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ABSTRACT

A detailed analysis of three management and planning quality control tools —
affinity diagram, arrow diagram and process decision program chart — was performed.
Then fuzzy logic was used for increase the yield of information of these tools. All three

tools shown up to be flexible for fuzzy approach application.

As the first, an application of an arrow diagram with a support of fuzzy logic to
solution of mobile phone functionality problem at a service center for repair of mobile
phones is presented. For the smooth course of negotiation between a client and the mobile
phone reparation service there is a need to estimate the time of the problem solution as
precisely as possible. Fuzzy logic as a supporter for an arrow diagram was used in order
to determine the time interval of mobile reparation process more accurately in
comparison with a standard approach. Better estimation of the time of a step “Diagnostics

with the goal to find a cause of a problem” using the fuzzy logic is demonstrated.

Then, an affinity diagram formed for a process of adhesive assembly of electronic
components on the printed circuit board was constructed. Fuzzy approach showed the
degree of an influence of the failures in some operations of the process to the failures in
the following operations of this process. Non-obvious failures that could be met during
a testing step were estimated and their significance was calculated.

Process decision program chart (PDPC) created for assembly of electronic
components on a printed circuit board based on wave soldering was also presented. The
process decision program chart was constructed to identify risks and develop
counter-measures (preventive actions). Volume of information, which should be
involved into such the diagram, is very high. Fuzzy approach was used to find
information of lower importance, which can occur, and thereby reduce the amount of

entering information for processing of the PDPC diagram.

The use of fuzzy logic is, with respect to the range of the thesis, documented on
selected steps used in the processing of selected managerial quality control tools. The
approach is generic and can be used for any technological or other type of an operation
or a process to obtain deeper insight into the problem and better estimation of the course

of an event under analysis.
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ABSTRAKT

Je provedena podrobna analyza s néslednou fuzzifikaci tfi nastroji fizeni
jakosti — afinity diagramu, sitového grafu a PDPS diagramu. Ukazalo se, Ze vSechny

uvedené nastroje mohou byt vylepSeny pouzitim fuzzy analyzy.

Prvni uvedeny ptipad poukazuje na pouziti fuzzy logiky pro feSeni odhadu doby
opravy mobilniho telefonu v servisnim centru na zaklad¢ sit’ového grafu. S ohledem na
zakaznika je tifeba odhadnout dobu opravy s co nejvy$$i piesnosti. Fuzzy logika
umoznila zpiesnéni odhadu doby opravy telefonu v porovnani s klasickym ptistupem.
Proces opravy sestava ze ¢tyt krokt. Je demonstrovano uziti této metody pro odhad doby

kroku ,,Diagnostika s cilem nalézt ptfi¢inu problémy*.

Déle byl aplikovan pristup na zaklade fuzzy logiky na adhezni montaz
elektronickych soucastek na desku plosného spoje. Pomoci afinitniho diagramu byl
studovan vliv chyb v dané operaci montaze na chyby vyskytujici se v nasledujicim kroku
procesu, kterym bylo testovani. Byl hodnocen vyznam nové chyby, vyskytujici se pii

testovani, v zavislosti na vyznamu chyb vyskytujicich se v predchozich operacicn.

Na zavér byl zpracovan PDPC diagram pro montaz elektronickich soucastek na
desku plosného spoje pajeni vinou. PDPC diagram byl vytvoien s cilem identifikaci rizik
a definovani preventivnich akci. Objem informaci, které mohou byt zahrnuty do tohoto
diagramu, je velmi vysoky. Fuzzy piistup byl pouzit k nalezeni informaci mensi
dulezitosti, které mohou byt zanedbané, a tim k redukci objemu vstupnich informaci pro

zpracovani PDPC diagramu.

Pouziti fuzzy logiky je vzdy prezentovano pro jeden krok ¢i operaci procesu.
Uvedeny pfistup muze byt pouzit pro libovolny proces, operaci ¢i krok s cilem ziskat

hlubsi poznani problému a lepsi odhad pribéhu analyzované udalosti.

11



1 Introduction

1 Introduction

In 1965, a work of Zadeh [1] under the name of Fuzzy Sets, was published in the
journal Information and control. The aim of ideas and views of Zadeh fuzzy set theory
was to describe phenomena and concepts that are inaccurate and have more meanings,
which are fuzzy. Known mathematical techniques use classical set theory and two-valued
logic that do not allow solving problems of this type. Fuzzy logic theory and its
applications are covered in various books and monographs in different languages
[2] —[12]. This notion will be described more detailed in the chapter Basics of Fuzzy

Theory.

Fuzzy logic was widely used in the area of management of production quality.
Such methods as 6 sigma, histograms, failure mode and effect analysis, fault tree
diagram, control charts and others tools were combined with the fuzzy approach for
obtaining of more powerful impact of such tools application and achieving of additional
and more effective results [13] — [22]. This will be discussed in details in the chapter

Contemporary Fuzzy Approach to Quality Control.

In this thesis, the application of fuzzy logic to selected management and planning
quality control tools is presented. The approach finds its application when discords occur
during discussion of the problems in the brainstorming group. For example, in the case
when determining the timing of an action, each member of brainstorming group can have
his own opinion. To combine the views obtained without losing any minor information
the method of fuzzy logic was applied. The use of fuzzy logic makes acceptance of all
ideas possible with a possibility to take into account a relative weight of each member of

brainstorming group.

Application of fuzzy approach to the brainstorming analysis gives huge
opportunity to increase quality of whole process by minimization of the impact issues
related to the incorrect incoming analysis or low qualification of the members of
brainstorming team. Goal of this work is to enhance standard quality control tools by an
application of the fuzzy approach wherever brainstorming analysis takes place. This
work presents improvement of timing analysis, possibility of a failure occurrence and

severity of a failures, that occur in a process.
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1 Introduction

1.1 Goals of Thesis

There is many tools used for quality assessment. Among them are seven new
management and planning tools: affinity diagrams, arrow diagrams, matrix data analysis,

matrix diagrams, process decision program charts, relations diagrams and tree diagrams.

A team from the Union of Japanese Scientists and Engineers (JUSE) first
collected these tools in 1976 with the aim to develop more quality control techniques
with design approach. Those methods provide organization of verbal data
diagrammatically, generating ideas, improving planning, eliminating errors, explaining
problems intelligibly, persuading powerfully, and securing full cooperation. Some of the

tools were not necessarily new, but their grouping and promotion were.

GOALS:

a) Present using of fuzzy approach to contemporary used quality control tools.

b) Apply the fuzzy approach to affinity diagram and compare the results with a
standard affinity diagram approach.

c) Apply the fuzzy approach to process desision program chart and compare the
results with a standard process desision program chart approach.

d) Apply the fuzzy approach to arrow diagram and compare the results with a
standard arrow diagram approach.

e) Estimate an overall impact of the fuzzy logic to the selected management and

planning tool.

13



2 State of the art

2 State of the Art

2.1 Basics of Fuzzy Theory

2.1.1 Basic Characteristics of Fuzzy Logic

Fuzzy logic can be presented as a generalization of a classical logic. Fuzzy logic
was developed in 1965, by Lotfi A. Zadeh, professor for computer science at the
University of California in Berkeley. It was made to solve problems associated with

imprecise data and where derivation rules are formulated in a very uncertain way [23].

Basis for development of fuzzy logic is that components of human thinking are
not numbers. It is rather, linguistic terms that are not precisely defined. Linguistic terms
also can also be called fuzzy sets [24]. It cannot be always referred one or another object
to a particular group or class. There are a lot of objects related to the several groups
simultaneously. It depends on criteria of a group. Criteria of one or another class should
be defined precisely. Some objects cannot be defined using classical logic. For example,
big house, beautiful woman or loud music cannot constitute clear group or its class. It is
not always possible to certainly refer a particular object to a particular group; the data
vary according to the expert opinion. Such cases are under observation of fuzzy logic
[25].

Classical logical systems are usually based on Boolean two-valued logic. Any
proffer can be either true or false. We can assume that it has its disadvantages during

analysis of such imprecise meanings as poor, tall or loud.

Area of application of fuzzy logic is very wide. The paper Application of fuzzy
logic in the management of food industry enterprises presents an analysis of the software
of financial management in the enterprise, where the appropriate option for the enterprise
is selected and the optimal price of the food product using fuzzy sets based on the
Mathsad 14 program is calculated [26]. The article Development of fuzzy logic for stock
management in the repair of machine tools describes the fundamentals of the method
of fuzzy logic to control inventory in the repair of machine tools. An example of
determining the optimal inventory units by fuzzy logic is introduced [27]. In the article

Quantitative assessment of image quality with the use of fuzzy logic methods, approach

14



2 State of the art

to image quality measurement and image improvement and image quality is described.
The proposed approach uses fuzzy logic techniques, especially the method of object edge
detection [28]. The article The development of a model system of decision support for
railway transport examines possibilities of creation on the railway transport of the
adequate decision-making support system based on the fundamentals of the fuzzy sets
and fuzzy logic theories [29]. The article The application of fuzzy logic in humanitarian
research makes an attempt to prove that strictly formalized quantitative analysis has its
limits, beyond which the quality, depth and completeness of the comprehension of reality
can be lost. Therefore, in humanitarian studies, it is necessary to use "flexible" methods,

one of which is fuzzy logic [30].

The research The use of fuzzy logic tools in assessing the quality of customs
services studies the process of building a fuzzy model of the customs
services quality evaluation. MatLab's Fuzzy Logic Toolbox was used and referred to
separate customs services to illustrate how the proposed approach can be implemented.
Fuzzy Logic Toolbox helped assess the quality of the services and provided an
illustrative presentation of the findings. Considering limited and fuzzy information on
the customs' performance, the fuzzy logic methodology constitutes the main tool to
evaluate the quality of customs services [31].

Fuzzy analysis is applied in the areas described above, and in many other areas. Quality
Management is a area of studies that contributes to all other areas and therefore research

in this direction is made in the thesis.

The fuzzy logic is the rule-based system for making a right decision. It is a kind
of multi-valued logic derived from fuzzy set theory to handle with approximate reasoning
rather than with accurate. Fuzzy set theory specifies fuzzy operators on fuzzy sets. IF-
THEN rules are usually used in fuzzy logic [32].

Fuzzy Logic arises as an advantageous tool for the controlling and handling of
systems and complex industrial processes, as well as for household and entertainment

electronics or for other expert systems and applications [33].

15
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2 State of the art

2.1.2 Fuzzyfication

The fuzzy set theory states that a fuzzy set A is a special fuzzy subset of real

numbers. Its membership function u, (x), is a continuous mapping on an interval [0, 1].

Fuzzyfication is a process that converts crisp values into linguistic terms
(linguistic variables), which are later quantified by fuzzy membership function using
fuzzy sets (Fig. 1). Linguistic variables are the input or output variables of the system
whose values are words or sentences from a natural language, instead of numerical
values. Each fuzzy set expresses particular linguistic term. Fuzzyfication is the process
of changing a real scalar value into a fuzzy value, this translates accurate crisp input

values into linguistic variables.

“Fuzzy” Input

J
Fuzzy Logic

l

“Fuzzy” Output

BRE . ircuion

Figure 1. Fuzzy logic process

“Crisp” Output

Many types of membership functions (1) can be used. There are generally several
types of membership functions, which are used for the fuzzyfication process: the
Gaussian membership function (fig 2), a singleton membership function (fig 3). A fuzzy
singleton includes only one element. Once the element x is defined, the corresponding
fuzzy set is accordingly defined [34]. Trapezoidal or triangular membership functions

are shown in fig. 4 and fig. 5. They are the most @ (x)commonly used.
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HoAw)
F

aolw)

' 1 0 T,

Figure 2. Gaussian membership function Figure 3. Singleton membership function

Mixd p#ix) 1
: ! -'\L
/ \ /N
J \ '\“
/ \
Figure 4. Trapezoidal membership function Figure 5. Triangular membership function

Shapes named as S function, P function and Z function. (Fig. 6) Three related
membership functions are the Z, S, and Pi curves, all named because of their shape. The
function Z is the asymmetrical polynomial curve open to the left, S is the mirror-image

function that opens to the right, and P is zero on both extremes with a rise in the middle.

8 function Z function

Pi function
Figure 6. Graphs of the S function, the Z function and P function

The fuzzyfier decides how the crisp input will be converted into a fuzzy input.
The singleton fuzzyfier simplifies the computation involved in any fuzzy inference
engine. The Gaussian and triangular fuzzyfiers also simplify the computation in the fuzzy
inference engine with Gaussian and triangular membership functions. They can suppress

noise in the input, but singleton fuzzyfier cannot.

