor cost, testing machine cost, and material cost.
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5.2.3.1 Labor Cost

Labor cost is a cost of labor that used to test the sample in OQA process with
variable sampling plan. Staff will collect the sample with designed amount (n,q, ) from

every product lot amount O___ before delivering to the customer.

size

Labor cost = Labor rate x Labor used

Laborcost =L, x Y

Machine co e_:‘ erati ) ich as electricity cost and

maintenance cost.

is @ number of sample

size

Since K, is testing machine capacity and (n. x F Y O

ill represent the number of

iz K;xO

Sizei

needed to be tested on

machine used in this testingsactivity.

ﬂumwﬂmwmm
’QEﬁ”T”‘E"i\“l?T"iEN UAIINYAY

aterlal cost is a cost of product destroyed in testing activity. However, the

testing in this case study is a non-destructive testing, thus the material cost is none.

Material cost = Cost of product destroyed x Number of product destroyed

>< Z (nOQAI X Pr )

Materialcost =

Sizei
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5.3 Failure Costs

Failure costs are costs that occur from defective products and processes both
directly and indirectly. In control chart implication, there are many costs occurred as a
sequence of defective products and processes such as retesting and repairing cost.
Whereas Duncan (1956) applied a penalty cost for operating out of control, he did not
show how this cost can be obtained or quantified (Alexander et al., 1995). This thesis
will illustrate the failure costs and their. relation to the control chart using realistic case

study.

Failure cost consists ofiinternal failure costs-and-external failure costs. Internal failure
costs occur within the company before  delivering products to the customer while

external failure costs occugafter delivering products to the customer.

5.4 Internal Failure Costs )

Internal failure costs occur from. defeclive products and their consequences which
B |

consist of true alarm cost, cease cost; retest cost,; and defect cost.

5.4.1 True Alarm Gost

Duncan (1956) assemed that the cost of repair and the cost of bringing the process
back to a state of control subsequent to the discovery of the assignable cause will not
be charged. HoweévérfithistasstumptianfofsDancan lis“netyrealistic for the real case
because there must be an activity needed to bring the process back to the normal stage

and its,eostiisrundeniable.

True alarm cost is the cost of investigating and repairing the out-of-control stage
process to be back into in-control stage again. The investigation will be done by the
technician while repairing will be done by the engineer. In one cycle time, the true alarm
can occur only one time because an assignable cause is allowed to occur once for each

cycle.
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True alarm cost = Technician labor rate x Technician time used + Engineer labor

rate x Engineer time used

Truealarmcost = (S, ><TlTi +3,xTy)
i=1

Cyclei

5.4.2 Cease Cost

Duncan (1956) assumed th

assignable cause is in pr many production processes that

#/E;t shut down while the search for the
* . a

needed to be shut down | ble cause. Knappenberger &

Grandage (1969) mad ess is stopped while out-of-

control signals are bein i is thes del allows the process to be

) ) *"!11;-1
process is allowed to stop onge in a eycle i

ey
ir

e
(o |
e gl

Cost of cease = Production -Kg oreduct x Time that process stopped

m ) e -
Ceasecost = > (-2 N

5o 3
o ANENTNYINT
LGN e RN

./ .

I hat might have
defectiveq product so it is consi e a failure cost. The testing activity in this
process is not a routine testing, but it occurs because the previous testing indicated that

there is a defective product.
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5.4.3.1 IPQA Hold Lot Test Cost

After products produced during the out-of-control process are held, the testing
is needed to determine whether the lot should be reworked or not. IPQA hold lot test
cost is a cost that occurs from testing samples from the hold lot (Z) that produced
during an out-of-control period. There will be IPQA hold lot test cost once in a cycle

time.

IPQA hold lot test co i bor cost, testing machine cost, and

material cost.

test the sample in IPQA hold

lot with variable samplin t-collect the s: 5 with designed amount (N, )

Machine' cest is a machinetoperating cost such as electricity cost and

manerce 3 14 £ 3 Y] ﬂ“ﬂﬁw 8InN3
q wmwﬁﬂﬁm NATIMETHE

Machine cost = M xZ( 'P_?A'
i=1

Cyclei

Since K is a testing machine capacity and n, / T, . is a number of

Cycle

Nipoai

m
sample needed to be tested in one hour so Z( ) will represent the number of

i=1 i x Cyclei

machine used in this testing activity.
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C. Material Cost

Material cost is a cost of products destroyed in testing activity.

However, the testing in this case study is a non-destructive testing so the material cost is

none.
Material cost = Cost of product destroyed x Number of product
destroyed
5.4.3.2 IPQA/
Adter the hold.affai ...=. | plan testing, the hold lot will be
reworked with Y probability. -reworl d o I be tested by IPQA after rework
variable sampling plan to ' kp ess e[ ality. IPQA after rework test cost

IPQA after rework _g*;; ' ,l:"'":; abor cost testing machine cost, and

material cost. T

—

s

A. La@r Cos — m

‘o v .
ﬂﬂrﬁd’j wmtﬁrﬂ Lﬁjdﬂrﬂ;ﬁ!e sample in IPQA after
rework hold lot with variable sampling plan. Staff wi ‘CO ect the sample with designed
¢ o v/
IRITRNATUURIINYIAEY
i Labor cost = Labor rate x Labor used

X Tregi X Nipoanri )

T

m Y.
Laborcost =L, x> (=
i=1

Cyclei
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B. Machine Cost

Machine cost is a machine operating cost such as electricity cost and

maintenance cost.

Machine cost = Machine operation rate x Machine used

m Y. xn

z( i IPQA ARi )

Machine cost = M x
7 Ki XTCycIei

Since K is ity and (Y, xn) /T, is a number of

Cycle

[ A1, A ARi

sample needed to be test ) will represent the number

of machine used inth% 1 \\

Material e f prod that destroyed in testing activity.
However, the testing in this 3 udy is a- Jdestructive testing so the material cost is

none.

A ITRTRIENNS
ARBINIMUNIINY1A Y

After the product lot fails to pass OQA variable sampling testing, the lot will be

reworked with P, probability. Then, the reworked lot will be tested by OQA after rework

variable sampling plan to check the rework process quality.
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OQA after rework test cost is a cost that occurs when there is a testing of the
sample from the reworked lot in OQA process. OQA after rework test cost will occur with

P, probability.

OQA after rework sampling cost consists of labor cost, testing machine cost,

’%sed to test the sample in OQA after

and material cost.

A. Labor Cost

Labor cost is

s a machine 05 such as electricity cost and

. r LY
maintenance cost. V;‘

Machme cost Machine operatlon rate x Machine used

ﬂme;gmy@ MJ <8 3

¢l Slz

QW’L@M‘EQMWJQ.MJ N

sizei

(P, x Nooanari X Pr,)

of samples needed to be tested in one hour soz will represent the
i1 Ogiei X K;

number of machine used in this testing activity.
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C. Material Cost

Material cost is a cost of product that destroyed in testing activity.
However, the testing in this case study is a non-destructive testing so the material cost is

none.

Material cost = Cost of product destroyed x Number of product

destroyed

hand, the longer the process r 1ain

_ e AN .

items will be producﬂ (Chiu and ﬂﬁa‘ndﬂ 99 efect-cost can be decreased by
A

iy

decreases, it means tr@ the process be d@cted faster (Torng, Lee, and

Liao, 2009). ¢ a

LAREANENINYINT
Q'%%@ﬂﬁﬁ&%ﬁﬁﬂ t’fﬁs %E}ffeﬂté; pE]juct ot in IPQA

process.qrhe product produced while the production process is out-of-control (Z) will be
held for the test. Then, if the test fails with probability Y, the hold lot will be reworked.

The IPQA rework cost is depended on the amount of product produced from an out-of-

control period. . IPQA after rework cost will occur with Y probability once in a cycle time.
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Rework cost = Rework rate x Number of product reworked

IPQAreworkcost = ZYi xRy x P_rl‘ix (ATS +T;)
i

Cyclei

5.4.4.2 IPQA Scrap Cost

IPQA scrap cost is a cost of sc product that occurs from an IPQA process.

IPQA scrap cost occurs when {

a
t/gﬂ/duct lot failed to pass the IPQA after

rework variable sampling . IPQ will occur with H, probability after

5.4.4.3 OQA R

OQA rework cost is @ ( g defective product lot in OQA process.

Product lot amount (O delivering to the customer. Then, if the

size)
test fails with probability F 7

V.. L

Rework cost v.,_ m ole Worked
“RUEIRVIINY NS
ARSI U INYA Y

9
OQA scrap cost is a cost of scrap product that occurs from an OQA process.
IPQA scrap cost occurs when the reworked lot failed to pass the OQA after rework
variable sampling plan testing. OQA scrap cost will occur with P, probability after OQA

rework process occurs.

m
OQAscrapcost = Y (P, x Py x Cpoqn X PI;)

i=1
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5.5 External Failure Costs
5.5.1 Transportation Cost

Transportation cost occurs when the defective products are rejected by the
customer and the company has to transport the new products to replace those amounts
of rejected products. There are two causes that the product can be rejected. First, the
products are rejected with P, probability after the customer tested the product lot by
customer variable sampling plan. Second, the products are rejected after they fail to
assembly with P _. probability in customer mantiaeturing process. The company will
transport the new productferreplacement every f-interval (in this case study is a week
or 168 hours). The number ofsdefective products found in each interval will be summed

and then replaced by the péw products. The transportation cost is C, per transportation

| J A
lot (O;). The —L will represengthe numberof lot required to transport the entire products
T =
found in the period. - 1’

Transportation cost = €ost of transport 'p"g‘rdlot x Number of product lot transported

b2 M4

el

-roundu[f(ﬁg;x(preji + (1= P )(Pr ) (P ))X(I)Ti)
Transportationcost:ZCTix( , n)

5.5.2 Replacement Cast

Woodall noted that economic models assign a cost to customer dissatisfaction and
liability,~¢laims sameng other scosts (Sanigag 1989). Innthis; model, replacement cost
consists of two costs which'are a cost of product that rejected by the customer and a
penalty cost. The company will be charged for the penalty amount (P,,) for each product

if the product fails to assembly in customer manufacturing process with P probability.
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Replacement cost = Cost of product x Number of product rejected + Penalty rate x

Number of product fail to assembly

R eplacement cost = Z(Pr x (Pq

i=1

+ I:)mi X P.ix(l rejl) (CPcu5| + em)))

e ]I Pcusi

5.6 Machine Investment Cost

This cost is a cost of machine that the company has to invest in order to increase the
number of the testing machine. This cost is.not included in the model because it does
not relate to the control chartdirectly. It i_sja cest that'the company has to pay in order to
increase the number of testing machine which is one of the constraints in the model.
However, this investment option andits C.IOSt will be considered in order to find the best

solution that minimizes.ife€ total eostiand the machine investment cost.

_—

The machine present yalue is'-P\; anu the machine operating life is a year. The
interest rate in the business is r per year Therefore the annual value (AV) for the testing
machine will gain from the P\/;a, and-r para_meter The AV can be considered to be the
machine depreciation per year.because a%e; end of year a, the machine value is

assumed to be zero. The AV--is-the machiﬁe-'depreciation for a year so the cost of
investing machine pe_rfhgur_can_be_eblained_by.djﬂdmgiihe AV by working hour per
year (W). The number-ef current machine is F and the naximum number of machine

allowed in the model is G so G-F will represent the number of the new invested machine.

The machine has certain operating life gime ‘which is about a year no matter how
much the machine has been used. Therefores the machine ginvestment cost is
considered to be| a-fixed cost which.does not depend on the sample size and sampling
frequency, but it depends on the number of machines invested. On the other hand, the
machine operating rate (M) is the cost that depends on the usage of the machine. The
more the sample size and sampling frequency are, the more the machine operating rate

is.
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Machine investment cost = Machine cost per hour x Number of new machine

invested

Machineinvestmentcost = Cv—vx (G-F)

5.7 Objective Function

optimum sample size and

statistical design is to minimize-tr = e (ﬁunit of time by considering type

1error, type 2 error, and(

Objective function

Where Total cost =

E"‘MXZ( Ty

AU ﬁ"@fﬂ Ty )f
qmaﬂnim ﬁﬁﬂ;’m%

Slzel Cyclel
Z(Tm >f|-Pr X Pn Z (e *Theoni Tresti X IPQA|
Cyclei Cyclel
. XN
M % ( IPQAl IPQAl
z Ki XTCycIel z1 TCycIel
Y, xT. Y, xn -
L x ( Testl IPQAARl) M % ( IPQA ARi ) 4
Z TCycIel Z K, ><TCycIei
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i Y; xD; x nIPQAARl) L Xz (Poi X Trest X Nogaari % PT;) N

=] Toyete Oz

M Xi(Poi X Nogangi X PTi) +i(Pi X D; X Nogaari X PF,) 4
i1 Ogiei X K; i=1 Osizei

DY, xR, xPr.x (ATS; +T,,) .

i1 Toyete

iYi xH, ><CP|PQAi xPr.x (ATS, +T,)
T

i=1 Cyclei

R (P, P
i1
Z(Poi X Py X Cpoqn X Pr) +

e OUNAP(PIRECREE (1~ B ) (P )(P'1)) c'))
ZCTE X( Ti ) n

ITi

Z(Pr X( Re ji ><CPcusi K Pmi - Plix(:L rejl) (CPcu5| + enl)))

5.8 Constraints J,

Traditionally, control chart has.been desrgned only by statistical criteria. The type 1
error probability and power are Usually specnﬂed’ at the desired levels while the sample

size (n) and control limits coefficient x(L) usuaHybe specifically determined.

