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Product & Process Performance Investigation
by Designed Experiments
(Taguchi Approach)

Design of Experiments (DOE) is powerful statistical technique for study of multiple variables
simultaneously. Designed for production and quality specialists, this session offers opportunities to
learn and apply the Taguchi experimental design techniques for economically solving engineering and
production problems.
When is a problem a PROBLEM? A vast majority of the “Problems” in the manufacturing floors are of
two kinds. The first situation is where nobody seems to have an answer. And the other kind is where
everyone claims to have an idea, but none seem to work as a permanent solution. So, how do you
attack such problems? Solutions based on opinion or past experience may not cure the problem and
you don’t seem to have time to take a close look at the problem. What you need is a structured and
objective approach. Use of Design of Experiments can help you create such a structured and
economical strategy. Attendees this session learn how to handle production and manufacturing
problems permanently with minimum time in experimenting.
Areas of Discussion
 Overview- concepts of quality engineering
 Measuring cost of quality by Loss Function
 Review basic concepts in experimental design
 Project objective Evaluation Criteria
 Experiments designed using orthogonal arrays
 Experiments to study interaction
 Basic analysis and strategy for experimentation
 Strategy for Robust Designs
- New attitude toward uncontrollable factors
- Outer array for robust design
 Class project & presentation by the groups
This seminar is intended for product/process design engineer, R&D scientists, production, and QA
personnel, manager, director or senior engineer and technicians who wish to lead teams for
investigation of engineering and production problems, would benefit from this course.
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Principal Instructor’s Background
Ranjit K. Roy, Ph.D., P.E. PMP (Mechanical Engineering, president of NUTEK, INC.),
is an internationally known consultant and trainer specializing in the Taguchi approach of quality
improvement. Dr. Roy has achieved recognition for his down-to-earth style of teaching of the
Taguchi experimental design technique to industrial practitioners. Based on his experience with
a large number of application case studies, Dr. Roy teaches several application-oriented
training seminars on quality engineering topics.
Dr. Roy began his career with The Burroughs Corporation following the completion of graduate studies
in engineering at the University of Missouri-Rolla in 1972. He then worked for General Motors Corp. (1976-1987)
assuming various engineering responsibilities, his last position being that of reliability manager. While at GM, he
consulted on a large number of documented Taguchi case studies of significant cost savings.
Dr. Roy established his own consulting company, Nutek, Inc. in 1987 and currently offers consulting,
training, and application workshops in the use of design of experiments using the Taguchi approach. He is the
author of A PRIMER ON THE TAGUCHI METHOD - published by the Society of Manufacturing Engineers in
Dearborn, Michigan and of Design of Experiments Using the Taguchi Approach: 16 Steps to Product and
Process Improvement published (January 2001) by John Wiley & Sons, New York. He is a fellow of the American
Society for Quality and an adjunct professor at Oakland University, Rochester, Michigan.
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SEMINAR SCHEDULE

Product & Process Performance Investigation with Designed Experiments
(1-day and 2-day seminars)
(All classes run from 8:00 a.m. - 5:00 p.m. unless otherwise specified. Lunch is from 12:00 p.m. to
1:00 p.m.)

Topics
Day 1
• Introduction
• Definition of Product & Process Problems
• Assumption and Expected Solution
• Strategy and Approach
 Experiments Using Standard Orthogonal Arrays
• Design of Experiment Basics
• Experiments with 2-level Factors
• Full Factorial Design with Seven 2-level Factors
• Tools for Experiment Designs
• Three Major Steps in Applications
• Procedure for Experiment Planning (Brainstorming)
• Results with Multiple Criteria of Evaluations
• Analysis of Results
• Experiment Designs with Larger Number of Factors
• Basic Experiment Design and Analysis Strategy
Day 2
 Designs with Interactions
• Understanding Interations
• Scopes of Interaction Studies
• Experiment Design for Interaction Studies
• Application Examples
• Testing for Presence of Interaction
• Correction of Performance Prediction Based on Interaction
Topics for Future Studies (Not covered in 2-day session)
• Designs with Mixed Levels and Interactions
• Analysis of Variance (ANOVA)
• Robust Design Principles
• Quantification of Benefits from Performance Improvement
• Qualitek-4 software (when purchased by the sponsor)
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Module - 1
Overview and Approach

Performance Problems & Strategy for Solution
Among many kinds of problems on the production floor, most common are those that appear to have
either many possible solutions, or no obvious one. Such problems are likely to emerge intermittently
or appear and disappear in an unpredictable manner and can be the cause for much scraps and
reworks. Finding a permanent fix for problems of this type may save significant money for your
company.