17



2 State of the art

As trapezoidal and triangular shapes of membership functions are used in the
thesis, they are examined more detailed. Membership function of triangular structure
(Fig. 7) can be defined as follows (1) [35]:

0,
X—m, x<m
m,—m, m Xs<m
p(xm,m,,m)=1 ° "t 7 ’ 1)
m,—Xx m,<x<m,
m3_m2 XZ 3
0,
i) 1
z I
= |
-_E- 1
& 1
e |
= |
[} L oo
m, m, m,

Figure 7. Triangular structure of membership function
A triangular fuzzy set is just a special case of a generalized trapezoidal fuzzy set.
In fact, (m,,m,,m,) =(m,;,m,, m,, m), where u (x) is a membership degree and x is

an element of fuzzy set.

[36]. Trapezoidal fuzzy set is called a generalized fuzzy set and will be denoted

by A(m,,m,,c, m,m,) and has membership function ( Fig.8 ) defined as follows (2):

01
( ) x<m,x>m,
C(X—
ﬁ, m, <x<m,
. 2
(XM, my, my, m,) = m, <x<m, (2)

C,
c(m, — ) m, <x<m,

m, —m,

=
&
L=

o MMembership degree

m m m m,

z L

Figure 8. Trapezoidal structure of membership function
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Number of membership functions depends on a number of input data (linguistic
variables). Triangular and trapezoidal membership functions are encountered more often
in practice e.g. [18-20, 37, 38] etc. As was specified, basis for development of fuzzy logic
is that components of human thinking are linguistic terms or linguistic variables. And

linguistic terms can be represented as fuzzy sets.

In practice, triangular or trapezoidal membership functions used to specify type
of uncertainties: "approximately equal™, "mean", "located in the interval”, "similar to the
object", etc. Z-shaped membership functions used to specify uncertainties of type: "small
quantity”, "small value”, “insignificant value”, "low level” and opposite S-shaped
membership functions used to specify uncertainties of type: "large number”, "large
value"”, "significant value”, "high level". Difference in Z- or S-shaped membership
functions that they have either high or low degree of occurrence of a particular qualitative

or quantitative trait [39].

2.1.3 Defuzzification

In fuzzification process, the crisp numbers are converted into fuzzy numbers,
however in several applications as well as most of actions or decisions implemented by
human or machines are binary or crisp in nature. So it is necessary after all to defuzzify
the fuzzy results that have been made through fuzzy analysis. The process of converting
the fuzzy output to a crisp value is said to be defuzzification.

A process of defuzzification that produces crisp value from fuzzy value is
described in terms of membership in fuzzy sets. In other words, this is an integration of
the membership degrees of the fuzzy sets into a specific decision or real value. There
are a number of defuzzification methods, including center of gravity, center-of-area and
mean of maximums, smallest of maximum and largest of maximum. The input for
the defuzzification process is the aggregate set and the output is a single number. Center
of gravity is frequently used in control engineering and process modeling. The rest
represents discontinuous methods, which are mainly used in decision making and pattern

recognition applications for selecting the alternative [40].
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2 State of the art

Figure 9 demonstrate how values for each method are found on membership
function [41].

A

L | /

W
[ |

I [ |

| [ |

| [ |

1 | I 1 1 -

A ¥ k X

| ' -
smallest of max.— y '«Lcentrold of area

largest od max. | bisecter of area
\ mean of max.

Figure 9. Graphical demonstration of results of defuzzification methods

Centroid defuzzification is the most commonly used method, as it is very
accurate. This method is also known as center of gravity or center of area defuzzification.
This technique was developed by Sugeno in 1985. This is the most commonly used
technique. The only disadvantage of this method is that it is computationally difficult for
complex membership functions. As a result the method provides center of the area under

the curve of membership function. It can be expressed by the following formula 3:

|u (x Jxdx ;
| L (x )dx @)

where x* is defuzzified output (crisp value), u; is a membership degree and X is

an element of fuzzy set.

Bisector defuzzification uses vertical line that divides area under the curve into

two equal areas and can be represented by formula 4:

z A
[ ta(x)dr = | 124 (x)dx (4)

[#4 z

Mean of maximum defuzzification method uses the average value of the

aggregated membership function outputs, can be defined by formula 5: (Fig. 10)
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Figure 10. Graphical demonstration of mean of maximum defuzzification method

X =(a+h)/2 (5)
Smallest of maximum defuzzification method uses the minimum value of the
aggregated membership function outputs, and defined by formula 6:
=

el x

ulx)=min g(e); (6)
Largest of maximum defuzzification method uses the maximum value of the
aggregated membership function outputs, and defined by formula 7:

X" e : v (x)= max uler }_:' (")

Weighted average defuzzification method, based on peak value of each fuzzy sets,
calculates weighted sum of these peak values. According to these weight values and the
degree of membership for fuzzy output, the crisp value of output is determined by the
following formula 8:

»oulx ) =W

x* = (8)

> ulx);

where pij is the degree of membership in output singleton i, Wi and is the fuzzy

output weight value for the output singleton i [42].

2.2 Brainstorming

Brainstorming is a form of creative, collaborative searching for solutions to the
problems. This method is widely used in various fields. Brainstorming combines options

of teamwork where new ideas are created or the known facts are being associated.
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Common situations for a brainstorming are to generate different ideas in a short
period, to develop unconventional ideas, to look for solutions in a situation where a
decision cannot be obtained logically. To systematize information when it is messy and

distributed among several sources.

The most effective brainstorming works only in the groups with active teamwork,
as in this case the effect of the interaction occurs. Group size is important because if the
group is too small, some interactions may be lost. If the group is too large, discussion

can turn to chaos.
Brainstorming includes the following steps:

1. Define the problem to solve. The problem should be stated clearly, precisely

and avoid ambiguity.

2. Assign (determine) a curator of a brainstorming session. Only person with
special skills of teamwork organization can be chosen for this role. In addition, the person
has to have clear understanding of the problem and to be the leader of the group that
performs brainstorming. If necessary, separate person for records keeping in the session
can be assigned (or curator can do the records).

3. Form a group of between 5 to 8 people interested in solving the problem.
Experts in various fields should be selected for the group. It would be advised to avoid
including people with mutual negative attitude towards each other into either team. This

is because they will interfere with the team’s ability to create new ideas in the processes.

4. The team members are arranged so that they are all looking in the same
direction - on the flip chart or a whiteboard. A problem to solve is written on the
whiteboard. Thus, team members will look at the problem and not on each other. This
will create a more comfortable atmosphere for psychological work and effective for

brainstorming.

5. During the session, the curator of the group must ensure that members of the

group abide by the four main rules of brainstorming.

These rules help to manage work groups:
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0 No criticism or discussion during the generation of ideas. No negative
comments about the proposed solutions. Participants should focus on the problem, rather
than on criticism of the proposed solutions. Assessment of proposed solutions run after
ideas "generation™ process.

0 There are no restrictions. Welcome any, even the most absurd ideas;

O Quantity is more important than quality. The more ideas will come up,
the higher the chances of a successful solution to the problem;

0 Combining and improving. In order to get new ideas all offers should be
combined and modified. Allowed even the minor changes and incorrect interpretation

of the presented ideas.

Curator must support psychologically comfortable environment while
brainstorming. His responsibilities include following to the rule of "no criticism™, as well
as prevention of situations that can block the ideas’ statements. Also, to avoid
interruptions during the work running, as they interfere with the free generating new
ideas.

6. Perform teamwork, during which the team members offer their solutions to the
problem. The curator must ensure that all members of the group were involved in
brainstorming. For this example, the word can be given to one-by-one. Then, when all
are concerned, the word can be given randomly. Team members must submit one idea at

a time and avoid a return to the ideas already announced.

7. While ideas will be offered responsible person for the records must register
each of them on the board or flip chart, so that all team members can see them.

Brainstorming should always be accompanied by recordings.

8. When the number of new ideas will start to decrease, attempt to stimulate the
flow of ideas.

Actions to proceed may include:

0 each member of the group may create own list of ideas in advance and

present them when run out of ideas created collectively;

0 at the time to stop and conduct a review of previously proposed ideas.

Search possibilities of combining and changing the ideas presented;
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0 to take a break. Allow team members to relax, escape from the problem
being solved. You can even postpone brainstorm for a few days. This will allow people

to add new ideas that came to mind during this period;

0 hold a session of "crazy ideas" when the goal is to create the most absurd
ideas;

0 improve the most promising ideas through discussion;

0 use a combination of the above action options.

O after completion of the ideas’ generation, discuss the solutions, in order

to select the best. These ideas need to be analyzed taking into account possible
limitations, such as time and cost.

0 if the team cannot agree on the choice of the best ideas or if the team
members are not ready to give preference, the ideas used for the selection of the
consensus method (voting system).

0 Once the best ideas will be selected curator will have to confirm that this
decision is a collective and all team members agree with this decision. At this level
brainstorming can be considered as completed.

Brainstorm has several advantages in comparison with other methods of
teamwork. In particular, for the creation of new ideas do not need to attract highly
qualified specialists or experts, the method is simple to understand and requires no
special training participants, allows you to quickly generate new ideas, provides
opportunity for professionals of different fields to participate in the searching of

problems solutions.

Disadvantages of the brainstorming method associate with the organization of the
working process. If the curator cannot manage and control team, then the team will
deviate from established rules and work process can be a long and useless. Another
disadvantage may be generating ideas that would either difficult or impossible to

implement [43].

Nowadays many quality control methods use brainstorming. The essence of this
work is to propose the use of fuzzy logic to the management and planning tools through
brainstorming. Fuzzy logic is able to present the results of brainstorming numerically, be
counted and the result then transformed (defuzzified) back into a “crisp” result. Thus, the

result of applying the method of quality control will be much more accurate.
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3 Contemporary Fuzzy Approach to Quality

Control

Quality control and risk analysis became an essential part of the success of each
company. However, with ever increasing frequency companies have to make decisions
under conditions of uncertainty, which may lead to unintended consequences and,
therefore, adverse outcomes and losses. Especially serious consequences may be the
wrong decision for long-term periods that are usually implied in the evaluation of
projects. Therefore, the identification in time, as well as adequate and the most accurate
risk and quality assessment is one of the most vital problems of modern quality

management and risk analysis.

Unfortunately, the risk analysis and quality management techniques existing
nowadays are not devoid of subjectivity and substantial assumptions, which lead to
incorrect results during the risk analysis and quality estimation processes. The theory of
fuzzy logic is a new, dynamic approach to risk and quality assessment. In recent years,
fuzzy modeling is one of the most active and promising areas of applied science in the
field of management of production quality.

Contemporary fuzzy approach to quality control is presented in presented in this
chapter, such as, fuzzy failure mode and effect analysis, fuzzy fault tree analysis method,
fuzzy histograms, fuzzy control. Definitions of the methods as well as principles of fuzzy
logic are mentioned in previous chapters. At the moment it is necessary to focus on
existing advantages and disadvantages of the fuzzy logic approach. The use of fuzzy

logic has several advantages. It allows you to:

0 include qualitative variables into analysis,

0 handle fuzzy input data,

0 operate on linguistic criteria,

0 simulate complex dynamic systems and compare them with a

predetermined degree of accuracy in short period of time,
0 overcome the shortcomings and limitations of existing methods for

assessing project risks and solving production quality issues.

Disadvantages of the method:
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0 subjectivity in the choice of membership functions and establishing of
fuzzy rules shaping the input,

O lack of awareness about the method, as well as little attention to the use
of the method by professional institutions,

0 need in special software, as well as professionals who are able to work
with it.

Despite the shortcomings and limitations of the theory, the method of fuzzy sets
has been recognized as a promising and giving accurate results by some of the largest
international companies (Motorola, General Electric, Otis Elevator, Pacific Gas &
Electric, Ford). Risk analysis based on statistical methods for most of the newly formed
company is not applicable, since there is no accumulation of statistical information for

objective assessments [18, 44-47].

Thus, the method of fuzzy sets does not preclude the application of statistical
methods, but becomes an instrument when other approaches to risk assessment are not

applicable.

3.1 Contemporary Fuzzy Approach to Failure Mode and Effect
Analysis
3.1.1 Failure Mode and Effect Analysis

FMEA is an inductive approach, which consist of steps for identifying the
potential failure modes of its components, their causes and their effects in a system,

process or in one of its sub-action.

Failure mode (FM) refers to the way or mode in which something might fail and
includes potential errors that may occur. Failures are any errors or defects, especially
ones that affect the customer, and can be potential or actual.

Effect analysis (EA) involves discovering of the consequences of those failures
by making sure that all errors can be detected, establishing how frequently a failure might
occur and prioritizing potential failures. Analysts in different areas typically use
FMEA to assist them in the completion of the analysis. They might perform an FMEA
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when a product or service is being designed or fixed or an existing product is under

modification and going to be used in a different way.