In economical “désign, Woodal (1986) stated that” control chart based on
economically optimal design generally have poor statistical properties. The Duncan’s
model does not,concern, about statistical properties,since.there is only an economic

objective without 'statistieal constraints in the'model (Saniga, 1989).

In order [0 Create the economic statistical design, statistical congtraints are added to
the econemic model. The metric used to evaluate the statistical performance of a control
chart is generally either the average run length (ARL) or the average time to signal
(ATS). As Celeno and Fichera (1999) said that the objective function must be minimized
in order to pursue the economic goal, whereas the statistical objectives are reached by

minimizing the Ol value and maximizing the 1—B value.
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In this thesis, the control limit coefficient (L) is set to be 3 which is the standard use
as Montgomery (2005) said that the multiple usually chosen is three; hence, three-sigma
limits are customarily employed on control chart, regardless of the type of chart
employed. Therefore, with 3 control limit coefficient, the O value will be 0.0027 and ARL,

will be 370 to retain the standard statistical property.

Another crucial statistical constraint in this thesis is B value. The B can be

expressed as ARL or ATS
1 /3.

an out-of-control period c

. The defective products produced during

antly by reducing the ATS. The
significant variables that

variable that affects B |s n si

The constraints ar

B, <
B, >
n >
f < =
f > (vi)m

ﬂuafjwﬂ%{wmm

a less than 1.54.
This cor\qtramt wil S|g tIy control the statlstlcal property he control chart to
ensure that the solution of the model will meet the statistical criteria. However, this

constraint value can be changed in order to satisfy the company policy.

Constraint (ii): B value has to be more than or equal to 0. This constraint is added

due to the fact that the B value cannot be negative.
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Constraint (iii): n value has to be more than or equal to 1 because the least sample

size allowed is 1.

Constraint (iv): f value has to be less than or equal to the capability of picking

samples. This is because staff has to use T, time to pick the sample so there will be

Pick

limited frequency of picking the samples.

Constraint (vi): f value has to be more than 0. This is because the sampling activity

has to be done at least one time. \ ’,//
Wy

Constraint (vii): All tes c&be less than or equal to testing
T —

inewse
| — -
owed ( ased if the company buys the

machine allowed. Th

new testing machine.

difficult for the practitioner to -9!
M_';?;J

economic design @ﬁ the Computatio 1995).The availability of

computer programs hese mode

of simplified approximate

optimization procedurg suitable computamn would help alleviate this

AUYANYNINYINS

The economi¢ mathematical model in this thesis consists of mathematical formulas

¢

that Caqbwmjcayﬁoﬁr Wfﬁxﬂ Hﬁaﬁiﬁlthe practitioner

solve the;r problems without the problem of using complex program.

problem.
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5.10 Input Parameters

The input parameters illustrated in Table. 5.1 are gained from the case study
company as an example. The mathematical model allows parameter value to be
changed so that the model can be applicable to many cases. Constraints, statistical
criteria, probability, and cost can be modified to match each case. For example, if the
production is a continuous process where there is no need to be stopped while

repairing the process, the T, value can be filled with zero to represent the continuous

model.
Table5.1: Inptt ParametersValue
Input value Source
M1 M5 | M3
n - 4 28 Variable
f . ¥y N j 4 Variable
a 0.0027 0.0027 . 00027 Determined by control limit
| y I_ !!';f_._'- coefficient =3
B - S5 f(n)
Y, 0.0006 | 0400237 | 000174 _Control chart data
Y, 0.0208 ——0:0664——0-09+ Control chart data
T, 7.8853 | 19.0230 | 1222.2650 {F”rocess in-control time
T, 0.0375 | 0.0375 0.05 Time for investigating process
T, 0.4750 0.4750 0.4750 Time Tor repairing process
ATS - - - (3, )
Teode - - - f(AJSIE, T,)

Pr 1205 3893 929 Production rate
M 2.84 2.84 2.84 Machine operation rate
R 2.18 1.32 1.04 Rework rate
P, 1.46 2.96 7.37 Product profit
C; 1028 1028 1028 Transportation cost
O, 10000 10000 10000 Transportation lot size




90

Table 5.1: Input Parameters Value (Cont.)

Input value Source
M1 M2 M3
l; 168 168 168 Transportation interval
Cor ran 10.83 9.43 6.9 Product cost in IPQA
Cr oo 11.83 10.43 7.9 Product cost in OQA
Product cost when delivering to
Co one 12.31 12.43 14,31
s . the customer
P.. 123.10 124.30 14300 Penalty rate for customer
Ly, 25.18 2016 4 25.18 Staff labor rate
Toick 0.083 i 9083 \ 0.083 Time to pick samples
Trest 0.0208 //60208 1\5.0333 Time to test sample
K 45.6007 f,/ 45log07 *|—28 5000 (T 100
D 0 /0 _,\)_‘O’-' Cost of destructed product
S, 64.10 : ;".64.1-.0 6?}.;‘1 Q Engineer labor rate
S, 35.26 7135.26—-’; 3‘%@ Technician labor rate
MC 16 57T 4_%1:‘ Number of production machine
O, 1009, 1000° - | 1000 OQAariable sampling plan lot
:fj :3_7 size
Ocuet 1000 | 1000 1000 Cuét?mer variable sampling plan
_ _ lot size
F B Numberfof current testing machine
G - Determined
7488 7488 7488 Workingihour per year
PV 1,300,000 | 1,300,000 | 1,300,000 | Testing machine in present value
A 10 10 10 Testing machine operating life
R 0.12 0.12 0.12 Interest rate in the business
AV - - - f(PV,r,a)
USL 0.4 0.4 0.4 Determined




Table 5.1: Input Parameters Value (Cont.)

Input value Source
M1 M2 M3
o 0.0421 0.0573 0.0524 Measured value standard
deviation
AQL g 0.02 0.02 0.02 Determined
LTPD poa 0.08 0.08 0.08 Determined
Alpha g, 0.05 0.05 0f08 Determined
Betapoa 0.2 0.2 0.2 Determined
)
f(AQLIPQAi, I_TPDIPQAi’ AlphaIPQAi'
Nipaa - 4 L
| BetaIPQAi)
1 f(AQLIPQAi, I‘TPDIPQAi’ AlphalPQA\’
KIPQA - F i
L ; BetaIPC)Ai’ r]IPC)A)
Y - Y K II} = f(USL, Ko &+ Vai nIPQA)
1-y - e v 7(Y)
AQL oo an 0.02 0.024007~ 0.02 Determined
LTPDpop e | 0.08 008 —| 0.08" Determined
Alphapo. e | 0.05, 0.05- | /005" . Determined
Beta,pon an 0.2+ 0.2 0.2 Y Determined
1 VT(AQLIPQAARL I_TPDIPQAARi’
Nipaa AR - - - - -
AlphaIPQAARi’ BetaIPQAARi)
f(AQLIPQAAR, I_TPDIPQAAR’
KIPQAAR - - -
A|phaIPQAAR’ BetaIPQAAR’ n IPQAAR)
H . i '] (USL, Kirodar &1 Yo nIPQAAR)
1-H - - - f(H)
AQL oon 0.02 0.02 0.02 Determined
LTPDgqa 0.08 0.08 0.08 Determined
Alphagg, 0.05 0.05 0.05 Determined
Betagga 0.2 0.2 0.2 Determined
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Table 5.1: Input Parameters Value (Cont.)

Input value Source
M1 M2 M3
Noaa - - - f(AQL,qu, LTPDoonn Alphaggy
Betayga)
Koaa - - - f(AQL,qu, LTPDoonn Alphaggy
& BetaOQAi’ nOQA)
Py - (USL, Kogar @ 1Py Noaa )
1-POi - f(PO)
AQL o ar 0.02 Determined
LTPDgon ar 0.08 Determined
Alphag, ar 0.05 - Determined
Betagoa ar 0.2 7 Determined
FAQL o on ari, LTPDoga are AlPNa00,
Noaa AR -
ARi? BetaOQA ARi)
KOQAAR -
o AQLa ari, LTPDggn arir AlPhagan
_.__;.‘;?;__— - ARi? BetaIPQAARi’ r]IPQAAR)
Py "31‘,.3 —AQKOQAAR’ o Vi Noganr )

o
= f(P,)

i
A J
AQL g 0.02 J 0.02 0.02 J Determined

LTPD,, ﬂ%%éi‘%—& %C % b | A 4 <Determined
Alphag g 1P o 0.06 ™| " "0.05 =L q.‘)etermined

n .
Bet 0.2 D d
e &%\ 11q 148N A ﬂ%qﬁ@'fe
ldbkdoN VI | D L)
-9 ) ) ) f(AQL, ¢ LTPD, o, Alphag.,
cus '
Betag,s)
. ) ) ) f(AQLeyg, LTPDyysr Alphag,s,
BetaCUS’ nCUS)
Prej - - - (USL, Keygr 5 P neys )
1 _Prej - - - f(Preji)
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Table 5.1: Input Parameters Value (Cont.)

Input value Source
M1 M2 M3
Probability of defect found in
P, 0.8 0.8 0.8
customer manufacturing process
1-P 0.2 0.2 0.2 f(P,.)
P - - - f(ATS, T, Yo Y, Y1i’H’TO’T2’TCyCIe)

z - f(Pr, ATS,T,)
P’ - f(P, Py, ¥4.Py)
ATU ) f' K’ nOQA’ P OSlze’ IPQA’ TCycIe’
Y’ r-]IPC)AAR’ |:)0’ r-]OQAAR)
5.10.1 Primary Pag
o : This parameger is set: ,.,. J).0027 because the control limits coefficient is
setto be 3.
B ol chart sample size. However, this
annot exceed 0.2 to maintain the statist ical property of the control
Y. . These pardmeters can be gained from the historical data of the control

ﬂumwﬂmwmni
“34 WT SNHPTVR M) (h T e

: This parameter can be obtained from an average time that the technician

used to find an assignable cause for each product.

T, : This parameter can be obtained from an average time that the engineer

used to repair the process.
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: This parameter can be obtained from the production policy. It is assumed
that the company has a steady production rate all day. Changing in

production rate will result in the new sampling plan.

: This parameter can be obtained from a testing machine operating rate.

Changing type of testing machine will change this value.

: This parameter can be obtained from a rework cost per piece.

y@m a profit that the company gained
4
N

. This parameter ¢

from each p
T A—

y .
. This para

9

oduct price that the company

. This Pararvﬂgr___@;.@ ! a transportation interval that the

: This parﬁwete prﬁict cost in IPQA process.

: Fhi p;ﬂw‘ﬁ ﬂﬂﬂtfﬂ ﬁﬂﬁwﬁ in OQA process.
H t cost'i A'proces i(ﬂhet e product cost in IPQA

TR SRV ™

CP Cus

: This parameter can be obtained from a product cost when delivered to
the customer. This product cost can also considered as product price

that the customer has to pay to the company.
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: This parameter ca

. This parameter >
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. This parameter can be obtained from a penalty rate per piece that the

customer charges the company. The penalty rate will depend on the cost
of assembly parts in the customer manufacturing process. If the

assembled parts are expensive, the penalty rate will be high.

. This parameter can be obtained from an average salary of staff in one

month divided by working hour in a month.

,y/fom a time that staff picks the samples

e that staff tests the sample

from turning

a cost of product that destroyed in

rom an engineer labor cost in turning

process.

\E ). . . ,
echhician labor cost in turning

process:

:ﬂ'su&re'awwﬁewmmm

e4ch product.

ARAAIN U LBVINLNE Y e

plan.

. This parameter can be obtained from a lot size in customer variable

sampling plan.

: This parameter can be obtained from a number of current testing

machines.



96

G . This parameter can be obtained from a number of machine allowed
included the new invested machine. This value can be changed for each
design experiment. If the companies use the current number of machine,
the G value will equal to F value. If the company invest more in testing

machine, the G value will be greater than F value.

wW : This parameter can be obtained from the company working hour per
year.
PV : This parameter.can be obtainedsfroma new machine price in the present.
-
a : This parameter canbe obtained from a'machine operating life.
r : This parameter ean be obtéined from an interest rate in the business.
5.11 Scenarios Studied - "

There will be three se€narios for the m¢g_g|. Each of the scenarios will be illustrated

about its sample size, sampling ffequency; and €osts.

o
[ el

First, the present'sampling E)Ian will be Ljsed in the model to let the model illustrates

the present cost and _bgsent quality statistical performaricie. After that, the alternatives

will be illustrated.

Second, the mtmadel will, be |solved junder fthe' statistical=quality constraints and
present resources to find the optimum sampling plan that minimizes total cost. The
number-ofitesting smachiney will be, limitedito thescumentinumber-of gmachine that the

companysalready has which'is 5.