Most problems occur and are
routinely solved everyday.
When issues we care about,
but are not solved, should
receive priority. Such problems
remain unresolved, mainly
because no one seem to have
a satisfactory solution. It is in
these circumstances that the
likely solution is found by by
finding a proper combination of
the existing parameters with
influence on the performance.
A sure way to determine such
a possible solution is to study
the system with a limited
numberof experiments. One
efficient wayto layout
anexperimental study is to use the orthogonal arrays presciobed by Dr. Genechi Taguchi.
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Most common problems fall in these
three types shown in the slide..

Some examples of the tree types of
problems are shown in the slide at right.
More of the technical issues
encountered in the production floor are
of Natural type. These type problems
are generally related to the variation in
performance.
A common strategy to address the
problems caused by variability is to
reduce variation around the target
performance. This involve (a) bringing
the mean performance to the center,
and (b)reducing variability around the
mean.
The statistical technique known as the Design of Expe
riment (DOE) can be used to experimentally study the process and determine a desirable process
parameter combination. A standardized version of the DOE technique as prescribed by Dr. Genechi
Taguchi, makes its application and analysis much easier, and is the subject of discussion in this
seminar.

1.1 What is The Taguchi Approach and Who is Taguchi?
Design of Experiments (DOE) using Taguchi Approach is a standardized form of experimental design
technique (referred as classical DOE) introduced by R. A. Fisher in England in the early 1920’s. As a
researcher in Japanese Electronic Control Laboratory, in the late 1940’s, Dr. Genichi Taguchi devoted
much of his quality improvement effort on simplifying and standardizing the application of the DOE
technique. Although Dr. Taguchi successfully applied the technique in many companies throughout
the world, it was introduced to USA and other western countries only in the early 1980’s.
How can we improve quality in all phases of design and manufacturing?
What can we do to affect quality in Design and Production?
What is an efficient way to address the problems we encounter in production process?
These are some of the questions addressed by Design of Experiment using the Taguchi Approach.
Why?
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Below are some of therationale for using the Taguchi’s experimental design technique for problem
solving. .
Why you should apply DOE/Taguchi technique?
- Improve consistency of performance and reduce cost
- Build insensitivity (Robustness) towards the uncontrollable factors
- Solve production and manufacturing problems
Where should apply?
- Optimize Designs using analytical simulation studies
- Select better alternative in Development and Testing
- Optimize manufacturing Process Designs
- Determine the best Assembly Method
- Solve manufacturing and production Problems
What's new in the Taguchi approach?
- New Philosophy
* Timing for addressing quality issues (Building quality into design)
* Estimating the cost of lack of quality
* General definition of quality
- New Discipline
* How to work as a team and decide things together by consensus
* How to be proactive and objectively plan experiments
- Simpler and Standardized experimental technique