Failures are prioritized according to how serious their consequences are
(Severity), how frequently they occur (Occurrence) and how easily they can be detected
(Detectability). The purpose of the FMEA is to take actions to eliminate or reduce

failures, starting with the highest-priority ones [48].

There are several types of FMEAs (some are used much more often than others):

0 System — adjusted for global system functions

0 Design - adjusted for components and subsystems

0 Process - adjusted for manufacturing and assembly processes
0 Service - adjusted for service functions

0 Software - adjusted for software functions

Generally, there are few main points of FMEA method:

It is inductive, bottom-up analysis method directed at analyzing the effects of

single component or function failures on equipment or subsystems;

It is good at exhaustively cataloging initiating faults, and identifying their local
effects;

It is not good at observation of multiple failures or their effects at a process level;
It does not consider external events.

The benefits of the process FMEA are:
0 Identifies process deficiencies and offers a corrective action plan.

0 Identifies the critical or significant characteristics and helps in developing
control plans.

0 Establishes a priority of corrective actions.
0 Assists in the analysis of the manufacturing or assembly process.
0 Documents the rationale for changes.

It can also be used before developing control plans for a new process or following
a quality function deployment. Typically, FMEA often combined with different quality

management tools to increase the usability and preciseness with following increasing of
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the final product quality, for example, lean production methodology uses an FMEA

periodically throughout the life cycle of a product or service [49].

3.1.2 Fuzzy Approach to Failure Mode and Effect Analysis

The reason of attempt to make FMEA fuzzy is that the crisp RPN has a range of
disadvantages which are mentioned in the following articles: An assessment of RPN
prioritization in a failure mode effects and criticality analysis [50], A revised failure
mode and effects analysis model [51]. However, major disadvantage of the traditional
FMEA is that it doesn’t take into account the relative importance of the risk factors and
treats them equally. For example, two different events with the values of 4, 3, 1 and 2, 1,
6 for O (Occurrence), S (Severity) and D (Delectability), respectively, have the same
RPN, value of 12. These three risk factors are considered to be the same degree of
importance. Therefore, it does not give objective empirical result. The possible way to
overcome this drawback is to join the risk factors with the relative importance. This issue
is solved in the article Risk evaluation in failure mode and effect analysis using fuzzy
weighted geometric mean [22].

Other case of the usage of fuzzy FMEA is shown in the article Development of a
fuzzy FMEA based product design system. The applicability of fuzzy logic and
knowledge-based approach with the FMEA methodology to today’s competitive product
design and development is explored in the paper. A framework of a fuzzy FMEA-based
evaluation system for new product concepts is proposed. A prototype fuzzy knowledge-
based system named EPDS-1, which can assist inexperienced users to perform the FMEA
analysis for quality and reliability improvement, alternative design evaluation, materials
selection, and cost assessment, which could help to enhance robustness of new products
at the conceptual design stage is developed, based on the proposed approach and

methodologies [49].

In the paper Failure mode and effects analysis using fuzzy evidential reasoning
approach and grey theory, the two issues of FMEA are being solved. The first, the
acquirement of FMEA team members’ diversity opinions and, the second, the
determination of risk priorities of the failure modes that have been identified. In this

paper, an FMEA using the fuzzy evidential reasoning (FER) approach and grey theory
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to solve the two problems and improve the effectiveness of the traditional FMEA is
presented. As aresult, it is illustrated by the numerical example, that the proposed FMEA
can well capture FMEA team members’ diversity opinions and prioritize failure modes

under different types of uncertainties [52].

The aim of the next research under the name Modified failure mode and effects
analysis using approximate reasoning is to develop a method that does not require to
define the probability of occurrence, severity and detectability considered for the analysis
and to avoid the use of the traditional RPN. Information gathered from experts and
integrating them in a formal way to reflect a subjective method of ranking risk to achieve
this goal [48].

3.2 Contemporary Fuzzy Approach to Fault Tree Analysis
3.2.1 Fault Tree Anaylsis

Fault Tree Analysis (FTA) is another technique for reliability and safety analysis.
The concept was developed in Bell Telephone Laboratories in 1962 for the US Air Force.
It was later adopted and extensively applied by the Boeing Company. FTA is a very
powerful systematic way which is used widely for estimation of process quality. The tool
helps to define areas of concern for new product design or for improvement of existing
products. It also helps to define corrective actions to fix or decrease a number of issues.
FTA is useful both in new products designing and in continuation of identified problems
solving which belonged to existing products/services. As the great part of process quality
improvement, the FTA can be used to optimize goals and process features and at the

same time to design for critical factors and human error.

Fault tree analysis is a top-down approach to failure analysis. Starting from the
top event, the fault-tree method uses a Boolean algebra and logical modeling to
graphically represent the relations among various failure events at different levels of the
process. The analysis proceeds by identification how the top-event (fault) can be caused
by individual or combined lower level failures or events. The causes of the top-event are

connected through logic gates as shown on figure 11 [53].
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Figure 11. Typical Fault Tree

In this technique, the deductive logic is used. It gives possibility to find the root
causes of failure events of a process. This type of logic helps to establish a clear and
detailed scheme of relationships between steps or events of the process that can affect

their quality.

The contribution of the fault tree is as follows:

- Understand the logic leading to the undesired state (top-event).

- Clearly shows weak parts of the process.

- A graphical representation of the results is common for analysts what facilitate
the execution of the final task.

- Allows seeing in details potentially failure parts of the process.

- Helps identify failures deductively.

- Gives a possibility to do a qualitative or quantitative analysis of the process.

- Assist in designing a system.

- Method allows focusing on the different parts of the process, and extracting
specific failures.

- Minimize and optimize resources

- Clearly represents the behavior of the process.

- Helps to understand the idea of the system or process behavior deeply with
consequent penetration into its functionality.

- Functioning as a diagnostic tool to identify and correct causes of the top-event.
It can help with the creation of diagnostic manuals / processes.

- Highly facilitate the reliability analysis of complex systems or processes.
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The main advantage of the fault tree, in comparison with other methods, is that
the analysis is limited by identification of those events of the process only which lead to

a specific process failure.

Disadvantages of a fault tree are as follows:

- Implementation of the method requires serious expenses and time consumption,
because increase of the process details leads to geometric increase of analyzed area and
the number of influencing events grows correspondingly.

- Fault tree represents a boolean logic diagram, which shows only two states:
working and failed.

- Requires reliability specialists having deep knowledge of a process.

- It is difficult to estimate the state of partial failure of the process parts, because
using the method generally believes that the process is either in a good condition, or in a
faulty state [54].

3.2.2 Fuzzy Approach to Fault Tree Analysis

A definition of a fault tree analysis method was given in a previous chapter. The

latest experience of application of fuzzy logic approach to FTA is presented.

As the first example, the research under a name Fuzzy set theoretic approach to
fault tree analysis will be considered [46]. This work is based mainly on failure
probability of basic events, which uses classical probability distribution. He substituted
probabilistic consideration of basic events with possibilities, consequently arriving to
fuzzy fault tree analysis. The author made an attempt to create an algorithm to find a
single fuzzy number for every single basic event, wherein more than one fuzzy number
is assigned to that particular event. As each basic event play different role in the
occurrence of top event correspondingly having different importance, author arrived to
the conclusion that a critical analysis of the importance of different basic events may help
in making a proper sequence of their importance. On improving the reliability of the
event having greater importance, one can improve the reliability of the system. As an
example of application, the author chose Nuclear power plant with a Radiation release
as a top event. On replacing the Boolean operators with fuzzy logic operators FNOT,

ORF and ANF, we get the possibility of the top event in form of a fuzzy number. It is
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also assumed that each basic event is fuzzified by assigning three fuzzy numbers to each
basic event following the decision of three experts. The fuzzy importance of each basic
event can be obtained in the form of fuzzy importance index (FII) for all basic events.
This approach can be widely used to improve the reliability and to reduce the operating

cost of a system.

The paper Fuzzy fault tree analysis for fault diagnosis of cannula fault in power
transformer presents an intelligent fault diagnosis method of power transformer using
fuzzy fault tree analysis (FTA) and beta distribution for failure possibility estimation
[45]. This is highly important to ensure an uninterrupted power supply. Author used a
row of possible issues (information transmission mistakes as well as arisen errors while
processing data in surveying and monitoring state information of transformer, uncertain
and incomplete information may be produced) to analyze. By using the technique, he
proposed herein, the continuous attribute values are transformed into the fuzzy numbers
to give a realistic estimate of failure possibility of a basic event in FTA. Further, it
explains a new approach based on Euclidean distance between fuzzy numbers, to rank

the basic events in accordance with their Fuzzy importance index.

Another application of fuzzy approach to FTA is the research An application
fuzzy fault tree analysis to uncontained events of an aero-engine rotors [55]. Chinese
authors used descending method to determine the minimal cut sets. Furthermore, the
interval representation and calculation strategy is presented to describe the failure

probability, and the resulting fault tree is analyzed quantitatively in a case study.

3.3 Contemporary Fuzzy Approach to Histograms
3.3.1 Histograms

Histogram - a tool to visually assess the distribution of statistical data, grouped
by frequency of occurrence data in a certain (predetermined) interval. A histogram is a
graphical method for displaying the shape of a distribution. It is particularly useful when
there are a large number of observations. It is built using rectangles, their area is
proportional to the frequency of finding of a given value in the interval on which this

rectangle is built.
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Histogram example is presented in figure 12.
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Figure 12. Example of a histogram

Steps to create a histogram:

1. On the vertical axis, place frequencies. Label this axis Frequency.

2. On the horizontal axis, place the lower value of each interval. Label this
axis with the type of data shown.

3. Draw a bar extending from the lower value of each interval to the lower
value of the next interval. The height of each bar should be equal to the frequency of its

corresponding interval.

3.3.2 Fuzzy Approach to Histograms

In the paper Fuzzy histograms: a statistical analysis is declared, that Fuzzy
histogram is a fuzzy generalization of ordinary crisp histogram. Fuzzy histograms
statistically and compared with other nonparametric density estimators were analyzed in
the paper. And at the end it turns out that fuzzy histograms can be used to combine a high
level of statistical efficiency with a high level of computational efficiency [14].

In the paper Fuzzy histograms and density estimation was noticed that the
popularity of the histogram technique is not only due to its simplicity (no particular skills
are needed to manipulate this tool) but also to the fact, that the piece of information
provided by a histogram is more than a rough representation of the density underlying
the data. It was denoted that a histogram displays the number of data (or observations)
of a finite data set that belong to a given class i.e. in complete agreement with the concept
summarized by the label associated with each bin of the partition thanks to the quantity.

Also, it was pointed out that the histogram density estimator has some weaknesses. The
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choice of both reference interval and number of cells (i.e. bin width) have quite an effect
on the estimated density. The apriorism needed to set those values makes it a tool whose
robustness and reliability are too low to be used for statistical estimation. It was
investigated that during the last five years, it has been suggested by some authors that
replacing the binary partition by a fuzzy partition will reduce the effect of arbitrariness
of partitioning. This solution has been studied as a practical tool for Chi-squared tests
estimation of conditional probabilities in a learning context or estimation of percentiles
and modes [56-59]. Recently, some authors have proposed to explore the universal
approximation properties of fuzzy systems to solve system of equations. In a first part of
this paper it was formally presented the fuzzy partition as proposed in [59]. Then, a
histogram based upon this previous notion was defined, that was called a fuzzy
histogram. In a last section, some estimators of probability density functions are shown.
At the end, density estimators based upon a fuzzy histogram were presented. This latter
being nothing else but a generalization of the popular crisp histogram, when replacing
the crisp partition by a fuzzy partition. Those proposed density estimators consist in
interpolations of the node values of the density obtained in the usual way.

3.4 Contemporary Fuzzy Approach to Control Charts
3.4.1 Control Charts

The control chart is a graph used to study how a process changes over the time.
Data are plotted in time order. A control chart always has a central line for the average,
an upper line for the upper control limit and a lower line for the lower control limit.

These lines are determined from historical data.