Third, the additional new testing machine will be allowed in the model. The Number
of testing machine allowed (G) in constraints will be allowed to increase by the new
invested machine (G-F). There will be machine investment cost added since the
company has to invest in new machines. Investing in the new testing machine will

increase the testing capacity which may result in a decreasing of a failure cost. This is
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because an assignable cause can be detected earlier by the sufficient testing capacity.
This scenario will find the optimum sampling plan for each number of machines. After
all, the sampling plan and the number of machine invested that minimize total cost will

be illustrated.

AULINENINYINS
AR TN TN



CHAPTER VI

RESULTS

In this chapter, results for each scenario are shown including the statistical

properties and costs. Also, discussion and conclusion about the results are illustrated.

6.1 Present Sampling Plan

At present the case

sampling plan for its {

sampling frequency b

al methodology to design the
igned the sample size and
e company wants to increase

the performance in it ¢ - u- ogy to design the sampling

\ (he statistical constraints.

The result of the prese oling: Jlanvisishow w 1 order to demonstrate the present

plan which can lower

cost and the statistical perfo s-before wu, g the improvement. Since there is

iy
no further invested machine in-the sent sampling plan, the number of testing
machine allowed (Gt e t sampling machines.
“
The present sample E- er crucial parameters are

illustrated in the table b ow

ﬂ‘UEl’J‘VIEWﬁWEJ']ﬂ‘i
ammmm UAIINYAY
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Table 6.1: Present Sampling Plan Result

M1 M2 M3
n 2 2 1
f 0.25 0.25 0.25
1f 4 4 4
B 0.57 0.57 0.84

ATS 9.26 9.26 25.21
P 0.0 U 0,010 0.002
. a.i.';:g}“" 3f26 23468
R ~0.070 0.002

ATU g \\‘ SN
\

a

The sample size ofe are 2, 2, and 1piece per time

tJ-" ) f\ \

respectively. This causes the D Iueﬁ eed t onsi
: 4]

value considered to be hig Fﬁ‘é‘;{pﬁ

o
defective products will be pri .5,‘,&5".""‘- the proce is thought to be in-control despite

raint limit in this model. The [3
is a high probability that the
the fact that it is already out-of- g 8 t ; ing frequency is set to be the same for
all products based _o__g; § - riHowever, each product has
its own details so the' se : of: J gned individually to create

efficiency of using themntrol chart. The All testing macme used in the process (ATU)
is 4.48 machiﬁwhile tr’%ﬂowed number ‘6f machine is 5 machines. This means that

MO -V} Ko 576l
qmmmrﬁwﬁwmaﬂ
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Table 6.2: Present Sampling Plan Costs

Appraisal Costs

- Control chart sampling cost 31.91 1.73%
- False alarm cost 0.06 0.00%
- OQA Sampling cost 57.97 3.14%
Sum appraisal costs 89.94 4.88%
Internal failure costs

- True alarm cost 92.16 5.00%
- Cease cost 240.00 13.02%
- IPQA hold lot test-cost e 25.62 1.39%
- IPQA after rewosktest cost 10.18 0.55%
- OQA after rewofk tesicost J. 0.18 0.01%
- Al retest cost T 35.97 1.95%
- IPQA rewdrk cgst £ Lo j é 1003.59 | 54.43%
-IPQA scrapCostt £ 7 T, 4 0.01 0.00%
- OQA rework ¢ostl /. <4 31.57 1.71%
_OQAscrap cost o T’ 0.00 0.00%
- All defect costs.. == - 1,035.17 56.15%
External failﬁ%re costs ,

-Cost of reb‘i.écement 33213 18.01%
_Cost of transport " 18.36 1.00%
Sum/faillre costs 1,76379 95.12%
Total ¢ost 1,843.74 | 100.00%
Machinesinvestment-cost ‘

Total cost + machine investment cost 1,843.74

The failure cost is the major cost in the present sampling plan accounted for 95.12
% while the appraisal cost is only 4.88 %. This means that the company pays large
amount and also uses most of the resources to fix the defects that already occurred. The

major defect cost is from IPQA rework cost which used for reworking the defective
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products produced while the process is out-of-control. Cost of replacement is also
considered to be the major cost which occurs when the defective products delivered to
the customer. These failures costs can be reduced by improving the detection
performance to detect the error earlier before the defective products are produced in a

large amount.

6.2 Optimum Sampling Plan under the Cunrent Number of Testing Machines

This experiment is done to find the optimum sample size and sampling frequency
that can minimize the totaleestin the madel while-thereonstraints are satisfied under the

existing testing machines.

i
Table 6.3: Optimum,8ampling Plan under the Current Number of Testing Machines

Result —
M1 e 2 M3
n AN 4
f 043 "f:‘"__‘rg_,ﬂzz 0.03
1 "-7.5_4 ?_21;62 38.99
B 016 " 016 016
ATS 8.96 549 11.)46.34
P 0.011 0.008 0.002
z 10843 01531 43096
Pl 0,011 0.008 0.002
ATU 5

The sample size is increased to be 4 pieces per time in this solution. This sample
size causes the B value to be 0.16 which can satisfy the constraint. The sampling
frequency is decreased independently based on the characteristic of each product. The
sampling frequency for product M3 is decreased significantly from 0.25 to 0.03 time per

hour because the M3 has a high steady production resulted in longer in-control period
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(Ty). Thus, there is no need to collect the sample frequently. The ATU value is 5

machines which mean that the testing machines are used in a full capacity.

Table 6.4: Optimum Sampling Plan under the Current Number of Testing Machines

Costs
Appraisal Costs
- Control chart sampling cost 39.68 2.71%
- False alarm cost 0.04 0.00%
- OQA Sampling cost /. 57.97 3.96%
Sum appraisal cosis 2 97.69 6.68%
Internal failure.costs
- True alarm-c'dét/f" \ 102.12 6.98%
- Cease cosi/i,--' v J ; 269.39 18.42%
- IPQA ho@;ﬁt}%t Eobt ‘T’ 28.37 1.94%
- IPQA after wgf‘k st cast 11.62 0.79%
- 0QA after relorg testebse 4 008 | 001%
- Allretest cost ff == j’L ‘ 40.08 2.74%
SIPQAreworkcost | 72895 | 49.84%
- IPQA s8rap cost i " g1 0.00%
- OQA ré;vfgrk cost 1J~7_ai1 1.19%
- OQA scrap cost ..0.00 0.00%
- All defect costs 746.37 51.03%
Externalfailure costs
-Cost of replacement 188.69 12.90%
-Cost of transport 18.86 1.26%
Sum failure costs 1,365.02 93.32%
Total cost 1,462.70 100.00%
Machine investment cost -
Total cost + machine investment cost 1,462.70
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The total cost is reduced from 1,834.74 to 1,462.70 Baht per hour which arisen from
a reduction of failure costs and an increasing of appraisal costs. IPQA rework cost is
decreased from 1003.59 to 724.79 Baht per hour while the cost of replacement is
decreased from 1,003.59 to 728.95 Baht per hour. The failure costs are reduced since
an assignable cause can be detected faster. The appraisal costs are increased from
89.94 to 97.69 Baht per hour due to the increasing activities in testing process. From the
figure, it can be seen that increasing in appraisal costs has a highly effect to a reduction

of the failure costs in this case.

w
6.3 Optimum Sampling Plansunder the Additional New. Testing Machines

This experiment allowssthe modelito iﬁ_orease the number of testing machine in order
to increase the testing capacitys As'a conseqguence, the machine investment cost is

added to the model as'a machine invéstmq;nt,post separately. The optimum sample size
4

and sampling frequency fog each number of machines allowed (G) will be illustrated

case by case. : f
6.3.1 Optimum Sampling Plan‘trader 6 Testing Machines

i el

Table 6.5:Oplimum Sampling Plan under 6 Testing/Machines Result

M1 M2 M3
n 4 4 Tog
f 020 035 004
1 4.92 2.83 25.03
B 0416 0716 0716
ATS 5.85 3.36 29.75
P 0.009 0.006 0.002
Z 7098 13225 27682
P 0.009 0.006 0.002
ATU 6
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The sample size is remained the same as in the optimum sampling plan under 5
machines, but the sampling frequency is increased thoroughly. This means that the
additional testing capacity is needed to lower the total cost which obviously seen from
the increasing of all testing machine used in the process (ATU) value to be 6 instead of
5 machines. This is because if the additional testing capacity is not necessary, the
model will not use the additional capacity and have the same optimum sample size and

sampling frequency. The average time to signal (ATS) value which is a function ofB and

has to be held for cheokr ( s ey product is decreased since an

assignable cause can be detec ie uttingri duction amount of the hold lot.

ﬂ‘UEl’J‘VIEWlﬁWEI']ﬂ?
Qﬁqﬁﬁﬂ‘iﬁuﬂ'ﬂﬂmﬂﬂﬂ
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Table 6.6: Optimum Sampling Plan under 6 Testing Machines Costs

Appraisal Costs

- Control chart sampling cost 64.16 5.33%
- False alarm cost 0.07 0.01%
- OQA Sampling cost 57.97 4.82%
Sum appraisal costs 122.19 10.15%

Internal failure costs

- True alarm cost 115.26 9.57%
- Cease cost 300.31 24.95%
- IPQA hold lottesteost 32.01 2.66%
- IPQA after rewerk test cost 12.75 1.06%
- OQA after rewbrkdest cost | 0.03 0.00%

- All retest cost 44,79 3.72%

- IPQA rework cost 498.38 41.40%

)

- IPQA scrap cost | . = 0.00 0.00%
- OQA rework cost ; 6.34 0.53%
~ OQA scrap cost 4o 2 0.00 0.00%
- All defect costs = S 504.73 41.93%
External -féi!ure Costs :

-Cost of féptacement 98.13 8.15%
_Cost of transport 18.36 1.52%
Sum, fallureicosts 1,081.57 89.85%
Total cost 1,203.77 100.00%
Machineinvestment cost 30.73

Total cost + machine investment cost 1,234.49

Comparing the results between using 5 testing machines and 6 testing
machines, the total cost is reduced from 1,462.70 to 1,203.77 Baht per hour which
arisen from a reduction in failure costs and an increasing in appraisal costs. The failure

costs are reduced from 1,365.02 to 1,081.57 Baht per hour while the appraisal costs are
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increased from 97.69 to 122.19 Baht per hour. The new added cost is a machine
investment cost which is 30.73 Baht per hour. However, the sum of total cost and
machine cost which is 1,234.49 Baht per hour is still lower than the total cost in the
optimum sampling plan using 5 machines which is 1,462.70 Baht per hour. Thus, this
can be concluded that the new additional machine is needed to lower the total cost. The
new additional machine can help lower the total cost by increasing the testing capacity

which resulted in lower failure costs.

6.3.2 Optimum Sampling-Plan underj Testing-Machines

Table 6.7: Optimum Sampling Plan under 7 Testing Machines Result

M Tl M2 M3
n f SIRET A B 4
f 0fa. (EA Mok 0.06
1/f 8.80: 7 1" 197 17.93
B 0.1844 - A 0.16 0.16
ATS 459 28 21.31
P “0:008 o005 _0.002
¥z 5492 9241 = 119848
P 0.008 0005 1 0002
ATU 7 '

The sample size is remained the same as indthe optimum sampling plan under 6
machines, but thesampling frequency.is increased in every product. This is because
the further testing capacity is still needed in order to test the sample more frequently
which leads to a reduction of total cost. The out-of control state can be detected earlier
because of an enhancement of the testing capacity resulting in lower average time to
signal (ATS) value in every product. Amount of product that has to be held for checking

(2) is decreased which leads to lower cost of rework. The percent of defective product
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produced from IPQA process (P) is also reduced because the production process can

be repaired quicker.

Table 6.8: Optimum Sampling Plan under 7 Testing Machines Costs

Appraisal Costs

- Control chart sampling cost 90.92 8.28%
- False alarm cost 0.10 0.01%
- OQA Sampling cost 57.97 5.28%
Sum appraisal cosis 2 148.99 13.57%

Internal failure.costs

- True alarm eOSt g \ 122.64 11.17%
- Cease cost , g 4 817.56 | 28.92%
_IPQA hold6t test dost - ‘T' | 34.06 3.10%
- IPQA after iglvogk st cost ) 13.37 1.22%
- OQA after reworkitest cost f 5 0.01 0.00%
- All retest cost & ‘ jg'“ 47.45 4.32%
-IPQAreworkcost 371.73 | 33.86%
CPOA sClapost i 000 | 0.00%
- 0QA ré@rk cost 308 0.28%
- OQA scrap cost ~.0.00 0.00%
- All defect costs 374.82 34.14%
External failure costs

-Cost of replacement 68.14 6.21%
-Cost ofitransport 18.36 1.67%
Sum failure costs 948.96 86.43%
Total cost 1,097.94 | 100.00%
Machine investment cost 61.45

Total cost + machine investment cost 1,159.39
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Comparing the results between using 6 testing machines and 7 testing machines,
the total cost is reduced from 1,203.77 to 1,097.94 Baht per hour. The failure costs
which include IPQA rework cost and cost of replacement are reduced. The control chart
sampling cost is increased from 64.16 to 90.92 Baht per hour which leads to an
increasing in appraisal costs due to the further testing activity. The machine investment
cost is increased because the model is allowed to invest in the new machine up to 2
machines. Besides, the sum of total cost and machine investment cost which is 1,159.39
Baht per hour is lower than the sum of total ¢ost and machine investment cost in the

optimum sampling plan using.6 machines (1,234°49.Baht per hour).