1.2 The New Approach to Problem Solving
Often manufacturing specialists
experience difficulties resolving critical
production and manufacturing
problems. Many manufacturing and
production processes suffer from
undesirable variations, rework, and
rejects. Many other processes like
automobile axle/wheel alignment, suffer
from unacceptable first time capability.
Most of these problems have variation
as the root cause.
Such chronic production problems are
like leaky water faucets. Longer you
postpone, more it hurts your bottom
line. While many problems may be resolved by common problem solving disciplines, there are a
few that require special techniques. Fortunately, the solution to most such engineering problems
lies in the collective experience and skill of your technical professionals.
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Many problems are
caused by factors that
are not controllable or
even unknown. These
factors are referred to
as noise factors by
Taguchi. Influence of
noise factors makes
performance
irratic
and
unpredictable.
The noise factors are
tye primary reason for
variation
in
performance.
The
permanent way to
reduce the variability
is to eliminate the
effects of the factors
that cannot be control.
The conventional practice to address the variability issues has been to finding the root causes of
the problem and attempt to eliminate them. Unfortunately, thgis kind of approach often des
produce long lasting solution as the noise factors are numerous and their effects
uncomprehended.
Taguchi has prescribed a
special way to deal with
them. In his robust design
strategy, he recommends
a methods to reduce the
influence
of
the
uncontrollable
factor,
instead
of
incurring
expenditures to control
them.
Application of the DOE
technique in numerous
science and technology fields over last few decades have demonstrated success in solving industrial
proble,ms. The solutions in many cases have been found by simply adjusting the respective factors
that influence the outcome as determined from experimental studies. However, to go after solution to
complex problems require following some proven & structured thought process for planning
experiment. As part of this seminar, you will learn how to facilitate experiment planning sessions with
your project team to determine the scope of the studies.
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Time and budget
constraints
usually
dictate the nature of
problem
solving
effort. Some of the
characteristics
identified in the slide
at right are common
to most projects.

The Old Ways and the New Discipline
The Taguchi method is
most effective when
experiments
are
planned as a team and
all decisions are made
by consensus. The
Taguchi
approach
demands a new way of
working together as a
group while attempting
to apply the technique
in
the
industrial
applications. The major
difference
can
be
understood
by
comparing the new
method with the old
approach.

Why?

Nutek, Inc. All Rights Reserved

Production Problem Solving by Designed Experiments

Rev:0808

Where?
Manufacturing
Development
Design

Solve Problems
Optimize products

Module 1: Overview and Approach

Where does DOE fit in the bigger picture?

Page 1 - 6

There are a number of tools and
techniques available for addressing
quality and problem solving issues.
For most benefit proper technique
must be applied for resolving an
issu.
Disciplines like Six Sigma, TQM,
ISO 9000, QS-9000 are common
disciplines employed by businesses
today. DOE, SPC, FME are special
technical
skills
needed
to
accomplish the objectives of the
any of the disciplines adopted by a
company.
Often,
the
quality
disciplines employed (the umbrella)
change over time, but the
supporting techniques do not.

Nutek, Inc.

The Taguchi method is most effective when experiments are planned as a team and all
decisions are made by consensus. The Taguchi approach demands a new way of working
together as a group while attempting to apply the technique in the industrial applications.
The major difference can be understood by comparing the new method with the old
approach.
Traditional (old approach) has the following characteristics:
Typical Old Approach (Series Process)
•
•
•

•

Work alone with a few
people
Wait for problems to
occur
Follow experienced
based and intuitive
fixes
Limited investigation
and experiments

Nutek, Inc.

For best results, the recommended practice is to follow the new disciplines of working together and
follow the rigid structure (Five steps, 5P’s) to plan experiment and analyze the results.
Why?
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New Discipline
o Work as a team and decide things together by consensus
o Be proactive and objectively plan experiments
Five-Phase Application Process
•

•

•
•
Nutek, Inc.

Experiment planning is the
necessary first step (with
many people/team and use
consensus decisions)
Design
smallest
experiments
with
key
factors
Run experiments in random
order
Predict and verify expected
results
before
implementation.

Application Activities
•
•

Phase I PLANNING (Brainstorming with the team)
Establish performance evaluation criteria (quality characteristics), factors, levels,
and scopes of the study (no. of experiments, sample required).

•
•

Phase II PRESCRIBING (Designing experiments)
Design and describe the experiments to be conducted

•
•

Phase III PERFORMING (Conducting experiments designed)
Conduct experiments as per the trial descriptions

•
•

Phase IV PREDICTING (Analysis of results and predicting performance)
Perform complete analysis and determine best design (optimum condition). - Predict
the expected performance with confidence interval. - Establish relative influence of
factors

•
•

Phase V PROOVING (Confirming the predicted performance)
Run multiple samples using the design prescribed by the OPTIMUM condition and
compare results with the estimated PERFORMANCE
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1.5 New Definition for Quality of Performance

What’s New? Definition of Quality
* CONSISTENCY OF PERFORMANCE: Quality may
be viewed in terms of consistency of performance. To be
consistent is to BE LIKE THE GOOD ONE’S ALL THE
TIME.
* REDUCED VARIATION AROUND THE TARGET:
Quality of performance can be measured in terms of
variations around the target.