Control chart basic steps:

1. Choose the appropriate control chart for your data.

2. Determine the appropriate period for collecting and plotting data.

3. Collect data, construct your chart and analyze the data.

4. Look for “out-of-control signals” on the control chart.

5. When one is found, mark it on the chart and search for the cause. Make a
report how you investigated, what you learned, the cause and how it was corrected.
(Fig.13)
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CONTROL CHART
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Figure 13. Example of a control chart built in Excel

3.4.2 Fuzzy Approach to Control Charts

Statistical control charts are useful tools in monitoring the state of a
manufacturing process. Control charts are used to plot process data and compare it to the
limits set for the process. Points plotting outside these limits indicate an out-of-control
condition. D. J. Fonsecal from the University of Alabama, USA in his paper Fuzzy short-
run control charts [60] arrived to the conclusion that standard control charting
procedures are limited as they cannot take into account the case when data is of a fuzzy
nature. Another limitation of standard charting methods is when the data produced by the
process is short-run data. Often, the situation where the data is short-run occurs in
conjunction with data that is considered fuzzy. This paper discusses the development of
a fuzzy control charting technique, called short-Run a-cut p control chart, to account for
fuzzy data in a short-run situation. The developed chart parameters accounted for the
fuzzy nature of the data in a short-run situation. The parameters were validated by
comparing the false alarm rates for various combinations of subgroup numbers (m) and
subgroup sizes (n). It was shown that for every combination of m and n, the short-run a-
cut p control chart limits produced a lower false alarm rate than that of the standard fuzzy

a-cut control chart.

The objective of this research was to modify the a-cut procedure for fraction
nonconforming control charts to account for the case when data collected from the
process is of a short-run nature. The results of the study included algorithms for all chart

parameters involving the center line, plot values, and upper and lower control limits.

The short-run a-cut p control chart parameters were validated and verified, and

have been proven successful in producing results that exceed that of the standard a-cut p
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control chart by Gulbay et al. [61]. The objective of this research was to modify the a-
cut procedure for fraction nonconforming control charts to account for the case when
data collected from the process is of a short-run nature. The results of the study included
algorithms for all chart parameters involving the centerline, plot values, and upper and
lower control limits. The short-run a-cut p control chart parameters were validated and
verified, and have been proven successful in producing results that exceed that of the

standard a-cut p control chart by Gulbay et al.

In the article Fuzzy control chart A better alternative for Shewhart average chart
was declared that a real illustrative example and a power test that designing a fuzzy
control chart for process average of a continuous (variable) quality characteristic with a
warning line is a better alternative to Shewhart. X chart in many respects, like providing
better neural view to inspectors, offering different strategic options for company to
choose, detecting the desire shifts more quickly, and more sensibility to small shifts

without any complexity augmentation to the chart [62].

In [62] it is introduced a fuzzy chart for controlling the process mean. Also she
classified the observations in the rational groups and that helps to the inspector that has
a neural view of the shifts in the process mean and also can control the dispersion by this
classification. Also as many inspectors want to control the process in a specific level of
shifts in the process mean, so she designed a fuzzy chart that has a warning line besides
upper control limit. The control limit, UCL, controls the process in all. The warning line
is designed for detecting desired shift in the process that is important to the company.

As mentioned in [63], that is not possible to forget that the importance of a
process shift depends on the process capability. If a process is very capable, small process
shifts hardly influence the amount of nonconforming items. If we a plan for these very
capable processes has to be chosen, the one able to quickly detect large process shifts
should be selected. On the other hand, for a process of small capability even a small shift
can produce a large amount of nonconforming items. Therefore, these small shifts should
be quickly detected. Thus, shift sizes which are “important” for control purposes needed
to be clarified.

Also the false alarm rates and warning lines besides average run length values

were calculated. The best value of ARL for detecting the specified shift is shown by this
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fuzzy chart. Also comparison between fuzzy chart and Shewhart chart is made. And the

fact that this new method has better power to detect shifts is shown in this paper.

One year later one more paper of the same author was published in the journal
Fuzzy Sets and Systems with a name An application of fuzzy random variables to control
charts. The author declared that the two most significant sources of uncertainty are
randomness and incomplete information. Her paper aims to construct a fuzzy statistical
control chart that can explain existing fuzziness in data while considering the essential
variability between observations. The proposed control chart is an extension of Shewhart
X— 52 control charts in fuzzy space. The proposed control chart avoids defuzzification
methods such as fuzzy mean, fuzzy mode, fuzzy midrange, and fuzzy median. The out-
of-control states are determined based on a fuzzy in-control region and a simple and
precise graded exclusion measure that determines the degree to which fuzzy subgroups
are excluded from the fuzzy in-control region. The proposed chart is illustrated with a

numerical example in this paper [64].

After analysis of fuzzy process control literature, the author arrived to the
conclusion that some existing control charts use various representative values, such as
fuzzy mean, fuzzy mode, fuzzy midrange, and fuzzy median to control the fuzzy
processes. It is mentioned, there is no theoretical basis supporting any one specific
methodology, and selection should be based mainly on the ease of computation or the
user’s preference [65]. When a fuzzy sample is asymmetric, these representative values
result in different scalars, and so control charts based on these representative values may
result in different decisions. This is due to the loss of information when fuzzy samples
are transformed into crisp numbers. In fact, in fuzzy space, sample data need to be
monitored as a fuzzy number without any transformation, and then decisions based on
the fuzzy data should be derived from fuzzy sets theory. Hence, fuzzy control charts must
monitor “the grade to which the process is in control.” Then, SPC practitioners can decide

whether or not the process is in control.

The area under the membership function has been considered to be an appropriate
measure of fuzziness, and a new methodology for fuzzy process control was presented,
which monitors processes with fuzzy outcomes represented by LR fuzzy sets in the paper
[64]. The approach constructs the fuzzy in-control region, and the chart measure

determines the grade of membership, i.e., the degree to which the process belongs to the
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out-of-control state. Compared with existing fuzzy control charts, the proposed approach
is quite different in the sense that it does not require the use of any representative values
of fuzzy sets and the out-of control states are thoroughly determined in accordance with
fuzzy sets theory. To keep the chart simple and more practical, it is recommended to plot
both the Shewhart X and the proposed chart measure together. This enables quality
experts to analyze warnings and out-of-control signals easily and to detect unusual trends

in the process mean.
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4 Management and Planning Tools Selected for

Enhancement Using Fuzzy Approach

4.1 Enhancement of the Arrow Diagram

4.1.1 Basics of the Arrow Diagram

Arrow diagram (or Network diagram) — is a quality tool for process scheduling

and following process managing.

Arrow diagram is a tool to plan the optimal time performance of all required work
for the fast and successful implementation of a set goal. Japanese Union of Scientists and
Engineers in 1979 included the arrow diagram of the seven methods of quality

management.

This tool is used to ensure that the planned time for all the work and its individual
stages is optimal for achieving of established goal. This tool is widely used not only in
planning, but also for the subsequent implementation of planned activities. Especially
this tool is widely used in the development of various projects and production
planning. This method is based on Critical path method and Program evaluation and
review technique (PERT) where for representation and algorithmization of certain
actions or situations used network models, the simplest of which - network diagrams.
(Fig. 14)

Figure 14. Graphical representation of the arrow diagram

The use of this tool is possible only after:
1) the problems to be solved are identified,
2) the necessary measures are identified,

3) the timing and stages of measures implementation are identified.
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The traditional method of such planning is a method that uses the arrow diagram
or in the form of so-called Gantt chart (Gantt). A Gantt chart is only necessary because
it includes the information, which is not in the arrow diagram. For example, using a Gantt

chart, you can plan the timing of the service.

Gantt chart is a horizontal line chart on which the objectives of the project are
presented extended in time segments characterized by start and end dates, delays, and
possibly other temporal parameters. Example of the Gantt chart is as following in table
1.

Table 1. Gantt chart for a project planning

Month's day
Ne Operation 5 10 15 20 25 30
a

N[O |[WIN|F
- | [ |0 |T

g

h (Testing
and

8 delivery)

Gantt chart is approved to be quite suitable for process visualization.

Gantt charts have its own technology. Operation is called work. Each operation
is assigned with a serial number. Followed by the title of the work. The rows
corresponding to the operations, reflects the start time, duration of operation and the end

time.

As in any other process, unexpected undesired events can appear in production
process, risk analysis or quality control process. It is about critical moments when risk
of control loss over the flow of the process will be amplified. And Gantt chart doesn’t

include such information. That is a disadvantage of this process.

The steps how to create an arrow diagram is as following:
a. Form a team of specialists concerned into considered topic.

b. Clearly state the problem to be solved.
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C. Determine the necessary measures.
d. Define terms and stages of the work.
e. Construct a chart of work progress reflecting sequence of actions required

to achieve the desired result.

f. To carry out the continuous monitoring of the work execution.
As aresult, precise plan of work for achieving the ultimate goals will be obtained.

Advantages are a visibility, ease of development and use. And obvious
disadvantage is the lack of selection rules and criteria for assessing the viability and

proper efficiency options for the implementation of all the necessary work.

The sequence of operations and the impact of a transaction on the course of
subsequent operations are shown at the arrow diagram. Therefore, the arrow diagram is
more convenient to follow the progress of the work than the Gantt chart, which considers

the works as they are not related to each other [66].

The most common area to use arrow diagram is for various projects or works that
form a set of interrelated activities. Its application allows determining the timing and
completion of the project to identify possible options for reducing the timing works. As
elements in the diagram are inter-related by time, it gives you the opportunity to monitor

progress.

Professor of Political Science of Columbia University M.J. Peterson, whose
researches include world politics, international institutions, international political
economy, technology, and technological change, developed the way of using of arrow
diagrams to understand claims. In his work he insists and proving, that arrow diagrams
are very useful when dealing with a relational claim. Whether you are trying to
understand someone else’s argument or are formulating your own, arrow diagrams can
help you keep track of the claim whenever the claim involves a statement of relationship.
However, arrow diagrams are very useful when dealing with a relational claim. Arrow
diagrams start becoming useful when a one-part relational claim links three or more
elements. Professor notices that arrow diagram has opportunity to be as complex as you
need it and that is a big advantage of the tool [67]. Example problems for the course
named Critical Path Methods were published. This course contains a number of tasks,

which include study of network constructions, when activity is on arrow and activity is
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on node, event approach and missing floats when activity—on-arrow scheduling, and
many other tasks. This information can help to understand the essence of the arrow

diagram tool and its application as well as calculate critical path of a process [68].

4.1.2 Fuzzy approach to the Arrow Diagram

Inherently arrow diagram is a graph whose nodes represent the event (or state of
the object at a time), and the arcs connecting nodes reflect work. There is another option
representing arrow diagram, when the nodes of the graph are the works and the arcs show
only the relationship between them. This option is used more often. It is part of the
method of CPM (Critical path method).

Approach when arcs represent work is used in the thesis.

A practical case for demonstration of using of fuzzy logic for optimization of a

process of a mobile phone repair follows. Theoretical approach is presented at first.

Let us assume a production process consisting of four steps. A goal is to improve
the effectiveness of a process by resolving timing problems using arrow diagram

supported by fuzzy logic.

We consider a single action from a production process. Figure 15 shows an
example of an arrow diagram, where AB, BC, CD and DE are a process actions. The
timing of the actions is defined by the brainstorming group. The estimation of timing of
actions AB, BC and DE is possible to assign with sufficient accuracy while estimation
of action CD has been made in a wider time interval. Therefore, the time of action CD

has been estimated with the support of fuzzy logic.
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where,
AB, BC, CD, DE — process actions
7. . — earliest time of the

X min

action XY must be started to meet
planned time
7 {8 ¥ max — latest time of the XY must be
finished to meet planned time
Tyy _ Guration of the action

Figure 15. Arrow diagram for a process

First, a fuzzy rating scale for timing analysis must be created, and some linguistic
variables and the corresponding fuzzy numbers must be established. Table 2 presents
linguistic variables along with the corresponding values (periods of time) and fuzzy
numbers used to assess the duration of the CD process. We assume that the duration of
the action CD is x,, . Fuzzy ratings on a ten-point scale for the duration are given in the

table. Variables x; ... x,, are time intervals. Variable R, ... R, are fuzzy numbers.

Table 2. Fuzzy rating scale for the duration of CD process

Rating Corresponding period Fuzzy number
Minimum period X4 R,
Extremely short X5 R,
Sufficiently short X3 R3

Quite short X4 R,
Optimum min time Xs R;
Optimum max time Xe Rg
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Quite long x; R;
Sufficiently long Xg Rg
Extremely long Xy Ry
Maximum period X10 Rio

After the rating scale is completed, the brainstorming team analyzes the process

to detect the most suitable time for CD action.

A triangular membership function was chosen with respect to sufficient accuracy

of estimation.