-

6.3.3 Optimum Sampling Rlan‘under 8 Testing Machines
]

" |

Table 6.9: Optimum Sampling Plan under 8 Testing Machines Result

Mg (L 4 w2 M3

n 4 = 44 4
f 0.32 '*.f';f.-qp.67 0.07
1 B e 13.80
s :F:?'Gé16 _0.16
ATS 377 177 “ 1640
P 0.007 0.004 1 0.002
z 4584 7025 | 15283
B 61067 6l6b4 07002

ATU 8

The sample size is remained the same at 4 pieces per time while the sampling
frequency is increased compared to the sampling frequency in the optimum sampling
plan under 7 machines. The machine testing capacity is still needed in order to increase
the sampling frequency to detect the out-of-control state earlier resulting in lower value
of average time to signal (ATS) and amount of product that has to be held for checking

(Z). The additional machine is used in full capacity which can be monitored in ATU. In
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addition, the percent of defective both P and P’ are decreased which lead to a reduction

in defective products.

Table 6.10: Optimum Sampling Plan under 8 Testing Machines costs

Appraisal Costs

- Control chart sampling cost 118.78 11.29%
- False alarm cost 0.14 0.01%
- OQA Sampling cost 57.97 5.51%
Sum appraisal costs ’p 176.88 16.82%
Internal failure cosis 2 7

- True alarm cost 127.29 12.10%
- Cease cost" f i.l 328.27 31.21%
- IPQA hoid'lot iesycost. . 35.35 3.36%
- IPQA aft re\_/_vork test éc;st% 13.74 1.31%
- 0QA after ewgfk fest ogst 0.01 0.00%
- Al retest cost S 4910 | 467%
-IPQATework GBSt = || 29547 | 28.09%
-IPQA scrap cost ?: | 000 | 0.00%
- OQA rework COS-’[> - i 1;78 0.17%
- OQA Sofap cost 0.00 0.00%
- All defect.costs 297.26 28.26%
External failure“costs

-Cost ofifeplacement 64.56 5.19%
-Cost of transport 18.36 1.75%
Sumjfailure.costs 8r4.84 83.18%
Total cost 1,051.72 100.00%
Machine investment cost 92.18

Total cost + machine investment cost 1,143.90
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Comparing the results between using 7 testing machines and 8 testing machines,
the total cost is reduced from 1,097.94 to 1,051.72 Baht per hour. The failure costs are
reduced from 948.96 to 874.84 Baht per hour while the appraisal costs are increased
from 148.99 to 176.88 Baht per hour. There is a tradeoff between failure costs and
appraisal costs. The testing capacity is needed to detect an assignable cause at the
early stage which required the cost of machine investment due to the new additional
testing machine. Nevertheless, the sum of total cost and machine investment cost which
is 1,143.90 Baht per hour is still lower than those of using 7 machines which is 1,159.39

Baht per hour.

6.3.4 Optimum Sampling Rlannder 9 Testing Machines
|

Table 6.11: OptimtmsSampling Plan under 9 Testing Machines Result

M T 4 M2 M3
ATV Y !
f 0.36, '?!!'Jf__ﬂ07.84 0.09
1f 275 2AH9 11.13
B 016 016 JRCAL:
ATS 3.27 141 -413.23
P 0.006 0.004 0.002
z 3988 5645 12333
P 0/008 0l0d4 002
ATU 9

The sample size is still remained the same at 4 pieces per time while the sampling
frequency is increased compared to the sampling frequency in the optimum sampling
plan under 8 machines which enhances the ability to detect an assignable cause faster.
The amount of product that has to be held for checking (Z) is also reduced continuously.

The additional machines are used in full capacity which can be monitored in ATU.



Table 6.12: Optimum Sampling Plan under 9 Testing Machines Costs

Appraisal Costs

- Control chart sampling cost 147.22 14.24%
- False alarm cost 0.18 0.02%
- OQA Sampling cost 57.97 5.61%
Sum appraisal costs 205.36 19.87%
Internal failure costs

- True alarm cost 130.50 12.63%
- Cease cost 335.53 32.46%
- IPQA hold lottest-cost v 36.24 3.51%
- IPQA after rework test.cost 13.99 1.35%
- OQA after reworkdest cost | 0.01 0.00%
- Al retest cos S 50.24 4.86%
- IPQA rework eost j 245.44 23.75%
- IPQA scrap cost 0.00 0.00%
- OQA rework Cost _,,«* 115 0.11%
~ OQA scrap cost 2 0.00 0.00%
- All defect costs [ 246.59 | 23.86%
External failiie-costs—————

-Cost of re‘placement 47iO4 4.55%
_Cost of transport 18.36 1.78%
Sumyfailure ‘costs 828126 80.13%
Totall cost 1,033.62 100.00%
Machine investment cost 122191

Total cost + machine investment cost 1,156.53

111

The solution in this model has an interesting point. Comparing the results between
using 8 testing machines and 9 testing machines, the failure costs are reduced from
847.84 to 828.26 Baht per hour while the appraisal costs are increased from 176.88 to
205.36 Baht per hour. The total cost is still reduced from 1,051.72 to 1,033.62 Baht per
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hour which means that the additional testing capacity helps to decrease the failure
costs. However, the sum of total cost and machine investment cost which is 1,156.53
Baht per hour is higher than those of using 8 machines which is 1,143.90 Baht per hour.
Therefore, the optimum sampling plan under 8 testing machine can give the minimum of
summed of total cost and machine investment cost and it is also the best solution in this
experiment. This is because investing in the new machines costs more than the saving

from a decreasing in failure costs.

6.3.5 Optimum Sampling-Rlan under_lO Testing-Machines

Table 6.13: Optimum Sampling Plan under 10 Testing Machines Result

RN M3
n 44— LA 4
f 040 (-I\ 4097 0.10
1f 2507~ | 1403 9.68
B 0467 {140.16 0.16
ats I e 11.51
P | o006 | Y0004 0,002
(Z 3654 4915 ~10736
A 0.006 0004 | T 0.002
ATU 975

The sample size is still remained‘the same at#4spieces per time-while the sampling
frequency is increased'campared te the samplingdrequency in the aptimum sampling
plan under 9 machines. The average time to signal (ATS) is reduced from the increasing
in sampling frequency. The percent of defective product is the same of those using 9
machines. The all testing machine used in the process (ATU) is 9.75 machines while the
number of machine allowed (G) is 10 machines. This means that the testing capacity is

not used in full capacity.



Table 6.14: Optimum Sampling Plan under 10 Testing Machines Costs

Appraisal Costs

- Control chart sampling cost 168.80 16.38%
- False alarm cost 0.21 0.02%
- OQA Sampling cost 57.97 5.63%
Sum appraisal costs 226.97 22.03%

Internal failure costs

. fl 132.34 12.849

True alarm cost o \\‘ l 32.3 84%
- Cease cost 1// 339.64 32.96%

- A
- IPQA hold lottestoost ' 36.75 3.57%
- IPQA after r N 1.37%
- OQA after r f. ﬂ‘\ 0.00%
_ All retest co IIE 4.94%
- IPQA rework.€o 21.16%
- IPQA scrab ca l 0.00%
- OQA rework Cos ey Ji | 0.08%
- OQA scrap cost - 0.00 0.00%
- All defect costs o SR 518 93 21.25%
Externa =f
-Cost of rW 4.20%
-Cost of transport 18 36 1.78%
f o W
¢6s : 77.97%
Total cost - 1,030.42 | 100.00%
: ¢ = &
Q i t
& | Total cost + machine investment 1,184.06

cost
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Comparing the results between using 9 testing machines and 10 testing machines,
the total cost is slightly reduced from 1,033.62 to 1,030.42 Baht per hour due to the fact
that the amount of failure costs reduced almost equals to the amount of appraisal costs
increased. The sum of total cost and machine investment cost which is 1,184.06 Baht
per hour is higher than those of using 9 machines which is 1,156.53 Baht per hour. This
is because the new machines can save about 3 Baht per hour, but it costs more about

30 Baht per hour. Thus, investing in the new machine is not a good solution anymore.

W///

6.3.6 Optimum Sampll er$1 chmes
Table 6.15: Opt|m Te§t|ng Machines Result
| M M3
n A = 4
40 (N 4 ., 0.10
ol il ‘
1/ S = L 9.68
% ":2“*;** ¢
B 0.167~ [40.16 0.16
ATS 3B 2 11.51
PRI
P o667 |0 0.002
1
| l .
0736
=S =
| ~0.002
il il
ATU;’ 9 75
q

From the table, there is no dn‘fer@noe in optimém sampling plah‘between using 10
o) AN R UALEAIN VitV Y .
The all testlng machine used in the process (ATU) value is 9.75 while the machine
allowed (G) is 11 machines. This is because the number of testing machine beyond 9.75

is not significant to the reduction of the total cost anymore.
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Table 6.16: Optimum Sampling Plan under 11 Testing Machines Costs

Appraisal Costs

- Control chart sampling cost 168.80 16.38%
- False alarm cost 0.21 0.02%
- OQA Sampling cost 57.97 5.63%
Sum appraisal costs 226.97 22.03%

Internal failure costs

- True alarm cost 132.34 12.84%
- Cease cost 339.64 32.96%
- IPQA hold lottesteost 36.75 3.57%
- IPQA after rewerk test cost 14.13 1.37%
- OQA after rewlorisfedicost | 0.00 0.00%
- All retest cost T 50.88 4.94%
- IPQA rework,cost - ) Z i 218.06 21.16%
-1PQA sordp ot f1 7 T 4 0.00 0.00%
-OQAreworkcost N 0.86 0.08%
- OQA scrap cost “ 22 0.00 0.00%
- All defect costs = Uk 21893 | 21.25%
External-féi}u#ereest3—7 , 1

-Cost of ;é.blacement 43.30 4.20%
-Cost of traﬁéport 18.36 1.78%
Sum failure costs 803:45 77.97%
Total lcost 1,030.42 100.00%
Machingiinvestment cost 184.86

Total cost + machine investment cost 1,214.78

The total cost is the same as in the optimum sampling plan under 10 machines. This
is because increasing in appraisal costs cannot reduce the failure costs in significant
level due to the fact that increasing in appraisal costs may cost more than those savings

from failure costs. Therefore, there is no need to invest in the testing capacity anymore
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since it does not help to reduce the total cost. Moreover, the sum of total cost and
machine investment cost is much higher than those of using 10 machines. This is
because the total cost is the same, but there is an investment cost which is about 30

Baht per hour added.

6.3.7 Optimum Sampling Plan under 12 Testing Machines

Table 6.17: Optimum Sampling P nder 12 Testing Machines Result

BRRN]
VA NN
I/ 58 T NN

{Joos oo\ oo
w2\,

04 0.002

10735

AT TR [ e

T .7
T X

I
Again, the result iﬂhe same as using 10 and 11 machines. There is no need to

invest in the tesﬁﬁg capa!tfjn%ore since it.does not help to reduce the total cost.
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Table 6.18: Optimum Sampling Plan under 12 Testing Machines Costs

Appraisal Costs
- Control chart sampling cost 168.80 16.38%
- False alarm cost 0.21 0.02%
- OQA Sampling cost 57.97 5.63%
Sum appraisal costs 226.97 22.03%
Internal failure costs
- | fl 132.34 | 12.849
True alarm cost _«.,\\‘ l 32.3 84%
- Cease cost w ; 339.64 | 32.96%
— = =
- IPQA hold lottestcost 36.75 3.57%
- IPQA after rey ﬂ 14.13 1.37%
~ OQA after ﬂ%‘\ 0.00%
- All retest cos llm 4.94%
- IPQA rewor 7 21.16%
0.00%
0.08%
0.00%
21.25%
4.20%
1.78%
o
77.97%
Total cost ©1,030.42 | 100.00%
&
Q) mive) RN
& | Total cost + machine investment 1,245.51
cost

117
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All costs including total cost are the same as the optimum sampling plan under 10
and 11 machines. This is because the sampling plan is the same as those of using 10
and 11 machines. The total cost cannot be reduced by increasing in the activity of
testing. Moreover, there is an increasing in machine investment cost due to the
additional number of testing machines. Therefore, the sum of total cost and machine

investment cost is higher than others.