Based on the above information and taking into account data from Table 4,
membership functions for timing analysis of CD are created (Figure 16). There are now
several fuzzy sets of numbers representing the fuzzy character of the membership

options, because the linguistic variable does not indicate a particular number.
Minimun Extrimely Sufficiently Quite  Optimum Optimom  Quite  Sofficiently Extrimely Maximum

period short short short min time max time  long long long period

i) g
/

Mdermbersfeip degree

1 2 3 1 5 6 7 8 9 10

Figure 16. Membership functions of timing analysis fuzzy ratings
Let Rij)=Rie: R Rigu) are the fuzzy numbers of the ith linguistic
variable chosen by team member j. Let TM,,..,TM  are team members of the

brainstorming group with the relative importance weights W, ,..., W respectively, where
ST w, =1 and W; >0 for j=1,...,m. Based upon these assumptions, the fuzzy analysis
i

of brainstorming can be defined by the following formula 9 [22] :

R= ZT:lRi(i)Wi = (ZTzl(WjRi(i)quRi(j)M WiRu)i=L...n (9)
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Table 3 below shows aggregated fuzzy assessment information for the timing
analysis of the assumed problem. The importance weight of each member of the group

was also taken into account to obtain results that are more precise.

Table 3. Fuzzy assessment information for the duration analysis of BC process

Importance Fuzzy rating
) ) Assessment of
weight of according to ) )
Member duration of action
every members'
o CD
member opinions
Member 1 W, Riny WiR;1)
Member 2 W, Ric2) W2R;(2)
Member 3 W, Ry W3R;(3)
Member 4 W, Ria WiRi 4
Member 5 A Ry WsRs)
Member 6 A ) WeRi)
Member 7 W, Ri7 W;R;7)
Results ﬁ

After the best timing solution for the action CD was found. Figure 17 shows the
membership function (triangular) of the optimum time for a single period of CD. Since

the time rating scale is fuzzy, the obtained result is a fuzzy number.

To complete the assigned task, a defuzzification method is applied to the results.
Defuzzification method Mean of maximum is chosen as the easiest and precise way to
defuzzify the result to the crisp number. In case of a triangular membership function the
highest degree of fulfillment are taken into account. Then if it is assumed that the result

is crisp defuzzified value is x* and fuzzy set is (a,b,c), then x* = b (Fig. 17).
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Figure 17. Membership function of optimum time of a proces

4.1.3 Application of the Arrow Diagram with a Support of Fuzzy Logic to the
Mobile Phone Functionality Problem

Data of solution of this case have been obtained at Uralov Technology repair
service, Czech Republic, Prague. Practical application of arrow diagram with a support
of fuzzy logic is shown on solution of a mobile functionality problem. The entire period
of mobile phone reparation, from failure identification to the problem solution, is
indefinite and varying. In such case, to determine the time interval more accurately the

arrow diagram that supports fuzzy logic can be used.

Time intervals of every stage are indefinite, but employees need to calculate the
time of the problem solution as precisely as possible to meet requirements of customers.
It is necessary for the smooth operation of both the client and the mobile phone reparation

service itself.

The essence of the arrow diagram with a support of fuzzy logic method is that a
group of members is collected: workers, technicians, engineers, and brainstorming is
launching. Opinions are noted on the table and based on the results further calculations

are carried out. Fuzzy logic brings preciseness to the calculation results.

The goal of the arrow diagram constructed is to estimate time interval that will
be needed for the mobile phone with such an error reparation. In following part an action
consisting of failures of a mobile phone, which occur due to dipping to water are

presented.
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Let us assume that a process of repair consists of a four actions. The goal of this
chapter is to present improvement of quality of a process by resolving timing problems

using the arrow diagram supported by fuzzy logic.

A single action from a process of repair was chosen. Figure 18 shows an arrow
diagram, where Diagnostics with the goal to find a cause of a problem, Arrangement
with a customer, Solving the problem and Testing are production process actions. The

timing of the actions is estimated by the brainstorming group.

An estimation of the time needed for an action Diagnostics with the goal to find
a cause of a problem using Arrow diagram with a support of fuzzy logic is presented as

follows.

Arrangement

. ( \ Solving th
with a A 3 N oiving the
. ~ problem
customer -~ — .
~ lday 7 days
Diagnostics 3-7 days ldaY__-:. Testing
with the goal / ond dclivery

to find a cause
of a problem

Figure 18. Arrow diagram of unexpected shutdown of a mobile phone problem

Diagnostics with the goal to find a cause of the mobile phone problem consists

of several activities:

Opening the phone.

Oxidation cleaning.

Partial dripping of tracks on the board, if they are damaged or flooded.
Attempting to turn on - does not respond.

Replacing the power controller.

Attempting to turn on - does not respond.

N o g s~ w D E

Replacement of the coil, which is responsible for supplying the display.
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8. Attempting to turn on - does not respond.

9. Complet disassembly and providing a full drip of tracks on the board.

10.  Attempt to turn on - responds, but the camera, speaker and network signal
are not working.

11. Replacing the camera.

12.  Attempting to turn on - the camera works.

13.  Replacing speakers.

14.  Attempting to turn on - the speaker works.

15.  Checking the coaxial cable, due to it is very thin, so there may be break or
departing from the board. In case of damage, replacing the coaxial cable.

16.  Attempt to turn on - the network signal still does not work.

17. Warm-up (reballing) of the modem.

18.  Attempt to turn on - the network signal works.

In the process of repairing the phone, first action which is Diagnostics with the
goal to find a cause of a problem takes the uncertain time among all the service activities.
This happens because in the case of dipping the phone to water, every phone has break
down of different components; therefore, there are no exact time of diagnostics for every
mobile phone. To find a solution, service center is replacing the non-working
components with working ones, and diagnostic lasts approximately from 3 to 7 days,
due to possible absence of some components at the service, which then need to be
ordered. This information leads to estimation of time for this activity with the support of

fuzzy logic.

First, a fuzzy rating scale for timing analysis was created, and some linguistic
variables and the corresponding fuzzy numbers were established. Table 4 presents
linguistic variables along with the corresponding values (periods of time) and fuzzy
numbers used to assess the duration of the first action of a process. Fuzzy ratings on a
ten-point scale for the duration of this activity are given in the table. Firstly, for making
fuzzy analysis possible, transforming the days to hours format. Then 3-7 days is 72-168

hours.
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Table 4. Fuzzy rating scale for the duration of Diagnostics with the goal to find a cause of a problem action

Linguistic term Clarification Fuzzy number
Minimum period 72 hours - 79 hours (1;2)
Extremely short 80 hours - 89 hours (1;2;3)
Sufficiently short 90 hours - 99 hours (2;3;4)
Quite short 100 hours - 109 hours (3;4;5)
Optimum min time 110 hours - 119 hours (4;5;6)
Optimum max time 120 hours - 129 hours (5:6;7)
Quite long 130 hours - 139 hours (6;7;8)
Sufficiently long 140 hours - 149 hours (7:8;9)
Extremely long 150 hours - 159 hours (8;9;10)
Maximum period 160 hours - 168 hours (9;10)

After the rating scale is completed, the brainstorming team analyzes the process

to detect the most probable time for the action.

Based on the above information and taking into account data from table 4,
membership functions for timing analysis of Diagnostics with the goal to find a cause of
aproblem are created (Fig. 19). There are now several fuzzy sets of numbers representing
the fuzzy character of the membership options, because the linguistic variable does not

indicate a particular number.
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Minimum Extrimely Sufficiently Quite  Optimum Optimum  Quite  Sufficiently Extrimely Maximum
period short short short min fime max time long long long pericd

mix) g
e[\ / /\
I
E
£ Y /
X
1 2 3 1 5 6 7 3 ] 10

Figure 19. Membership functions of timing analysis fuzzy ratings

Then every team member announces the judgement for the first action of a

reparation process and it is analyzed mathematically as follows.

The relative importance of the six members of the brainstorming group is shown

in Table 5, which also specifies member opinions about the timing of the first action.

Table 5. Importance weights for brainstorming team members and their opinions

Member Ne Member relative weight Solving the problem
Member 1 (TM1) 15% Quite long
Member 2 (TM2) 5% Sufficiently long
Member 3 (TM3) 20% Quite long
Member 4 (TM4) 15% Optimum max time
Member 5 (TM5) 30% Extremely long
Member 6 (TM6) 15% Optimum max time

Let Ry, =(RiyRigjm Riyu) be the fuzzy ratings of the ith fuzzy variable.
™, , TM,,TM,;,TM ,, TM,TM are the members of the brainstorming group with the
relative importance weights W, =0.15W, =0.05W, =0.2,W, =0.15W, =0.3,W; =0.15
respectively, where >STw, =1 and Wj >0 for j=1,...,m. Based upon these
assumptions, the fuzzy analysis of brainstorming can be defined by the formula 9.

Table 6 shows results of the brainstorming and the following fuzzification of the results

for further mathematical treatment. That is, the terms are converted to fuzzy numbers.
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Table 6. Fuzzification of brainstorming results

Member Ne Linguistic term Fuzzy number
Member 1 Quite long (6;7:8)
Member 2 Sufficiently long (7;8;9)
Member 3 Quite long (6;7:8)
Member 4 Optimum max time (5;6;7)
Member 5 Extremely long (8;9;10)
Member 6 Optimum max time (5:6;7)

Table 7 below shows aggregated fuzzy assessment information for the assumed

problem. The importance weight of each member of the group was also taken into

account to obtain results that are more precise.

Table 7. Fuzzy assessment information for the Diagnostics with the goal to find a cause of a problem

activity
Importance Fuzzy rating according to Assessment of duration of
Member ) o )
weight members' opinions action BC
Member 1 15% 6 7 8 0.9 1.05 1.2
Member 2 5% 7 8 9 0.35 0.4 0.45
Member 3 20% 6 7 8 1.2 1.4 1.6
Member 4 15% 5 6 7 0.75 0.9 1.05
Member 5 30% 8 9 10 2.4 2.7 3
Member 6 15% 5 6 7 0.75 0.9 1.05
Results 6.35 7.35 8.35

Result of the first action of the reparation process was found. Figure 20 shows

the membership function for the activity. Since the time rating scale is fuzzy, the obtained

result is a fuzzy number, namely (6.35; 7.35; 8.35). A triangular fuzzifier was applied to

the result.
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Figure 20. Membership function of the timing analysis

To complete the assigned task, a defuzzification method is applied to the results.
Method of Mean of maximum is chosen. In case of a triangular membership function the
highest degree of fulfillment are taken into account. Then if it is assumed that the result
is crisp defuzzified value x* and fuzzy set is (6.35; 7.35; 8.35), then x* = 7.35.

This shows that the Diagnostics with the goal to find a cause of a problem activity
belongs to an interval named Quite long and that this activity requires 130-139 hours of

repairing time.

Result represents interval that is smaller and sounds more realistic and precise
than initial one (3-7 days), that means that customer will get clearer information about
terms of diagnostics of his mobile. The timings of the other actions are known and does
not need to be analyzed in this way. The repairer is able to tell more accurate estimation
of repair time right after diagnostics, he will surely know if he must order spare parts for
the mobile or it is available at the service. Then according to new information about the
time which reparation service spends for diagnostics of single mobile, repairer can better
organize timing of his work either. Therefore, obvious advantages for both — customer

and reparation service — are reflected.

4.1.4 Comparison and Discussions

The traditional method of planning is a method that uses the arrow diagram
without support of fuzzy logic. This tool is used to ensure that the planned time for all
the work and its individual stages is optimal for achieving of established goal. This tool
is widely used not only in planning, but also for the subsequent implementation of

planned activities.
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Using the fuzzy logic the time interval of activity Diagnostics with the goal to
find a cause of a problem was found with accuracy higher in comparison with accuracy

which can be achieved using a standard arrow diagram.

The result depends on an ability of members of a brainstorming team to estimate
the time interval needed. With respect to the fact that specialists focused on the first
action of the reparation process were chosen as members of the brainstorming team,

therefore it is assumed that highly qualified estimations were presented in brainstorming.

Level of qualification of the members of the brainstorming team is reflected in
relative importance weights (W;). Therefore, the most experienced members of the team

influences the result the most.

This approach can be applied to any kind of mobile phone with the same damage
(dipping into water). In the thesis, the implementation of this technique complemented
with fuzzy approach is proposed. The goal of fuzzy approach is to identify precise time
for an action in a process. The time initially set based on experience in the reparation
service was from 3 to 7 days. With respect to customer needs to know how much time
reparation will take. The reparation service personnel must give information of upper
limit of this interval (7 days or 168 hours). Usage of the fuzzy logic decreased the time
interval of provided service to 139 hours. Therefore, the information served to a customer

is more accurate and reparation service can better organize its work.

4.2 Enhancement of the the Affinity diagram
4.2.1 Basics of the Affinity Diagram

Affinity diagram is intended for grouping and arranging a large number of
qualitative (non-numeric) data. Grouping based on the principle of related information
that is associated with a specific topic (question). Each group of data dedicated to its own

attribute.

This tool relates to the seven new quality tools. Combining of information to
groups is mainly due to no logical connection between this information, but rather due

to the associations.
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Affinity diagram is used when you want to compare a large number of disparate
facts or ideas, when it is difficult to immediately cover and understand the relationships
of complex data or in a situation when work team has difficulties in reaching agreement

on the decision making step.

As a rule, the affinity diagram is used to process the results of "brainstorming™ or

surveys and questionnaires.

Procedure of affinity diagram making is as follows:

1. Determine the subject of study. It can be mismatches during process,

frequently occurring defective good etc.

2. Various disparate data collected on the selected subject matter. In the course
of this step is important to pay attention to the fact that data are collected "randomly" —

I.e. without a targeted search on any narrow direction.

3. Data is being classified into different groups with common characteristics or
features. Distribution of data is carried out on an intuitive basis. In order to have more

opportunities to group data, you should not give the group a name at this stage.

4. Data in each group are reviewed, and released a common attribute or general
idea, bringing together all elements of the group. If you cannot formulate a common
attribute and the number of elements in the group is large enough, then the group is
divided into subgroups, i.e. the previous step is performed, but with the elements of the

selected group only.

5. Each group is assigned the name of the data, which reflects common attribute

for every element of the group.

6. Finally affinity diagram is drawn.

Affinity diagrams are frequently used to collect and organize input data from
across a group or a team. When compared to brainstorming technique, affinity diagrams

often provide the greatest opportunities for equitable, objective input from all team

members.
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In the [69] is introduced DADS (Digital Affinity Diagram System), which
separates two essential tasks of affinity diagram creation: input and collaboration. Using
a dual extended monitor system, DADS is designed for one screen to act as a private
input screen while the extended monitor shows a distributed interactive screen for

collaboration.

Continuous Improvement Toolkit where affinity diagram plays dual role as a data
gathering tool and data displaying tool was created in the [70]. The affinity diagram was
used to set requirements for telephone answering machine. The affinity diagram brings
structure to a large or complicated issue and breaks down a complicated issue into easy-

to-understands categories.

In the work The systems thinking toolbox affinity diagram as the tool that
supports both convergent and divergent way of thinking, because, affinity diagram serves
for generating information and organizing information was proposed. These two
activities require different mental skills and often referred to as divergent thinking and
convergent thinking respectively. Where, divergent thinking concerned with generating
information and ideas about a problem or situation. Associated with creative thinking it
requires the use of both logical and lateral thinking and the suspension of the human
mind’s tendency to self-censor. But, convergent thinking concerned with organizing,
categorizing and making sense of information and ideas. This represents logical thinking.
It is often a destructive activity with the removal and consolidation of ideas and
information. To support the two types of thinking a number of tools are available and
affinity diagramming is particularly powerful because it integrates both the divergent and
convergent thinking activities providing a single approach. He suggested a simple
example about washing machine requirements problem in his job. More information you
can find in the [71].

According to Affinity consulting from Canada, there are many benefits to be
gained from using this tool. Among the foremost are the following: causes breakthroughs
to emerge, builds teamwork, causes connections to be discovered between various
elements of information, builds critical thinking skills within the team, builds
communication skills within the team, allows for full contribution of each team member,
but as you use the tool, you will no doubt discover other benefits that are unique to your
team [72].
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4.2.2 Fuzzy Approach to the Affinity Diagram

In the thesis, application of fuzzy logic to the process affinity diagram is applied
to increase the accuracy of the process affinity diagram in comparison with process
affinity diagram format by a standard way [10].

Consider that a process is consisting of two process operations and every
operation consisting of two steps. One or more failures can occur in every step. The

process can be described in a structure of the affinity diagram (Fig. 21).

Process affinity diagram

Operationl Operation2
n Stepl H Step 2 — n Step 3 M Step 4 -
Failure 11 Failure 21 Failure 31 Failure 41
Failure 12 Failure 22 Failure 32 Failure 42
Failure 13 Failure 23 Failure 33 Failure 43
Failure 1n Failure 2n Failure 3n Failure 4n

Figure 21. Structure of the process affinity diagram

Quality and functionality of the process depends on quality of every operation
and step of the process. However, it is also possible to meet with a case, when if in step
1 occurs e.g. failure 13 and in parallel or subsequently in the step 2 occurs failure 22,
then a new failure of the type 1322, as a combination of previous two ones, occurs in the
step 3 (see Fig. 22).
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Process affinity diagram

|
Operation1 | Operation 2

T

— Step 1 'I ? Step 2 Step 3 'I } Step 4 —
Failure 11 Failure 21 E:::E::;; Failure 41
Failure 12 ,—r | Failure 22 | Failure 33 Failure 42
| Failure 13 | L Failure 23 [ | Fail 3 Failure 43
Failure 1n Failure 2n .al uresn Failure 4n

Failure 31322

Figure 22. Process affinity diagram

The research in this direction is carried out with the goal to identify unexpected
failures, which are provoked by occurrence of failures in previous operations.

On the one hand, the occurrence of failures can be determined by just two options:
YES (failure occurs) or NO (failure does not occur). According to boolean logic, we

could assign two values for failure variable — 1 (true) and O (false).

Table 8 shows an example of possible linguistic variables used for assessment of
the influence of previous failures occurrence on generation of a failures in the following
process. Fuzzy ratings can be represented in a ten-point or five-point scale for an
influence factor. Variables x; ...x,, are levels of influence of the failures. Variable

R; ... R, are fuzzy numbers.

Table 8. Fuzzy ratings for influence factor of the failures

Rating Level of influence | Fuzzy number
Critical influence X1 R:
Strong influence Xa R2

Moderate influence X3 Rs
Small influence X4 Ra
Minor or no influence Xs Rs
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Taking into account all above information and based on table 8, an example of
membership functions of fuzzy ratings for a level of influence factor to the failures was
created (Fig. 23).

Seaall Moderate &l:run Critical
0 mﬂL.al-:e influence influence inflaence

OO0

10

1.
H
-

Membership degree

Figure 23. An example of membership functions of fuzzy ratings for level of influence to the failures

Now there are several fuzzy sets of numbers representing the fuzzy character of
the brainstorming team members’ opinions because the linguistic variable cannot be

shown as a particular number.

Let’s assume that the failure 13 of the step 1 will occur together with the failure
22 of the step 2. This situation creates conditions for occurrence of a new type of failure
1322 in the step 3.

Brainstorming group consisting of 5 team members provides the careful analysis

of the process and the failure occurrence. Let R, ;| = (R,,,.., Rijm1s R , ) bethe

(L ihm2» I(J)

fuzzy number of the ith fuzzy variable. TM; ... TM,, are the members of brainstorming

group who has relative importance weights W,,..,.W_ correspondingly. Where

ST w, =1 and W; >0 for j=1,...,m. Based upon these assumptions, the influence
i

factor can be defined by formula 9.

During brainstorming every team member proposes own idea about how srong
the influence of the failure of previous step to the next steps. Then the table with all
collected data is created. Table 9 shows an example of results of brainstorming and
following fuzzyfication of the results for further mathematical treatment. Other words

the linguistic variables were performed as fuzzy numbers. R;;, — fuzzy number for the

corresponding linguistic variable chosen by of the member.
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Table 9. Fuzzyfication of a failure influence analysis by brainstorming team

Risk factor Team members Opinions (Fuzzy Fuzzy number
variables)
Influence TM: Opinion 1 Ri)
TM2 Opinion 2 Ry
TMs Opinion 3 Ry
TM. Opinion 4 R4
TMs Opinion 5 Ry

After including of weights of individual TM of brainstorming team it is possible
to form a table 10.

Table 10. Example of the assessment information for the failure influence analysis

Risk Team Importance Fuzzy
factor members We|ghts ratings Assessment Of failure inﬂuence

TM1 W, Ryt WiRi)
T™2 W, Ri2) WaR2)

S

3

& TM3 W3 Ry W3R (3)

g

S

E T™M4 W, R WiR;4)
TM5 W5 Rycs) WsR(s)

= WiRig)

8

o

An example of result is presented in fig. 24 as membership function of the failures
13 and 22 influence degree to the new failure 1322 occurrence.

To complete the assigned task, a defuzzification method is applied to the results.
Defuzzification method Mean of maximum is chosen as the easiest and precise way to

defuzzify the result to the crisp number. In case of a trapezoidal membership function
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the average of the highest degree of fulfillment are taken into account. Then if it is
assumed that the result is crisp defuzzified value is x* and fuzzy set is (a,b,c, d), then
x*=(b+c)/2.(Fig. 24)

=
H
L=

Membership degree

—

x
Fa3
o

g
a b c |:.
Figure 24. An example of membership function of the failure influence degree
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4.2.3 Application of Affinity Diagram to the Joining Based on ECA with the
Support of Fuzzy Logic

Data for a solution of this case was obtained at Czech Technical University in
Prague from a research project under the name Diagnostics and materials. Electrically
conductive adhesives (ECASs) are becoming increasingly important in the electronics
industry. These materials are used in two main areas of electronics packaging — in
mounting of heat sensitive components such as LCDs and in mounting of ultra-fine pitch

electronic packages [73].

ECAs create a permanent electrical and mechanical connection between a pad
and a component lead. Adhesives on epoxy basis filled with silver conductive particles
are used primary. The curing temperature is lower in comparison with the soldering
temperature of lead-free solders. Electrical conductivity depends on the concentration of

conductive particles in resin, on the shape and on the material of these particles [74].

An appropriate surface pretreatment of joined parts and a detail control of the
filler through the analysis of grains are necessary for achievement of good electrical,
mechanical and thermal properties of adhesive joints [75]. To achieve parameters of
adhesive joints comparable with soldered ones, the process of adhesive joining must be
optimized.
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Electrical resistivity of adhesives, electrical noise and nonlinearity of the current
vs. voltage characteristic are higher in comparison with these parameters of lead-free
solders. Mechanical properties and climate resistivity of ECAs are also worst in
comparison with solders [76].

There are many parameters, which influence quality of adhesive joints in the
process of adhesive joining. Optimization of this process needs the use of proper quality

control tools.

As Affinity diagram is intended for managing of a large number of qualitative
(non-numeric) data, it was chosen for analysis of adhesive joining process based on
electrically conductive adhesives. Grouping based on the principle of related information

that is associated with a specific area. Each group of data dedicated to its own attribute.

Procedure of application of affinity diagram to the adhesive joining based on

ECA process is as follows:

1. Subject of study was determined. It means failures occurring during adhesive
joining based on ECA process.

2. Various disparate data (failures, related to the process) were collected. Data

were collected "randomly” — i.e. without a targeted search on any narrow direction.

3. Every group of data is formed of data with common characteristics.

4. Data in each group were reviewed, and released a common attribute or general

idea, bringing together all elements of the group.

5. Each group was assigned the name of the data, which reflects common attribute
for every element of the group. In this case, each group is the operation of the process
and, further, process operations containing steps.

6. The process consists of three process operations and every operation consisting
of one, three or four steps. One or more failures can occur in every step. The proces can

be described in a structure of the affinity diagram (Fig. 25).
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Figure 25. Affinity diagram for the adhesive joining based on ECA process
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In the thesis, fuzzy logic to the process affinity diagram to make results more

precise is applied.

Quality and functionality of the process depends on quality of every step and

operation of the process. However, it is also possible to meet with a case, when

occurrence of a failure in a step, can cause a new failure in one of the next steps. It is

demonstrated on occurrence of a new type of failure in figure 26.
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Figure 26. New failure occurrence based on the intrusion of failures

The research in this direction must be provided with the goal to identify

unexpected failures, which are provoked by occurrence of failures in previous operations.

To identify if the final resulting issue (High electrical resistance) occurs. Brainstorming

with following analysis by fuzzy logic was used.

Table 11 shows the linguistic terms and fuzzy numbers used for assessment of

the influence factors in this paper. Fuzzy ratings in a ten-point scale for an influence

factor are presented in the table. These linguistic variables will be used by brainstorming

team for identifying probability of failure occurrence.

Table 11. Fuzzy ratings for influence factor of the failures

Rating Level of influence Fuzzy number

Critical Critical influence of the failure of previous step/operation. New (8,9, 10)
influence | failure occurs

Strong Strong influence of the failure of previous step/operation. New 6,7,8,9)
influence | failure occurs with high probability
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Moderate | Moderate influence of the failure of previous step/operation. New (4,5,6,7)

influence | failure occurs with a moderate probability

Small Small influence of the failure of previous step/operation. New (2,3,4,5)

influence | failure occurs with a small probability

Minor /no | Almost no influence of the failure of previous step/operation. There 1,2,3)

influence | is almost no way for new failure occurrence

Taking into account all above information and based on table 11, membership

functions of fuzzy ratings for influence factor of the failures was created (Fig. 27).