6.4 Discussion

Iudhl;; ths-pluu!t sampling plan, the optimum

sampling plan under the cu aumber of testing machines, and the optimum sampling

In this session, all

plan under the additional név o esented in graphs and tables.

machine. Also, the Table 6.19

The Figure 6.1 shows the

shows the details of resultsinde mer oj‘1

‘.‘-id i

(S
) J__,..l'_

ost end- machine

2000.00 = . Tolal cost + machine
imvestment cost
1500.00
= Total cost
5
o
=
@ 1000.00
= , T Sea
< g SSe=——pr-——"— - e FailUre cost
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SHYIN3
ﬂ_____.—__-:r—_"'--"_ _.#pp.rasamosi
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Mumber of machines cost

Figure 6.1: Cost Trend under Numbers of Machine
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The total cost in the optimum sampling plan under 5 machines is lower than the
present sampling plan in significant level even though the number of machines used in
both sampling plan are the same. This is because the failure costs are reduced
abundantly while the appraisal costs are increased slightly. These effects are caused by
an increasing in sample size which affects directly to the B value. The testing capacity is
utilized in full capacity to screen the defective product before delivering to the customer

resulting in lower failure costs. There is no additional new testing machine so the

AULINENINYINS
AN TUNN NN Y



Table 6.19: Optimum Sampling Plan under the Additional New Testing Machines Result Conclusion

120

No. of Machines n f B f,;;’ P P

M1 | M2 | M3 | M1 M2 | M3 M1 JM2 M3t M1 M2 M3 M1 M2 M3
5 2 | 2| 11025025 0261057 | 0.57 { 0:84.4.0.011 | 0.010 | 0.002 | 0.011 | 0.010 | 0.002
5 4 | 4 | 4 013 0.22-’(‘)};)?5;0.16 Q.16 0.16 | 0.011 | 0.008 | 0.002 | 0.011 | 0.008 | 0.002
6 4 | 4 | 4 (020 0.351""@(;‘,. 016 éﬂ? 0.16 | 0.009 | 0.006 | 0.002 | 0.009 | 0.006 | 0.002
7 4 | 4 | 4 026 0.51,,#’626{ P"OL16_ 0;6 0.16 | 0.008 | 0.005 | 0.002 | 0.008 | 0.005 | 0.002
8 4 | 4 | 4 032 0.67}/&) .'1f6:' Oi@ 0.16 | 0.007 | 0.004 | 0.002 | 0.007 | 0.004 | 0.002
9 4 | 4 | 4 (036|084 969/ 016ﬂ O’l:B'f “0.16 | 0.006 | 0.004 | 0.002 | 0.006 | 0.004 | 0.002
10 4 | 4 | 4 040|097 o.uﬁ fOﬁé 01‘6{1;49‘16 0.006 | 0.004 | 0.002 | 0.006 | 0.004 | 0.002
11 4 | 4 | 4 (040|097 |0.10 OTB 016?;:—016 0.006 | 0.004 | 0.002 | 0.006 | 0.004 | 0.002
12 4 | 4 | 4 1040 Q-9i7 0.10 016 O.16+ 6;6 OO?Q 0.004 | 0.002 | 0.006 | 0.004 | 0.002
13 4 | 4 | 4 (040 O»QTZ 0.10 | 0.16 | 0.16 | 0.16 ngl@f 0.004 | 0.002 | 0.006 | 0.004 | 0.002
14 4 | 4 | 4 040|097/ 0.10| 0.16 | 0.176 | 0.16 | 0.006 | 0.004 | 0.002 | 0.006 | 0.004 | 0.002

0cl



Table 6.20: Optimum Sampling Plan under the Additional New Testing Machines Costs Conclusion

121

No. of Machines | Appraisal cost | Failure cost | Total cost | Maghine investment cost Total cost + machine investment cost
5 89.94 1,753.79 ‘ 1,843.74
5 97.69 1,365.02 7 : — 1,462.70
6 122.19 1,081.57 : J?‘ “@ 1,234.49
7 148.99 948.96 1 1,159.39
8 176.88 874.84 1 z‘* \ | . 1,143.90
9 205.36 828.26 1 . I ~ ‘)'-u ' 1,156.53
10 226.97 803.45 Q8042 [ ,:, \ 1,184.06
11 226.97 803.45 4?* 1;:-_. 1,214.78
12 226.97 803.45 1,080; :3,&_, 1 1,245.51
13 226.97 803.45 1,03 ?}Eﬁ;g 81 1,276.24
14 226.97 803.45. . R i | 1,306.96
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The failure costs are reduced significantly. This is because the testing capacity is
more sufficient for testing the product before the failure costs occurred. The trend of the
failure costs are shown in Figure 6.1: Cost Trend under Numbers of Machines .The
failure costs are reduced continuously until the number of machines is 10. From that
point, the failure costs are steady without any declining trend. The more decreasing the
failure costs is, the more effort the testing activity had to be put. However, higher level of
testing activity requires higher appraisal costs also. As a consequence, a lot amount of
appraisal costs will result in higher optimumutoial eost so the model does not allow that

consequence to be happened.

The appraisal costs areshigher due to the improvement of testing activity by an
increasing in testing maehing investment. The rising amount of appraisal costs is

considered to be small compared to the éa’i/ing from failure costs. This is why the total

_—

cost can be reduced. Thegjappraisal costs‘}are increased continuously until the number
of testing machine is 10 miachines. From’:that_ point, an increasing in testing activity
cannot reduce the total“Cost anymiore. Thag is because the increasing amount of

appraisal costs is more than the'saving from@iﬁ‘e costs reduction.

tif

Without considering  the méchine inveétfnent cost; the total cost is decreased

continuously until it re_éc]es its optimum so_lation rin using—170 machines. The reason why
there is the point which the total cost will ' not be decreased anymore is that the testing
activity also costs money“exen it can help réduce some failure costs. Nevertheless, the
model already foundsits optimum samplée size and sampling frequency that can minimize

the total cost so the sampling plan isiot changed afterwards.

The lowest total cost is done by the optimum sampling plan using 10 machines.
However, the additional new testing machines also cost money. This issue is turned to

be the main concern that has to be considered further.

Truly, the model can be optimized by using the optimum sample size and sampling
frequency under the 10 machines. However, the company does not already own 10

machines at the present. The company has to invest for those new machines. Thus, the
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sum of total cost and machine investment cost has the lowest value in 8 machines
solution. After that, the sum value of total cost and machine investment cost is
continuously increased due to the fact that the amount of total cost saved is not enough
to cover the cost of machine investment. Therefore, the 8 machine solution can give the
optimum summed of total cost and machine investment cost which is the best solution

for the company.

In statistical quality perspective, the Bvalue is decreased significantly from 0.57and
0.84 to 0.16 when using the new optimum sampling plan. This is because increasing in
sample size will reduce the B value directly. Thissmeans that defective products will be
produced in smaller ameunt resuliing in lower failure cost. Percentage of defective
product produced from IPQA process_I (P) and Pereentage of defective product

produced from OQA process'(P}) are also‘_dgoreased along with the failure cost.

_—

)

6.5 Conclusion

")

6.5.1 Present Number of Testing”Maohih'eJ

o il

dent A4
—

The optimized model can find-the Sampié'.éiée-and sampling frequency that reduce
the total cost while there-is-nc-need-to-investin-an-additional testing machine. This can
be done by reducing: the failure costs which arisen from 'én increasing in the testing
activity. However, increasing in the testing activity will affects the appraisal costs also.
The sample size, should beé increasedito satisfy, the |statistical-Constraint because the
present B value§ iare considered to be high at present (0.57 and 0.84). The high value of
type twoyerror (B) resulted in dargeyamounts (ofrdefectivéel produets hroduced before the
control chart can detect. The defective products require many processes to repair them
such as retesting and reworking process. The sampling frequency is adjusted
individually in the optimum sampling plan model according to the characteristic of each
product. The sampling frequency is decreased because increasing in sample size can
bring about more benefits than increasing in sampling frequency in this case. However,
the sampling frequency will be increased if the testing capacity is escalated by investing

in the additional new testing machine. The appraisal costs are increased because of an
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increasing in testing activities. Nevertheless, the increasing amount of the appraisal
costs is much less than the saving amount from the failure costs.

Table 6.21: Optimum Sampling Plan under the Current Number of Testing Machines

Conclusion
M1 M2 M3
n 4 4 4
f 0.13 0.22 0.03
1 7.54 4.62 38.99
B 0.16 016 0.16
ATS 8.96 5.49 46.34
P 0011 0:008 0.002
Z 10843 21581 43096
P; '0.0111” 0:008 0.002
ATU ; \ A4\ 5,00
Appraisal ¢osts | .. § 97.89
FailureCosfs L da 1,365.02
Total cost “f ;'i*fﬁ,462.70

o i
[ ed el

6.5.2 Investing Mathine Solution

Investing in the additional new testing machine can reduce the total cost because
the new testing'machine can in¢rease the currenttesting capacity. The failure costs can
be reduced significantly by trading off with the slightly additional appraisal costs which

causedsby the testing activity.

From the optimized models under the additional new testing machines, the question
is what amount of the new testing machine will deliver the best benefits to the company.
After developing all of the optimum sampling plans, the best result is from 10 machines
solution which can minimize the total cost. However, there is a machine investment cost
occur from every number of the new invested machine. This is because the company

has owned only 5 machines so it has to invest for the extra machine. The sum of total
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cost and machine investment cost has the lowest value in 8 machines solution. Since the
2 more added machines from 8 machines can reduce the total cost in fewer amounts
than their machine investment cost, the sum of total cost and machine investment cost
for 10 machines is not the best solution. Therefore, the 8 machines solution is the best
solution that can provide minimum sum of total cost and machine investment cost. From
the model, the company should investing in 3 more machines to increase the number of

machine to be 8 machine and apply the purpose sampling plan to minimize the summed

@ting Machines Conclusion

of total cost and machine investm

nu

M3

0.07

13.80

0.16

16.40

0.002

15283

0.002

Apprél!al cost
[}

ail

, t 1,051.72
al 0]

To s Shinekd ¢ | d ¥IJ |6\

investment cost 1,143.90
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CHAPTER VII

SENSITIVITY ANALYSIS

This chapter represents the model sensitivity analysis. This chapter consists of

objective of the sensitivity analysis and all of the sensitivity analysis designed.

7.1 Objective of the Sensitivity Analysis

In previous research, a sensitivity analysis is performed to examine the cost effect of
changing the controlled propertics such as type | error rate, power, average time to
signal (ATS) (Zhang and Berardi, 4997). The new optimum sampling plan for changed

parameters is developed alengiwithithe new total cost.

_—

In this thesis, there will belthreg dé';sigjhed sensitivity analysis to illustrate how
sensitive of each variable and parameter !c;\'/_eraihe total cost is. The sensitivity analysis
will be applied on the optimum sarﬁpling ;:;i-é?kunder eight machines which can deliver
the best solution to minimize th’ér Sum-of total—éést and machine investment cost. The

sensitivity analysis is, applied on the optimum  sampling .plan under eight machines

because it is the best soititioh that the company shouldapply)it in real case.

The first designed*sensitivity analysis is to vary the sample size and sampling
frequency to seerthe change,ofsthe total eost. The objegctive-of this sensitivity analysis is
to analyze the effect 0f'the changed-value of sample“size and sampling frequency over
the total cost., Knowing.the, effect.in changing.thé-value of sample“size and sampling
frequency beforehand is beneficial for the companyssince the unexpected circumstance
such as testing machine error and human error can occur all the time. In addition, the
company can decide whether to reduce the sample size or the sampling frequency if
the testing capacity is limited. However, the machine investment cost will not be
considered in this sensitivity analysis since the machine investment cost is not a function
of sample size and sampling frequency and it is a fixed cost that the company already

invested. Changing in sample size and sampling frequency will not affect the machine
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investment cost. Therefore, the cost considered in this sensitivity analysis is the total

cost, not the sum of total cost and machine investment cost.

The second designed sensitivity analysis is to vary some selected parameter values
up to 50% change to see the change of the total cost by supposing that the user
incorrectly estimates any of the values by up to 50 % and the values of the parameters
given in the example are assumed to be the basic case (Yu and Chen, 2005). The
objective of this sensitivity analysis is; alyze the effect of the changed value of

& size and sampling frequency for

straed the new total cost. For example,

parameters over the total cost.
changed parameter value
the total cost and the n d in case that the labor rate is

changed up to 50%.

ﬂﬂﬂ’)‘ﬂﬂ‘ﬂ’ﬁﬂﬁ?ﬂ‘i
ammmm UANINYA Y
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7.2 Sample Size Sensitivity Analysis

Cost trend under varied sample size

2500
3 2,000
=
g 1,500
s 1,000
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e TObAl COSE 6 |1, . ' 1,148
= = = « Failure cost 839 | 837 | 837
= == Appraisal cost 7 257 | 284 | 311
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The total cost is r;ﬁluced dramaf&allf hen tl size is increased from 1 to 4

pieces per time espe r_.—., 0 s because the failure costs

are reduced rapidly wrﬂa the creasﬁi slightly. The total cost starts
to rise from its lowest valpeﬂhere the samp&g.size is 4 pieces per time due to the fact

vt e aporof®) SR IIPVLI T oA e tr fiurs cost

are reduced in g'lsmaller value comp@red to those increased in apajusal costs. Further
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cost.



129

7.3 Sampling Frequency Sensitivity Analysis

Cost trend under varied sampling frequency
2500
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—— TOLal cost 1 71 |1 089 1.052|1.035 1,031|1,034|1,041|1,052|1,065
. f ~.
= = =« Failure cost |1,89 '6|1 041 936 | 875 | 835 806 | 785 | 769 | 756 | 745
= = Appraisal cost 'r‘i-zg_ | 153 | 177 | 201 | 224 | 248 | 272 | 296 | 320
‘3 Sampling frequency ify
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The total cost is reduced rap|dlywhen tH"ere is an mch,asmg in sampling frequency
during 20% to 80% ofjle—wﬁmﬁ@mﬁ because more frequency
of sampling activity cacn reduce the failure costs by qletectmg an assignable cause
quicker. However, theTnore frequency the sampling activity is, the more the appraisal
costs increased.| Increasing 'in sampling frequency: more! than! 140% of the optimum

sampling frequency will make the total cost higher.

7.4 Parameter Sensitivity Analysis

The parameters will be classified into 4 categories in this parameter sensitivity
analysis which are time, production, labor and machine, and product cost category.
Time category consists of time period that the process is in an in-control stage (T,), time
period for finding an assignable cause (T,), time period that the process is stopped for

repairing (T,), time for collecting samples from each machine (T,,,), and time for testing
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a sample per piece (T Production category consists of probability of defect occurs

Test)
when the process is in-control (Y,), probability of defect occurs when the process is out-
of-control (Y,), and production rate (P). Labor and machine category consists of
engineer labor rate (S,), technician labor rate (S,), staff labor rate (L), testing machine
operating rate (M), and rework rate (R). Product cost category consists of product profit
(P.), product cost in IPQA process (C; o), Product cost in OQA process (Cy ooa),

product cost when delivered to the customer (C, ), cost of transportation to the

customer (C,), and customer penalty rate (P;).

The parameters value will-be variegl‘i up and~down 50% to illustrate the changed

sampling plan and the totalcost.

"

')

7.5 Time Category Sensitivity Analysis ~

_—

7.5.1 Time Period thaidhe Process s in:{ar{;ln—control Stage (T,)

il

Table 7.1: Time Period that the Proces’s__"—rl.s in an In-control Stage (T,) Sensitivity

T

0

Oﬁr%ﬁ:ted n Optimized f Total cost

M1 | M2 s MM hM3 | M1 | M2 | M3

Casel150% | 3.94| =951 61118 |4 | 4 | 4 [6:2/ | 047 | 0.06 1,852

Case2 100% | 7.89 | 19.02 | 122226 | 4 |4 | 4 (032|067 |0.07| 1,052

Case3 150% | 11.83 | 28:534| 1,833.40 | 4alr4 | 4 | 0.35]0.76 | 0.08 794

Thestotal-cost can be reduced-significantly when the,time period that the process is
in an in-control stage'(T,) is increased. This'is'because the defective products produced
while the process is in-control are much lower than those produced when the process is
out-of-control. Longer T, means that the process is in an in-control stage longer before
the failure occurs. On the other hand, the lower the T, value, the higher the total cost.
The sample size is remained the same but the sampling frequency is decreased in case

1 and increased in case 3.
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7.5.2 Time Period for Finding an Assignable Cause (T,)

Table 7.2: Time Period for Finding an Assignable Cause (T,) sensitivity

T Optimized n Optimized f Total cost

M1 M2 M3 | M1 | M2 | M3 | M1 M2 M3

Case150% | 0.02 | 0.02 | 0.02 | 4 4 4 1 0.32 | 0.67 | 0.07 1,047

Case2 100% | 0.04 | 0.04 | 0.05 | 4 4 4 1032 | 0.67 | 0.07 1,052

Case3 150% | 0.06 | 0.06 | 0.07 | 4 4 4 1032 | 0.67 | 0.07 1,057

-

Changing in time periogsfor finding an assignable.cause (T,) value has a slight effect
to the total cost and has™no gffect o theloptimum sampling plan. The lower in T, value
can reduce the total cost be€ause the Ti parameter has direct effect to the amount of
hold product (Z). If the technician can ﬂnc].én assignable cause quicker, the amount of

hold product will be lower and the-amounif of defective product that may be reworked

further will be lower also.

-'lj'!,l
il

7.5.3 Time Period that the Process Is Stob’béd—for Repairing (T,)

Table 7.3: Time Pariod that the Process Is Stopped forRépairing (T,) Sensitivity

T2 Optimized n . Optimized f Total cost

M1 M2 M3 . M1 M2 M3 | M1 M2 M3

Case150% |'0.24 7 024 1 0.24™" 4 4 4+ 0351 0.66 | 0.07 834

Case2 400%x} 0.48+] 0.48+ |0:48, |, 4 4 4y 18 0.32 3| #0.64, | L0.07 1,062

Case3 180% | 0.71 | 0.71 | 0.71 | 4 4 4 1028 | 0.69 | 0.08 1,263

The total cost can be reduced significantly by the reduction in time period that the
process is stopped for repairing (T,) value. This is because T, parameter directly affects
to the cease cost which is considered to be a high portion in failure costs. On the other

hand, increasing in T, value can increase the total cost apparently. Therefore, the sooner
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the engineer can repair the process, the lower the cease cost caused from an
opportunity lost occurs. Also, the sampling frequency is changed by changing in T,

value.

7.5.4 Time for Collecting Samples from Each Machine (T,,)

Table 7.4: Time for Collecting Samples from Each Machine (T,,,) Sensitivity

T Optimized n Optimized f Total cost

Pick

M1 M2 M3 | M1 | M2 M3 | M1 M2 M3

=
Case1 50% | 0.042 | 0.042.4-0:042 | 4 | 4 4.1 0.32 | 0.67 | 0.07 1,046

Case2 100% | 0.083 0.083’%0.083 44 1.4 4 032 | 0.67 | 0.07 1,062
i

g

Case3 150% | 0.125 0{2'5- QF B A 24 41 082 | 0.67 | 0.07 1,058

Changing in time for Collectlng sampleé‘from each machine value has a slight effect
to the total cost and has no effect lothe oﬁ}rmum sampling plan. Reduction in time for
collecting samples from eath mac_hlne P,CR) @én reduce the total cost because staff

can use less time for sampling-act—ivi_ty resultrrfglmgwer cost of labor.

S ;"

HL

4 v
-l
-

7.5.5 Time for Testi_rl_g a Sample per Piece (T

Test) 4L

Table 7.5: fimeforilestingtarSample| per Pieced(T &) Sensitivity

Trest Optimized n Optimized f Total cost

M1 M2 M3! | M1 M2 (1 M3 | M1 M2 M3

Case150% | 0.010|0.010 | 0.017| 4 | 4 4 1048 | 1.33 | 0.14 888

Case2 100% | 0.021 | 0.021 | 0.033 | 4 | 4 4 1 0.32 | 0.67 | 0.07 1,052

Case3 150% | 0.157 | 0.259 | 0.030 | 4 | 4 4 |1 0.32 | 0.67 | 0.07 1,419
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Changing in time for testing a sample per piece (T;,,) has a high effect to the total
cost and the sampling plan. The total cost can be reduced significantly if there is a

reduction in time for testing a sample per piece (T,.). This is because the testing

1
machine capacity (K) which is a function of T, (K =——) can be increased in high

testi

level due to the reduction in time for testing a sample per piece (T,,,) without any
investment in the new testing machine. Also, the sampling frequency can be increased

significantly because of an increasing in the testing machine capacity.

7.6 Production Category Sensitivity-Analysis

7.6.1 Probability of Defect @ceurs when the Process s In-control (Yj)

:

Table 7.6: Probability of Defect. Occurs when the Process Is In-control (Y,) Sensitivity

— —

'5 ¥ Total

7

W [ 2 Soptimized n Optimized f cost

M1 M2 ME I MAL M2 M3 | M1 | M2 | M3

o ot | Y

Casel150% | 0.0003 | 0.0012 400000 | 4 4 4 1031|067 |0.07]| 1,040

Case2 100% | 0.0006, | 0.0028 {0.0017/| 4 | 4 w4 1032|067 | 007 | 1,052

Case3 150% | 0.00097/70:0035 | 0:0026 | 4 |4 @1 0.32 | 0.67 | 0.07 | 1,068

The lower the defeative~products; produced  the lowersthe-failure costs occur. The
total cost can be reduced by the reduction In the probability"of ‘defect occurs when the
process.isainscontrol (Y ).Juming, machine,quality has direct effect,to the Y, value.
However, changing in Y, "value has a“slight”effectto” the*total’ cost and the sampling

frequency because the Y, value is considered to be small compared with the Y, value.
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7.6.2 Probability of Defect Occurs when the Process Is Out-of-control (Y,)

Table 7.7: Probability of Defect Occurs when the Process Is Out-of-control (Y,)

Sensitivity

Total

Y. Optimized n Optimized f cost

M1 M2 M3 M1 | M2| M3 | M1 | M2 | M3

Case1 50% | 0.0104 | 0.0277 | 0.0456 |& 4 4 4 10.03|043|0.07 | 723

Case2 100% | 0.0208 | 0.0554 | 0.0911 | 4 4 4 1032|067 |0.07]| 1,052

Case3 150% | 0.0312 | 0:0881 1 0.1367"| 4 4 4 1048 |0.57 | 0.05]| 1,298

1
The probability of defeciroccurs _vvhen ‘ghe process is out-of-control (Yz) has more

influence to the total cost'than ;. This.is because the value of Y, is more than the value
of ¥, which resulted in miore defective prd'dubts produced. Therefore, increasing in Y,
will increase the total cost and the amount of defective product significantly. On the

other hand, decreasing in ’y2 W|Il fower the total cost significantly. The sampling
I g .u

frequency is affected by changlng o va!ue—ln product M1, the sampling frequency is

ot -

increased significantlyibecause the mcreasmg inY,value. [

7.6.3 Production Rate (P)

Tablé'7.8:ProductioriRate (B, Sensitivity

P Optimized-n Optimized f Total cost

v

M1 M2 M3+ M1 IM2" | M3F| T4 M2" | M3

Casel1 50% 603 | 1,947 | 465 4 4 4 10.28 | 066 | 0.07 682

Case2 100% | 1,205 | 3,893 | 929 4 4 4 10.32 067 |0.07 1,052

Case3 150% | 1,808 | 5,840 | 1,394 | 4 4 4 10.26 | 049 | 0.05 1,517
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The production rate (P,) is one of the major parameters that influence the total cost in

the high degree. Increasing in P will increase the total cost significantly. This is because

the total cost is the cost that paid for checking and repairing the product and process so

if the amount of product is high, the total cost is high also. The sampling frequency is

changed if the P, changed due to the fact that the sampling frequency has to be high in

order to check the process sufficiently. As Alexander et al. (1995) stated that the

sampling interval is generally based on the production rate and familiarity with the

process. However, even P_will inerease the total cost, the profits from selling more

product will be increased also.

7.7 Labor and Machine Gategory Sensitivity Analysis

7.7.1 Engineer Labor Rate (S,) /4 = = &

— =

Tabld'7.9! Bngineer Lll“_bé);r Rate(S,) Sensitivity
S1 Optijﬁ'izedn Optimized f Total cost
M1 | M2 g M KA?JI\/B M1 | M2 | M3
Casel 50% | 32.05 | 32.05 _3-2._05_* 4 ?4 0.33 | 0.67 | 0.07 991
Case2 100% | 64.10:4%64.10 | 6410 | 4 | 4 | 4 1°0:38.| 067 | 0.07 | 1,052
Case3 150% | 96.15 196,15 | 96.15 | 4 | 4 | 4 | 030" 0.68 | 0.07 1,113

Changing in engineer lapor rate (S)) has a direct effectto_the total cost. The total

cost can be reduced when the engineer labor rate is reduced. This is because the

engineer has to berused to repairaniassignable cause/which resufiediin an occurrence

of true alarm cost. The sampling frequency is changed also by changing in S, value.




7.7.2 Technician Labor Rate (S,)

Table 7.10 Technician Labor Rate (S,) Sensitivity
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S2 Optimized n Optimized f Total cost
M1 M2 M3 | M1 | M2 | M3 | M1 M2 M3
Case150% | 17.63 | 1763 | 1763 | 4 | 4 | 4 | 0.32 | 0.67 | 0.07 1,049
Case2 100% | 35.26 | 3526 | 3526 | 4 | 4 | 4 | 0.32|0.67 | 0.07 1,052
Case3 150% | 52.88 | 52.88 | 52.88 | 4 | 4 | 4 | 0.31 | 0.67 | 0.07 1,054

-

Changing in technicianslabor.rate (S,) has a slight effect to the total cost. The total

cost can be reduced when the techanician labor rate is reduced. However, changing in

the total cost from the.technician labor cbst_ is considered to be less compared to the

engineer labor cost. TheSampling frequenLGy is slightly changed in case 3.