Spaall Moderate Strong Critical
0 1I"_ﬂLE‘IIIE influenca influance influsnce influemce

OO

10

Memiberwhip depree

Figure 27. Membership functions of fuzzy ratings for influence factor of the failures

There are several fuzzy sets of numbers representing the fuzzy character of the

member opinions because the linguistic variable cannot be shown as a particular number.

Let’s assume that the failure Improper surface finish of a lead in the step 2
(Operation 2) occurred together with the Improper surface finish of a pad in the step 3
(Operation 1). This situation creates conditions for occurrence of a new type of failure

High electrical resistance in the step 8 (Operation 3).

Brainstorming group consisting of 5 team members provides the careful analysis

of the process and the failure occurrence. Let R, ;) = (R, Ri¢iym1 Riciymzs Ricihu)

be the fuzzy ratings of the ith fuzzy variable. TMy, TM,, TM3, TM, and TMj5 are the

members of brainstorming group who has relative importance weights W;= 0 .25,

W,=0.15, W3=0.1, W,=0.15 and Ws=0.35 correspondingly. Where S w, =1 and w,
j=1

>0 for j=1,...,m. Based upon these assumptions, the influence factor can be defined by
the formula 9.
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Table 12 shows results of brainstorming and following fuzzyfication of the results
for further mathematical treatment. Other words the linguistic variables were performed

as fuzzy numbers.

Table 12. Fuzzyfication of a failure influence analysis

Risk factor Team Opinions (Fuzzy Rating
members variables)
Influence ™, Strong influence (6,7,8,9)
™, Moderate influence (4,5,6,7)
TM; Moderate influence 4,5,6,7)
TM, Strong influence 6,7,8,9)
TM; Strong influence 6,7,8,9)

Following table 13 shows all collected data, importance weights of team members
and aggregated fuzzy assessment information for the influence degree of the failure.

Table 13. Assessment information for the failure influence analysis

Risk Team Importance ]
Fuzzy variable . .

T™M1 0.25 Strong influence 1.5 1.75 2 2.25

TM2 0.15 Moderate influence 0.6 0.75 0.9 1.05
S
Q
& TM3 0.1 Moderate influence 0.4 0.5 0.6 0.7
2 TM4 0.15 Strong influence 0.9 | 1.05 1.2 1.35
[

TM5 0.35 Strong influence 2.1 2.45 2.8 3.15
= 5.5 6.5 75 8.5
>
3
o

Membership function of the Improper surface finish of a lead and Improper

surface finish of a pad influence factor is shown in fig. 28.
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Figure 28. Membership function of the failure influence degree

To complete the assigned task, a defuzzification method is applied to the results.
Method of Mean of maximum is chosen. In case of a trapezoidal membership function
the average of the highest degree of fulfillment are taken into account. Then if it is

assumed that the result is crisp defuzzified value is x* and fuzzy set is (5.5, 6.5, 7.5, 8.5),

_ 65+7.5

then x* =7.

Result shows that the level of influence is strong (Table 11) that means there is a
high possibility of the failure High electrical resistance to be occurred. Thus, the failure

should be taken in consideration in future discussion.

4.2.4 Comparison and Discussions

Affinity diagram is a tool, which serves to organize big volume of data. It is
possible to group disorganized data into small groups based on narrow scope or specific
topic. Affinity diagrams are widely used in brainstorming process, as this tool is very
helpful for further discussions and searching for solutions in particular areas rather than
in huge mess of data where analyst can simply be lost. Otherwise, this tool can be used

in any other areas of usage when organization of information is needed.

Affinity diagram method was used for grouping of failures that can occur during
the technological process maintenance, because it clearly visualizes possible failures
without usage of other tools. An evaluation of significance of non-obvious failures that
could be met during testing was analyzed. New types of failures can occur due to
occurrence of some other failures. Some of these new types of failures can be predicted,
prediction of some others is very complicated. Fuzzy logic makes possible to evaluate
the significance of such the failures. This will contribute to prepare preventive actions in
time and less faulty pieces will be made at the end.
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Without using of fuzzy logic, it would not be possible to evaluate the significance

of new types of failures, which can occur by mixing of original ones.

4.3 Enhancement of the Process Decision Program Chart

4.3.1 Basics of the Process Decision Program Chart

Process decision program chart (PDPC) is constructed to identify potential
problems in the course of execution of the work plan and implement preventive actions
to eliminate them. When a plan of work is ready, PDPC helps to identify risks and
develop counter-measures (preventive actions). As a rule, it is built, if the risks are

unknown, or if their appearance can have serious consequences.

If you perform a work plan schematically (for example, as a tree diagram or Gantt
chart), the risks and the appropriate preventive actions are added to the objectives of the

plan.

PDPC chart can be constructed as follows:

1. Determine the purpose of the decision-making chart constructing. For example
- to identify risks in the specific area plan and develop countermeasures for those cases
where the risk exceeds acceptable level. Before proceeding with the following steps,

make sure that the chart decisions are needed.

2. ldentify areas of the work plan, which requires the construction of decision
diagrams. If the work plan has a large number of elements, an attempt to create a
decision-making diagram with respect to all elements of the plan can greatly complicate

the task. As a rule, decision diagram only applies to the riskiest areas of the plan.

3. Form a team of experts (brainstorming team). The team should include experts

from various fields. This will allow assess the possible risks more objectively.

For example, brainstorming team may include:
[ representative of the top management personnel, as they have the ability to see

the situation in whole;
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[1 experts in the specific areas of the plan as they have knowledge in specific

details;

1 specialists in planning and application of PDPC chart, as they could face a

similar situation before and be experienced in solving them.

4 . Establish rules for determining the elements on which the decision-making

chart will be based.

These rules may include:
(1 rules for determining the risks;

(1 rules for determining the severity of risks. For the most significant risks need

to develop preventive actions;
(1 rules for determining preventive actions;
(1 rules for the preventive actions selection to be implemented.
Factors that should be considered when defining the rules may include:

(1 time - how long it takes to manage risk? Whether the task on the critical path?

How much time will save preventive actions?

(1 cost - what is the total cost of losses from the failures if they occur? What is

the cost of preventive actions implementing?

(1 control — which capabilities exist to prevent the risk? What risk management

techniques will be effective?

(1 information - what is known about the risk? Is it possible to learn about the

risk before its occurrence?

5. Potential problems (risks) are identified for each element of the process.
Brainstorming team can be used to determine the widest range of risks. In this case
checklist can be very useful. All identified risks are recorded in a list or specified on the
cards, so that they can be streamlined in the future. Cards are typically used if a large

number of risks found.
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6. Making of decision which of risks should be neglected and which of them
should be added to the chart. This may need to apply the consensus method, the matrix
of priorities or other methods for selection the most important elements. In our case we

suggest new fuzzy approach to define a severity of risk.

7. ldentified risks are included in the plan. Risks are placed in rectangles (Fig.
32,35-38).

8. For each risk preventive actions are defined. They are found e.g. using
brainstorming, Ishikawa diagrams or other quality control tools. Preventive actions may

include methods of risk elimination or reduction.

9. Ranking of the preventive actions importance is performed similarly to the
ranking of risks. On this step fuzzy approach can be applied. The most important of the
actions are selected for placement in the PDPC chart. The number of possible actions for

each risk, usually, not more than three are selected.

10 . Preventive actions are included into the plan under the relevant risk events.
In order to differ these actions from their elements of the plan, it is also desirable to
highlight them visually. The result is a diagram of the decision-making PDPC combined

with the work plan.

11. According to the results of PDPC constructing actions that will ensure the

proper performance of the process are being made (Fig. 29) [82].

Actions may include:
(1 changing of the work specified as the original version of the plan, so as to be

able to eliminate or modify the operation with high risk;
(1 adding new elements to the plan - such as additional control actions;

(1 preparation of situation plans that will only be used in case of a particular risk

event.
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Figure 29. Defined structure of PDPC Chart

4.3.2 Fuzzy approach to Process Decision Program Chart

The use of fuzzy logic is presented when specifying the significance of the risks
performed in the design of the PDPC chart. Then the most significant risks are found

using fuzzy approach and placed into the PDPC chart.

First, a fuzzy rating scale for severity analysis was created, and then linguistic
variables and the corresponding fuzzy numbers must be established. Table 14 presents
Ratings (linguistic variables) along with the corresponding values (severity of risks) and
fuzzy numbers used to assess severity of risks. Fuzzy ratings on a ten-point scale for the
severity of risks are given in the table. Variables x; ... x,, are severity of risks. Variable

R; ... R, are fuzzy numbers.

Table 14. Example of a fuzzy rating scale for the risks severity

Rating Severity of risk Fuzzy number
None X Ry

Very minor b R,
Minor X3 R3
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Very low X4 Ry
Low X5 Rs
Moderate Xg R¢
Strong effect X7 R,
High Xg Rg
Very high Xq Rg
Catastrophic X10 Rig

After the rating scale is completed, the brainstorming team analyzes the level of

severity for every risk.

Based on the data from Table 19, membership functions for risk severity are
created (Figure 30). There are now several fuzzy sets of numbers representing the fuzzy
character of the membership options, because the linguistic variable does not indicate a

particular number.

Very , _ Strong . Very
None T Minor  Very low Low Moderate Fifect High high Catastrofic
1(x) 1
=
=
B
=
B
=
-g
Y
=
X
1 2 3 4 5 [/ 7 8 2 10

Figure 30. Membership functions of timing analysis fuzzy ratings

The relative importance of the seven members of the brainstorming group is

shown in Table 15, which also specifies member opinions about considered risk.
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Table 15. Importance weights for brainstorming team members

Member Ne Member relative Opinion Fuzzy number
weight (linguistic variable)
™ 1 174 Opinion 1 R,
™ 2 w, Opinion 2 R,
™ 3 |78 Opinion 3 R4
TM 4 w, Opinion 4 R,
TM5 Wy Opinion 5 R;
T™M 6 W Opinion 6 R¢
™7 w, Opinion 7 R,
™™ 8 We Opinion 8 Rg

Considered only one risk from the list of risks. Let R, ;; = (R Rigyw Rigu)
be the fuzzy ratings of the ith fuzzy variable. Let TM,..., TM , are team members of the

brainstorming group with the relative importance weights W, ,..., W respectively, where

> w, =1 and W; >0 forj=1,....m.

Table 16 below shows aggregated fuzzy assessment information for the severity
of risk of the assumed problem. The importance weight of each member of the group was

also taken into account to obtain results that are more precise.

Table 16. Example of fuzzy assessment information for the risk severity

Member Importance weight Fuzzy rating Severity of risk
Member 1 Wy Ry Ri(l)Wl
Member 2 w, Riez) Ri(Z)WZ
Member 3 Ws Ri@s) Ri(3)W3
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Member 4 w, Ry RiaW,
Member 5 Wi Ri(s) Ri(S)WS
Member 6 We Ri) Ri(G)W6
Member 7 w; Ricz) Ri(7)W7
Member 8 W Ris) Rie)Ws
Results R

Result (R) of a risk severity was found using formula 9. Figure 31 shows the
membership function (triangular structure) of the risk severity. Since the time rating scale
is fuzzy, the obtained result is a fuzzy number. A triangular fuzzifier was applied to the

result.

To complete the assigned task, a defuzzification method is applied to the results.
Defuzzification method Mean of maximum is chosen as the easiest and precise way to
defuzzify the result to the crisp number. In case of a triangular membership function the
highest degree of fulfillment are taken into account. Then if it is assumed that the result

is crisp defuzzified value is x* and fuzzy set is (a,b,c), then x* = b (Fig. 31).
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Figure 31. Membership function of optimum time of a process

73



4 Management and planning tools selected for enhancement using fuzzy approach

4.3.3 Application of PDPC to the Joining Based on the Wave Soldering process
with Support of Fuzzy Logic

Process decision program chart (PDPC) is constructed to identify potential
problems in the course of execution of the work plan for the joining based on the wave
soldering process and implement preventive actions to eliminate them. When a plan of
work is ready, PDPC helps to identify risks and develop counter-measures (preventive
actions) [8].