7.7.3 Staff Labor Rated(L, )

Table 7.11 Staff Labo

' §
i

Ao st 04
—

rRate (L) Sensitivity

L. Sptimizealy Optimized f Total cost
M1 Sim2 | M3 M1 M2 [ M3 | v M2 | M3
Casel50% | 12.59 |42.59 | 12.59 | 4 | 4 | 4 | 082 | 0.67 | 0.07 | 950
Case2 100% | 25.18 | 25118 25v18 || @) =4 ol 140 | 032+ 0:67 | 0.07 | 1,052
Case3 150% | 3177 | 37.77 | 37.77| 4 | 4 | 4 | 032 | 0.67 | 007 | 1,153

The total cost is increased significantly when the staff labor rate (L) increased. This

is because staff plays an important role in picking and testing the products. An

increasing in L can affect the total cost since the company has to pay for its labors in a

higher rate. However, the sampling frequency and sample size are considered to be the

same even though the L value is changed.




7.7.4 Testing Machine Operating Rate (M)
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Table 7.12 Testing Machine Operating Rate (M) Sensitivity
M Optimized n Optimized f Total cost
M1 M2 M3 | M1 | M2 | M3 | M1 M2 M3
Case150% | 1.42 | 142 | 142 | 4 | 4 | 4 | 032|067 | 007 | 1,040
Case2100% | 2.84 | 284 | 284 | 4 4 4 | 0.32 | 0.67 | 0.07 1,052
Case3150% | 4.26 | 426 | 426 | 4 4 4 | 0.32 | 0.67 | 0.07 1,063
w

Testing machine opeiating _rate (M) has a slight influence to the total cost.

Decreasing in testing machine opgrating rate can reduee the total cost. However, the
i
sampling frequency is.@ét changed by changing in M value.

=

7.7.5 Rework Rate (R) J’ 4
Table 7_...1,3:_ Rework Ba__tg;ﬂ(R) Sensitivity
R b - Optwﬁedn Optimized f Total cost
M1 L4 M2 M3 | M1 | M2 | M3 M}"' | M2 M3
Casel 50% 1.09""""0.66 052 | 4 4 4 031 065 | 0.07 903
Case2 100% | 2.18 | 1.32 | 1.04 | 4 4 4 | 032 | 0.67 | 0.07 1,052
Case3 150% ({327 | @.98" ) 1564 | 4 4 40 | 01327 “0.67 | 0.07 1,200

Therework rate.(R)shas a significant.influence to the total costi, Thetotal cost can be

reduced by the reduction in rework rate (R). This is because every defective product

needed to be reworked so the lower the rework rate, the lower the failure costs and total

cost. The sampling frequency is decreased in case 1 and remained the same in case 3.



7.8 Product Cost Sensitivity Analysis

7.8.1 Product Profit (P,)

Table 7.14: Product Profit (P,) Sensitivity
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P. Optimized n Optimized f Total cost
M1 | M2 M3 | M1 | M2 | M3 | M1 M2 M3
Case150% | 0.73 | 1.48 | 3.69 4 4 4 | 034 | 066 | 0.07 887
Case2 100% | 1.46 | 2.96 | 7.37 4 4 4 | 032 | 0.67 | 0.07 1,052
Case3 150% | 2.19 | 4.44 +11.06 | 4 4 4+ 0.29 | 0.68 | 0.08 1,215

Changing in product piefit (P )'has a ?gignificant effect to the total cost. The total cost

has direct variation to the product profit. This is because P, parameter directly affects to

the cease cost which4§ cofsidered to be ahigh portion'in failure costs. However, the

4

company may not wani'to reduce the value of this parameter since everyone usually

prefers having high profit./The samhling fregju__er-lcy also changed by changing the value

of P i 77l

7.8.2 Product Co-_s‘f"in IPQA Process (C; paa)

Table 7.75: Product Cost in IPQA Process (C, o) Sensitivity

"ARA Optimized n Optimized f Total cost
M1 M2 M3 |[M1|M2| M3 | M1 M2 M3
Case180% | 5142y |44.72 | 845 | "4 [ 4" | "4 [10.32]"0.641|"0.07 1,052
Case2100% | 10.83 | 943 | 690 | 4 | 4 | 4 | 0.32 | 0.67 | 0.07 1,052
Case3 150% | 16.25 | 14.15 | 10.35| 4 | 4 | 4 | 0.32 | 0.67 | 0.07 1,052
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Changing in product cost in IPQA process (C, »o,) has an insignificant effect to the
total cost. This is because the amount of the product that turned to be a scrap is
considered to be low. The reworking process is efficient enough to repair the defective

product. The sampling frequency and sample size are the same also.

7.8.3 Product Cost in OQA Process (C;, oo,)

Table 7.16: Product Cost in OQA Process (C, o) Sensitivity

Co oan OptimizEdn Optimized f Total cost

)
M1 M2 M3 | Mi | M2+(-M3 | M1 M2 M3

Casel1 50% 5.92 | _Dg8P" |46 96/ F A} W\ 4 170.82 | 0.67 | 0.07 1,052

et

Case2 100% | 11.83 | 40434 £#90/| 4 | 4 4 1032 | 0.67 | 0.07 1,062

Case3 150% | 17.75 | 16.65/] 11.85 |4 -+ 4 4 | 032 | 0.67 | 0.07 1,052

Also, changing in producticost jin, OQA E)@Qess has an insignificant effect to the total
cost as changing in C, pa- Th’é:a-'mount oﬂé’:‘defective product that turned to be a

scrap is low. Hence, the sampling plan and the fotal cost still equal to the original value.

7.8.4 Product Cost.when Delivered to the Customer (C5..)

Table 747 Product Costwhen Delivered ta the Customer(C, .,.) Sensitivity

Cor cus Optimized n Optimized f Total cost

M1 M2 M3' | M1 [IM2 [ M3 [/ M1 M2 M3

Case150% | 6.16 | 6.22 | 716 | 4 | 4 4 | 027 | 0.69 | 0.07 1,045

Case2 100% | 12.31 | 1243 | 14.31 | 4 4 4 | 032 | 0.67 | 0.07 1,052

Case3 150% | 18.47 | 18.65 | 2147 | 4 | 4 4 |1 0.34 | 0.6 | 0.07 1,057
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Product cost when delivered to the customer (Cp o) has a slight effect to the
total cost and the optimum sampling plan. The total cost is higher if the C, . is
increased. This is because the cost of replacement is the function of C, ... If C, . IS
higher, the company has to pay for the replacement cost in a higher amount in case that
there is an external failure occurred. However, the C, . . is one of the values that cannot
be improved or changed to reduce the total cost. The sampling frequency is changed

by changing in C, ., value.

7.8.5 Customer Penalty Rate (P.) 2

Table 7 48*CusStomer|Penalty Rate (P, ) Sensitivity

Total

P 4 2 L 90ptimized n Optimized f cost

en

M1 M2 M3 M M2 | M3 | M1 | M2 | M3

Case150% | 61.55 | 6285817185 | 4 4 4 4 10.31]0.68|0.07| 1,030

Case2 100% | 123.10 | 124,80 | 14810\ 44l 4 | 4 |0.32 067|007 | 1,052

Case3 150% | 184.65 | 186.45 | 21465 4 | 4 | 4 |032|067 007 1,073

Changing in-eustomer penalty rate (P,) has an effect to the total cost in
moderate degree. The total cost will be increased if the customer penalty rate is
increased. ThisgZis bbecause thel company has g jpay! the higher penalty charge to the
customer for eagh defective product. However, the effect is not very high due to the fact
that the=number-ofthe preduct-needed torbe replacedyis dimited .duerta the low rate of
defective,products delivered. This canbe implied that the Company isThow having high
quality control procedure so that it can screen the defective product quite well resulting
in a low amount of the defective product rejected. The sampling frequency is changed

when the P, is reduced in case.
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7.8.6 Cost of Transportation to the Customer (C;)

Table 7.19: Cost of Transportation to the Customer (C;)

Total

C; Optimized n Optimized f cost

M1 M2 M3 M1 | M2 | M3 | M1 | M2 | M3

Case1

50% 514.00 514.00 514.00 4 4 4 10.32|0.67 |0.07 | 1,043

Case?
100% 1,028.00 | 1,028.00 | 1,028.00 | 4 4 4 |0.321]0.67]0.07 | 1,052

Case3

150% 1,542.00 | 1,542,00 1,542.0@ 4 4 471032067 |0.07 | 1,061

i

_—

The change in cost of trari’sportaﬁoﬁto the customer (C,) has a slight effect to
the total cost. This is because the..number;(d)'f___ithe product that needed to be replaced is
limited due to the low rate of defective é-réduct delivered. An increasing in C; can
increase the total cost becausé‘rthé Compaé/_;if;‘as to pay more in transportation cost
which is considered.to be-an external failff’?é:“dé‘st. The sampling frequency and the
sample size are rerﬁaTned—the—same—because the numﬁber of defective products
delivered to the custo‘mér is consider to be small so chang'ir;g in cost of transportation to

the customer (C,) has no significant effect to the sampling plan solved.

7.9 Parameter Sensitivity Analysis Conclusion

Tablé 7.20 illustrated the changed value of each parameter that leads the total cost
to be in a higher direction. Time period that the process is in an in-control stage (T,) is
the only one parameter that has opposite direction with the total cost. Furthermore, it can
be seen that some of the parameter can change the total cost significantly while some
cannot change the total cost even the percentage of the changed value is the same.

The optimal total cost is 1,052 Baht per hour. Therefore, the parameters which have a
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crucial effect to the total cost will be studied further in the next section in order to help

the company control the factors that influence the total cost crucially.

Table 7.20: Parameter Sensitivity Conclusion

Categories Parameters | Changed value | Total cost % change from
optimum total cost
T, 50% 1,852 76%
T, % 1,057 0%
Time category T, w 1,263 20%
— E 1,058 1%
. 1 419 35%
1 ,068 2%
Production category A 411 ' ,298 23%
r N7 0 \17 44%
S180% \1 13 6%
Lva - 180% N [\41,054 0%
Labor and machine b .
M T 1,153 10%
category 'E__ =
M 08 % 1,063 1%
-‘ 5 a2

&;_ - Y. 14%
15%
Coiran 150% ,052 0%
Product iﬁ . % , 0%
catego q Cecus 50% ,05 0%

] = o/
1809 07 2%
qwqa‘qﬁeqmqlé?mﬁ | g| ¥
: _ ‘HI&TdhdHJOI/OI ary g
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7.10 Parameter which Has a Crucial Effect to the Total Cost

The objective of this sensitivity analysis is to classify the parameters that have a
crucial effect to the total in order to control them. The way to justify whether the
parameter has a crucial effect to the total cost or not is to vary each parameter with the
same optimum plan until it reach the cost limited of the total cost which is 10% change.
The table below shows the percentage of each parameter that changed from the
optimum total cost to the cost limited.

Therefore, the lower the percentage, the higher
effect to the total cost. }

Table 7.21: P |Ch!_‘as Mfect to the Total Cost
Para age changed
0 . %
: h %
\ 0
1'~. %
36%
9%
1
| B
Lﬁ ¢ & 178%
%ﬂﬂ@ﬂﬂ"ﬂ‘iﬂﬁﬁw p)
M ¢ = 460% o
YRNANAIUYRIINEIQ
9 Toe 900%
Cocus 940%
T, 1060%
S, 1930%
Corpan -
Croan -
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From the table above, it can be seen that the time period that the process is in an
in-control stage (T,) has an effect to the total cost the most. Its value can be changed up
to 13% before the cost limited is reached. The production rate (P.) has a high effect to
the total cost. However, reducing the production rate (P,) may not considered being a
good choice for the company since a high production rate can create more money due
to higher amount of products produced resulting in higher profits given to the company.
Probability of defect occurs when the process is out-of-control (Y,) also has a high effect
to the total cost since it makes defective products produced in a high amount while the
process is out-of-control. Time period that the” precess is stopped for repairing (T,),
product profit (P.), reworksrate (R), time*for testing-asample per piece (T..), staff labor
rate (L,), and engineer laborraie (S,) also have a significant effect to the total cost.
Changing in these paramgtéers.nas to be ?]ponitored since it can make the total cost over
the cost limited easily. Product cost in IPQA process (G, .o,) and product cost in OQA
process C, o4 have very few gffects 0 th_&\; total cost so that its effect is unable to see.

This is because the product thatneeded tuf‘hedﬂto be a scrap is very low.

o

; ‘4
This sensitivity analysigis used to ideh‘_{f@:vyhich parameter has a high effect to the

desi b
—

total cost in percentage. Howe\;er,'the pos?'ftﬁ[lity of changing each parameter is also

considered to be the main consideration. For example, time for testing a sample per

piece (T,.) can be cﬁ.z[ﬁged up to 49% before it reaches th_’é__cost limit. Nevertheless, the
possibility for this pararﬁ_eter to be changed up 1o 49% is éonsidered to be low since the
testing machine is an automatic operation. Therefore, analyzing historical data and also
considering about the possibility ofichanging along with the sensitivity analysis result is
important in order to create the feasible solution that can control the, tetal cost below the

cost limit.



CHAPTER VIII

DISCUSSION AND CONCLUSION

Every mathematical model has to be generated based on specific assumptions so
the model can be applied with specific circumstances also. In the same way as every
mathematical model, the economic mathematical model in this thesis was developed
based on many assumptions. For example, the production process has to be a steady
state production so that the X-bar control chart can be applied. The standard deviation
(SD) has to be known and stableeven the process mean changed. Rate of production is
sufficiently high which we canrneglect the possibility of a change in the process
occurred during the period of taking samples. Truly, these assumptions are used widely
in this field of research, butsSome might n_?t,.be compatible when using the model in the
realistic way. For example,the prqductiqh process may not be considered to be a
steady state productionsandithe process g,tahdard deviation may change. The testing
may have an error which resultéd |n an é}ffﬁ)r{in interpreting the results. Therefore, it

% ol
should be concerned that the assumptions Sth;ILq be satisfied before using the model.

Although the model already"ihdluded rﬁéh"y*'c'ésts related to the implementation of

the control chart, some costs-and-loss-are still-missing in-the real case due to the fact
that the missing costé and loss are considered to be difﬂClJIt to estimate in the model.
This model has considéred an opportunity_loss from tHe ceasing in production and
generated it asta cease cost. Cease cost iSicalculated from the profits that should be
gained during the production stoppage. However, opportunity loss may be generated
from many‘reasons-dand-the effect-of the opportunityilogss may ‘causg more than what we
called céase cost considered in this model. Opportunity loss may occur from losing its
market due to the failure in delivery and customer dissatisfaction. These loss and effects
are difficult to estimate and apply in a model. However, the user can put the opportunity
loss in the model in another way by changing P, parameter which is a cost per product
from an opportunity loss. The user has to evaluate the effect and then applied in P,
parameter by themselves. The accuracy of the model depends on the accuracy in

estimating this loss. Moreover, the developed model can be extended to cover other
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external costs, which are costs of investigating causes of defects, cost of complaints in

warranty, and loss of reputation.

The probability of defect occurs when the process is in an in-control state (Y,) and
an out-of-control state (,) can be obtained from the control chart data which calculated
from USL, LSL, # and o . They can also represent the process capability since the

process capability ratio can be calculated from

i UL+~ u 1 —LSL
C, =min(C,, = 7 ,Co = - )

The probability of defect occurs when the process in control and out-of-control plays
a significant role in both quality.and cost criteria. High probability of defect means that
the process has low progess capability 'tesulting in higher amount defective products

produced and cost of qualitys The user should improve the process quality until the

_—

process capability is satisfied/and-stable ‘?e{ore using the control chart to monitor the

process.

i F
% ol
The economic mathematical model in this thesis considered to be a deterministic

Lo
lll-"

model. Its solution is calculat'ed -based ﬁthe historical data which contain no

forecasting method, Therefore, -accuracy in‘éollecting pafameters in the past is very

important to the solulion of the model. The real proceést and cost parameters can

change with time so the parameters should be updated regularly. The user should keep
collecting parameters dnd=monitoring thé.'process closely. Once the parameter
changed, thelmodel [should be [optimized with|[the latest pvalue of the changed

parameters.

The mathematical model in this thesis is developed to help the user to determine the
sample size and sampling frequency that can minimize total cost with statistical quality
constraints. However, the user should concern about the assumptions that needed to be
satisfied before using the model. There can be some inaccuracy when the model
applied in realistic situation mentioned above. Therefore, the user should continuously

analyze the real historical data along with the usage of the model.
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Economic statistical designs are economic designs which included statistical
constraints. Economic statistical designs are generally more costly than economic
designs due to the added constraints (Zhang and Berardi, 1997). There are many
researchers have purposed their economic model. However, Saniga and Shirland
(1977) showed that very few economic models for the design of control charts have
implemented. The economic models are not widely used because the models are quite
complex, and difficult to evaluate and optimize (Alexander et al., 1995). Woodal (1986)
stated that control chart based on economically optimal design generally have poor
statistical properties. Moreover, Montgomery«(1980) also stated that the proposed
models did not consider-all~relevant ‘costs and noe formal optimization techniques
applied to the total cost funclion..This thesis proposes an economic statistical design of
the x-bar control chart by.ntegrating quality costs related to the implementation of the
control chart. The proposgd model is used to determine the control chart parameters
which are sample sizé (n)fand sampling?re_guency (f) that minimize the total cost of
quality while the qualitydevelremains satis;_actory. The economic mathematical model is
developed under the real situation c_fl_the ca';s'e‘_s’gudy company.

A
Costs in the model consist of appralsal c—ts and failure costs. Prevention costs are

excluded from the model because they are not depended @n sample size and sampling

frequency. The cost eTements are classified by quallty cost concept to make the model
more understandable. Total cost of quality is optimized, Where the cost per hour unit is

calculated from the cost pereycle time dividediby the cycle time.

The cycle time in this thesis consists of four stages which are in-control stage, delay
detection stage;findingranrassignable causerstage;-andrepairingstage.jThe production
process jis allowed™to operate continuously and the sample are cColleCted with specific
sample size and sampling frequency in the in-control stage. The delay detection stage
is a time that the control scheme takes to detect an out-of-signal condition from the time
of occurrence of the assignable cause. The process is searched for an assignable
cause in finding-an-assignable-cause stage. Then, the process is allowed to stop when

the process is repaired in repairing stage.
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Appraisal costs are costs occurred from routine sampling activities. The appraisal
costs consist of control chart sampling cost, false alarm cost, and OQA sampling cost.
Control chart sampling cost is a cost that occurs during the usage of control chart in
IPQA process. False alarm cost is a cost of investigating process when there is an alarm
in the control chart even though the process is still in-control. OQA sampling cost occurs

from sampling activities before delivering finished products to the customer.

Failure costs consist of internal and external failure costs. Internal failure costs occur
from defective products and their sequences of creating loss in the company process.
Internal failure costs consistrof retest cosj, defect.eost, cease cost, and true alarm cost.
Retest cost occurs fromuretesting .activities. Defect.cost is a cost that occurs from
defective products andwactiviiiesineeded for repairing them. Cease cost is a cost that
occurs from an opportunity less/due to thl,e §toppage of production process needed for
repairing the process. Jdiruet alarm is.a Lm;st that occurs from activities needed for

repairing an assignable causg in thé produ:’_:tidn process.

External failure costs/are cost,s_lthat od'épf-after the products are delivered to the
customer already. The external failure Co_stSJ consist of transportation cost and
replacement cost. Replacementicost is a cé‘é_i-t-'o.f—replacing the defective products with
the new products aR@=alsathe penalfy costfromthe custqfner. Transportation cost is a

cost of transporting new: products to replace the defective pFoducts rejected.

In this thesis, the contralslimit coefficienti(ly) is set to be 3 which is the standard use
as Montgomery (20056) said that the multiple usually/chosen is three; hence, three-sigma
limits are customarily employed om control chart, regardless of the type of chart

employed. /Another crucial statistical constraint in this thesis is B value. The B can be

expressed as ARL 1 JorAaTs| 1 Xi .
1_,Bi 1_ﬂi fi
There are three scenarios for the model. First, the present sampling plan is used in
the model to let the model illustrates the present cost and present statistical quality
performance. Second, the model is solved to find the optimum sampling plan that

minimizes total cost under the statistical quality constraints and present resources. The
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number of testing machine is limited to the current number of machine that the company
already own which is 5 machines. Third, the additional new testing machine is allowed in
the model. Investing in the new testing machine will increase the testing capacity which
may result in a decreasing of failure costs. This scenario will provide the number of

machines and its sampling plan that deliver the minimum cost.

At the present number of testing machine, the result shows that the optimized model
can find the sample size and sampling frequency that can minimize the total cost while
the number of testing machine is the same. The sample size is increased to satisfy the
statistical constraints since the B values:;are considered to be high at present. The high
value of type two error (B) resulted in large amountof defective products produced
before the control chart"Capsdetect theilout—of—control pattern. Instead of wasting the
money in repairing the«defegtive produoté_, the company should focus on an increasing
of the testing activity te'help reduce the;number of defective products. An appraisal
costs are increased duegto an incr;aasing l;fc‘)fliesting activities. However, the increasing
amount of appraisal costs/is mueh-less th'éhi the saving amount from the reduction of
failure costs. ‘ Jf‘ 7,

Investing in the additional new testing mé'ékﬁhe can reduce the total cost because it
can enhance the testing-capacity-—trhe-failure-costs-can-pereduced significantly while
the appraisal costs arelincreased slightly due to an incre;sing of the testing activity.
From the model, the best solution that minimizes the total cost is 10 machines solution.
However, there.is & machine|investment/ cost that has 10| beladded since the company
has only 5 machines currently. The best solution that minimizes the summed of total cost
and machinerinvestment costtis 8ymachines solutiona Therefere,sthegoptimum solution
under 8gmachines solution is the best solution that can minimize the cost that the
company has to pay. The 2 more machines which are added from 8 machines can
reduce the total cost in fewer amounts than their investment costs. Further investment in
the testing machine cannot reduce the total cost anymore. This is because the appraisal
costs will be increased in a higher amount than the saving from the failure costs.
Therefore, an appraisal action has the limit on reducing the total cost since the appraisal

itself also costs money. Preventive action may be the solution to reduce the failure costs.
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However, the preventive action would change the model parameters such as time
period that the process is in an in-control stage and probability of defect occurs when
the process is in-control. Changing these parameters will reduce the total cost
apparently as shown in the sensitivity analysis. Nevertheless, the cost of preventive

action should be concerned about its advantages and disadvantages.

A sensitivity analysis is performed to show the effects of variables and parameters
on the total cost of quality in the econamic mathematical model of the control chart.
There will be 3 designed sensitivity analysis ia'this thesis to illustrate how sensitive of
each variable and parameterover the tgtal cosl..ihe parameter sensitivity analysis will
classify the parameters inle4 categories which are time, production, labor and machine,
and product cost category fhe’ sensitivity analysis will.be applied on the optimum
sampling plan under 8 maghines whichljis’_the one that delivers the best solution to

minimize the sum of total’Cost and machinesinvestment cost.
The first designed sensitivity analysis is to vary the sample size and sampling

frequency to see the changé of the tota-['jppst. The objective of the first designed
sensitivity analysis is to analyze'the effecti;ﬂ}e changed value of sample size and
sampling frequency over the-total:cost vi(l":i'l'eg{he objective of the second design
sensitivity analysis is-fe_analyze the effect of the changed_\Zalues of parameters over the
total cost and samplirig'plan. For the third design sensitivi't;analysis, the objective is to
classify the parameters};that have a crucial effect to the total cost in order to control
them. The wayto,justifyiwhethet the'parameter has acracialeffect to the total cost or not
is to vary each parameter with the same optimum sampling plan until it reach the cost
limit of thedetal-costywhich=isA40%changes Thereforepthermaximem ehanged value for

every parameter that makes the total cost reach the cost limited will be Calculated.

From the sensitivity analysis, we can find that changing variables which are sample
size and sampling frequency can affect the total cost directly. Insufficient sample size
and sampling frequency can cost a lot of money due to an increasing amount of
defective products occurred. Increasing in sample size and sampling frequency can

reduce the total cost significantly. However, the reduction of the total cost by an
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increasing in sample size and sampling frequency is not continuously decreased
because there is an optimum point. After reaching the optimum point, the total cost

started to rise due to the significant portion of appraisal costs.

Parameters also have significant effect to the total cost and sampling plan. From the
sensitivity analysis, we can find that the total cost is sensitive to many parameters such
as time period that the process is in an in-control stage (T,), time period that the process
is stopped for repairing (T,), probability: of defect occurs when the process is out-of-
control (Y,), rework rate (R), time for testing/asSample per piece (T,,,), and staff labor
rate (L,). Product costs in each process, has a.slight effect to the total cost since the
amount of products that.tusmed to-be a scrap is considered to be low and the amount of
defective products deliveredsto the customer is low alse. The sampling plan can be

]
affected by changing infmany parareters as well.

_—

From the third designed sensitivity ana‘l)ysis, there are many parameters that needed
to be controlled otherwise the total cost vvi’Iil_‘_-pe}_increased rapidly. From the calculation,
the first top 5 parameters'that needed to b'é_'{;_gntrolled are time period that the process

is in an in-control stage (T,), protitction rateiiij;‘ probability of defect occurs when the
process is out-of-control (,), time-period thé'f.'t'hé process is stopped for repairing (T,),
and product profit (Pni,iespeamelyihﬁﬁensitivity alalysisidentified which parameter
has a high effect to the!total cost in percentage. Howeverj the possibility of changing
each parameter is also';considered to be the main consideration. Therefore, analyzing
historical datajand.als@' considering about“he. possibility ‘©fjchanging each parameter

along with the @ensitivity analysis result is important in order to create the feasible

solutiomthatcan controlithetotal costi below: thecost limit:

The sensitivity analysis can also indicate the way to reduce the total cost further. For
example, the further reduction can be done by improving the turning process to
increase the time period that the process is in an in-control stage (TO) resulting in lower
total cost. This preventive action can be applied in the model as well by changing

related parameters which is considered to be the new scenario for the model. Therefore,
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the model can find the new optimum sampling plan for the new parameters and

resources.
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