Double-sided PCB assembly (Through hole technology and surface mount
technology) is considered. PDPC diagram consists of 4 operations, as you can see on the
following figures 32-35. First and third operations are acted on one side of the PCB and

Second and fourth operations are acted on the other side of the PCB:

Too big amount of solder
paste

— Shifted print |
—

Rotated print I

_I Print of solder paste

shifted component I
—| Components mounting
— |

Rotated component
—| Hot air soldering k

Through haole

First side action I—_

meounting of
components and its
fixation

Too high temperature

Too low temperature I

Too high melting time |

[ 1]

Too low melting time I

Lead bending |

Figure 32. First step for PDPC of the double-sided PCB assembly
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—| Adhesive application

Surface mounting of

=1 Second side action

components

Too small amount of an
adhesive

Too big amount of an
adhesive

Adhesive application
position is shifted

—l Curing of adhesive

A

Shifted component

_I Rotated component I

—| Too high curing temperature I
—| Too low curing temperature I

] - - -
1 Too high curing time I

—| Too low curing time I

Figure 33. Second step for PDPC of the double-sided PCB assembly

First side action

Through whole mounting of

heavy components

Lead bending

Figure 34. Third step for PDPC of the double-sided PCB assembly

Second side action I—I

Wave soldering

S

Removing the components
[demolition)

_| Bridge forming I

Low wettability (i.e. due to

Inappropriate scldering flux
or corrosion of joined
contacts}

Component damage | i.e. due
to inappropriate conditions
of soldering or component

Figure 35. Fourth step for PDPC of the double-sided PCB assembly

At the moment it is necessary to analyze all listed risks and define which of those

should be added to the PDPC chart and which should be neglected. To simplify the
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process, a fuzzy rating scale is created (table 17), that will be done by the brainstorming

team for the risk analysis.

Table 17. Fuzzy rating scale for the risks severity

Rating Severity of risk Fuzzy
number
None Risk can be accepted without any preventive (1;2)

action, no need to add the risk to the PDPC.

Very minor Risk can be accepted without any preventive (1;2;3)
action, no need to add the risk to the PDPC.

Minor Risk can be accepted without any preventive (2;3;4)
action, no need to add the risk to the PDPC.

Very low Risk can be accepted without any preventive (3;4;5)
action, no need to add the risk to the PDPC.

Low Risk can be accepted without any preventive (4;5;6)
action, no need to add the risk to the PDPC.

Moderate Risk cannot be accepted. Preventive actions must (5;6;7)
be assigned. Must be added to the PDPC.

Strong Risk cannot be accepted. Preventive actions must (6;7;8)
be assigned. Must be added to the PDPC.

High Risk cannot be accepted. Preventive actions must (7:8;9)
be assigned. Must be added to the PDPC.

Very high Risk cannot be accepted. Preventive actions must (8;9;10)
be assigned. Must be added to the PDPC.

Catastrophic Risk cannot be accepted. Preventive actions must (9;10)
be assigned. Must be added to the PDPC.

After the rating scale is completed, the brainstorming team analyzes the level of

severity for every risk.
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Based on data from table 17, membership functions for risk severity are found
(Figure 36). There are now several fuzzy sets of numbers representing the fuzzy character
of the membership options, because the linguistic variable does not indicate a particular

number.

Very ) . Strong . Very
None - Minor Very low Low Moderate Ffact High high Cataztrofic

Membership degree

1 2 3 4 5 6 7 8 9 10

Figure 36. Membership functions for risk severity

Then every team member announces the judgement for every listed risk and it is
described by a fuzzy number. In the next part a fuzzy analysis of a risk of failure when

Too small amount of solder paste is printed on the PCB pads.

The relative importance of the eight members of the brainstorming group is

shown in table 18, which also specifies member opinions about considered risk.

Table 18. Importance weights for brainstorming team members

Member Ne Member relative weight Risk severity
Member 1 10% Low
Member 2 5% Very minor
Member 3 25% Moderate
Member 4 5% High
Member 5 35% Strong effect
Member 6 10% High
Member 7 5% Low
Member 8 5% Moderate
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As it was just noticed we consider only one risk from the list of risks. Let

Riiy = (RiyRigpm - Rigu) e the fuzzy ratings of the ith fuzzy variable.
™, TM,,TM,;,TM ,,TM ., TM,TM,TM are the members of the brainstorming group

with the relative importance weights

W, =0.1,W, = 0.05W, =0.25W, = 0.05W, =0.35W, =0.10,W, =0.05W, =0.05

respectively, where ZLWJ. =1 and w, >0 for j=I,..m. Based upon these

assumptions, the fuzzy analysis of brainstorming can be defined by the formula 9.
Table 19 shows results of the brainstorming and the following fuzzification of the

results for further mathematical treatment. That is, the terms are converted to fuzzy

numbers.

Table 19. Fuzzification of brainstorming results

Member Ne | Linguistic variable Fuzzy number
Member 1 Low (4:;5;6)
Member 2 Very minor (3;4;5)
Member 3 Moderate (5:6;7)
Member 4 High (7;8;9)
Member 5 Strong effect (6;7:;8)
Member 6 High (7;8;9)
Member 7 Low (4;5;6)
Member 8 Moderate (5;6;7)

Table 20 below shows aggregated fuzzy assessment information for the assumed
problem. The importance weight of each member of the group was also taken into

account to obtain more precise results.
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Table 20. Fuzzy assessment information for the risk severity

Member Importance Fuzzy rating Assessment of duration of
weight action BC
Member 1 10% 4 5 6 0.4 0.5 0.6
Member 2 5% 3 4 5 0.15 0.2 0.25
Member 3 25% 5 6 7 1.25 15 1.75
Member 4 5% 7 8 9 0.35 0.4 0.45
Member 5 35% 6 7 8 21 2.45 2.8
Member 6 10% 7 8 9 0.7 0.8 0.9
Member 7 5% 4 5 6 0.2 0.25 0.3
Member 8 5% 5 6 7 0.25 0.3 0.35
Results 54 6.4 7.4

Result of a risk severity was found. Figure 37 shows the membership function
triangular structure) of the risk severity. Since the time rating scale is fuzzy, the obtained
result is a fuzzy number, namely (5.4; 6.4; 7.4). A triangular fuzzifier was applied for the

result.

To complete the assigned task, a defuzzification method is applied to the results.
Method of Mean of maximum is chosen. In case of a triangular membership function the
highest degree of fulfillment are taken into account. Then if it is assumed that the result

is crisp defuzzified value x* and fuzzy set is (5.4, 6.4, 7.4), then x* = 6.4.

Result shows that the risk severity is moderate (Table 17), that means that risk
Too small amount of solder paste is printed on the PCB cannot be accepted. Preventive
actions must be assigned and this element must be added to the PDPC chart. Thus, the

failure should be taken in consideration in future discussion.
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Figure 37. Membership function of the risk severity

Such approach should be applied to every risk, and all risk having higher severity
should be added to the PDPC chart.

4.3.4 Comparison and discussions

Typical process decision program chart (PDPC) is a tool that helps to identify
possible problems that may arise during implementation of planned activities and as well
as to propose appropriate measures. Using of PDPC can minimize the risk of problems
occurrence during the implementation of the planned activities.

PDPC diagram is mainly used in cases where it is a new task or new conditions
of its solutions, plan of activities is a complex, high risk of failures occurrence or the goal
achieving has strict deadlines. Processed PDPC diagram forms the basis of preventive
actions plan against the possible problems and contributes significantly to "prosper doing

right things at the very beginning".

The fuzzy approach brings new light to the meaning of PDPC chart. It gives more

precise outgoing information, which leads to improvement of quality of a process.

Like any other quality management tools, PDPC chart tool has its drawbacks.
During making PDPC chart for the multi-functional or multi-step process it can happen
that the chart will be so big containing a lot of information, that it will be very difficult
to analyze and take into account all the details. It will be time consuming to analyze all
the chart elements and with adding of preventive actions it will even multiply job in
future. To solve the problem, that is to eliminate a number of elements in the chart, fuzzy
logic was used. It will definitely minimize future job in all directions and decrease costs
for companies. The same brainstorming team that in the preparation of PDPC can be used

for application of fuzzy approach. Fuzzy is used to elimination failures having low
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significance. This way the PDPC diagram is simplified and is more comfort to solve it.
Thus, without the use of fuzzy logic approach to reduce the elements in the chart, the

PDPC chart itself may well prove to be unsuitable for further use.
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5 Conclusion

Together with advances in new materials, processes, and relevant diagnostics,
requirements for quality increase. Volume of information obtained from standard tools
for quality management, such as Ishikawa ones or management and planning quality
control tools, is often no longer sufficient. There are two ways how to improve this
situation: to increase the yield of information of contemporary types of management tools
for quality improvement or develop new tools. It is possible to find in the literature using
fuzzy approach for enhancement of such quality control tools as FMEA, FTA, control

charts, histograms and others.

The thesis is focused on increasing of information yield of three selected types of
managerial quality control tools: affinity diagram, PDPC diagram and arrow diagram by
fuzzy approach. It allows getting more information from these tools than it would be
possible when using the standard procedure. The increase in the volume of information
obtained from these instruments by this way is quite new and is not found in the literature

After short description of tools under examination, a basic principle of fuzzy logic

is presented.

At first fuzzy approach for better analysis of an arrow diagram is presented.
Arrow diagram was used for estimation of the time of repair of a mobile phone at a
mobile phones service center. For the smooth operation of both the client and the mobile
phone repair there is a need to calculate the time of the problem solution as precisely as
possible to meet requirements of a customer. Fuzzy logic as a supporter for arrow
diagram was used in order to estimate the time interval of mobile phone repair more

accurately.

The phone malfunction was caused by its fall into the water. The repair process
consists of several steps. The fuzzy approach was used in the step “Diagnostics with the
goal to find a cause of a problem” in order to improve the estimated time of the
diagnostics that is connected with the highest uncertainty. Just the time of repair, in which
the time needed for diagnostics plays an important role, is one of the most important for

the customer.
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The estimated time of the repair found by using of fuzzy logic was approximately
by 20 % shorter in comparison with the time found by a standard way. As a result, precise
plan of work for achieving the ultimate goals is obtained. This will facilitate calculation
of the total process time.

The second management and planning quality control tool processed by fuzzy
approach is the affinity diagram. The contribution of using of fuzzy approach for

processing of this tool is demonstrated first theoretically and then on a practical example.

An affinity diagram to the adhesive assembly based on electrically conductive
adhesives with the support of fuzzy logic was created. At the beginning subject of study
was determined. Then failures, related to the process, were randomly collected. After a
grouping of data affinity diagram was done, a prerequisite for the application of fuzzy
logic was created. The research in this direction was provided with the goal to estimate
unexpected failures, which are provoked by occurrence of failures in previous operations
or steps. Fuzzy logic was used for estimation of possibility of occurrence a new failure
in an operation “Testing” in dependence on failures, which can occur in steps “Selection
of components” and “Preparation of a surface pad”. To estimate the possibility if the final
resulting issue “High electrical resistance occurs in the operation” occurs in “Testing”
we used brainstorming with using of fuzzy logic. As the result, it was found that this

failure should be taken in consideration for future discussion.

Fuzzy logic solves this problem and helps to estimate failures provoked by
mixing of failures on previous steps and occurred during testing. This will contribute to
prepare preventive actions in time and at the end, less faulty products will be made. Fuzzy
logic combined with the affinity diagram provided in-depth review of the process and
estimated if a failure on a further step/operation of the process is occurred.

At third using of fuzzy logic for improvement of a process decision program chart
(PDPC) formed for electronic assembly based on a wave soldering process is presented.
PDPC helps to identify failures and to create the basis for launching counter-measures

(preventive actions).

During making PDPC chart for the multi-functional or multi-step process it can
happen that the chart focused on failures will be big containing a lot of information, that

it will be time consuming to analyze and take into account all the details. Fuzzy logic
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gives information about significance of individual errors and makes possible simplifying
of the PDPC chart by neglecting of errors or failures of lower significance. It will
definitely minimize future job in all directions and decrease costs for a manufacturer.
Without the use of fuzzy logic approach to reduce the elements in the chart, the PDPC

chart would be very big and it will be complicated to use it.

PDPC diagram is consisting of four steps. The fuzzy logic was used to analyze
one failure from the list and to decide if it should be added to the PDPC chart or not.
High number of different types of failures can occur in a process. Analysis using fuzzy
approach was focused on a case when a too small volume of the soldering paste was
applied. It was found that the failure based on too small amount of solder paste is a
significant failure and must be involved into the PDPC chart. Preventive actions must be

assigned.

Such the approach should be applied for every type of a failure and all failures
having higher severity should be added to the PDPC chart.

As the result of the thesis, we got working mechanism of quality control tools
with approach of fuzzy logic. The practical solution for arrow diagram, affinity diagram
and PDPC diagram was demonstrated on data obtained from mentioned real processes.
The presented approach can be used for any technological or other type of a process to
improve the information yield from these processes. It can be concluded that set goal of
the thesis to extend the usage of the fuzzy logic to the selected quality control tools, such
as affinity diagram, arrow diagram and process decision program chart was achieved,

and new approach to processing of these tools was presented.
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