Taguchi offered a general definition
of quality in terms of consistency of
performance:
•
•
•

•
Nutek, Inc.

Perform consistently on the
target.
To be consistent is to be on
the target most of the time.
Consistency is achieved
when variation of
performance around the
target is reduced.
Reduced variation around
the target is a measure of
how consistent the
performance is.

Goals of quality, defined as consistency of performance, can be improved by:
Looks of Improvement
•

Reducing the distance of
the population mean to the
target
and/or

•

Minimizing the variation
around the target

(Standard deviation is a measure of
variation)

Nutek, Inc.

The method for achieving performance on the target and
reduce variation around the target (or mean when target is
absent), is to apply the DOE technique. The Taguchi
version of the DOE makes it easy to learn the technique
and incorporate the effects of causes of variability (noise
factors) for building robust products. When products are
made robust, the variability in performance is reduced.
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Strategy for improvement:

Being on Target Most of the Time
•

•

The
strategy
for
improvement (variation first
or mean first) depends on
the current status of
performance.
No
matter
the
path
followed, the ultimate goal
is to be on the target with
least variation.

Nutek, Inc.

1.7 New Methods for Experiment Design and Analysis

What’s New? Simpler and Standardized DOE.
- APPLICATION STEPS: Steps for applications are
clearly defined.
- EXPERIMENT DESIGNS: Experiments are
designed using special orthogonal arrays.
- ANALYSIS OF RESULTS: Analysis and
conclusions follow standard guidelines.

Nutek, Inc.

Upon years of research, Taguchi
offered a much simplified and
standardized
methods
for
experiment designs and analyses
of results.
•
•

•

Follow standard steps for
experiment planning.
Use of orthogonal arrays
created by Taguchi makes
experiment designs a
routine task.
A few basic steps using
simple arithmetic
calculations can produce
most useful information.
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Simpler and Standardized DOE Methodologies
•
Dr. Taguchi made considerable effort to simplify the
methods of application of the technique and analysis of the
results. However, some of the advanced concepts proposed
by DR. Taguchi require careful scrutiny.
•
“Things should be as simple as possible, but no simpler.”
- Albert Einstein
•
Nutek, Inc.

Simple
designs
using
standard orthogonal arrays
that are applicable in over
60% of the situations are
extremely simple.
Experiment designs with
mixed
level
require
knowledge
of
the
procedures for modification
of the standard arrays
Robust designs for systems
with
dynamic
characteristics require good
knowledge of the system.

There are a number terms that are used to describe the Taguchi modified design of experiment
technique. The materials covered in this seminar are part of what he called Parameter Design.
When you read books and other literature on the Taguchi methods, you will encounter some of the
terms that are indicated here.

DOE - the Taguchi Approach - Seminar Contents
•
-

-

PARAMETER DESIGN: Taguchi approach
generally refers to the parameter design phase of
the three quality engineering activities (SYSTEM
DESIGN, PARAMETER DESIGN and
TOLERANCE DESIGN) proposed by Taguchi.
Off-line Quality Control
Quality Loss Function
Signal To Noise Ratio(s/n) For Analysis
Reduced Variability As a Measure Of Quality

•

The parameter design and
other
product
design
improvement activities are
also known as off-line
quality control effort.
Signal-to-noise ratio and
Loss Function are also
terms very specific to the
Taguchi approach.

Nutek, Inc.
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The application follows standard set of steps. The experiment planning, the first step is the most
value-added activity.

How Does DOE Technique Work?

The way it works:
•

-

-

An experimental strategy that determines the
solution with minimum effort.
Determine the recipe for baking the best
POUND CAKE with 5 ingredients, and with
the option to take HIGH and LOW values of
each.
Full factorial calls for 32 experiments.
Taguchi approach requires only 8.

•
•
•
•

Hold formal experiment
planning
session
to
determine objectives and
identify factors.
Lay out experiments as per
the prescribed technique.
Carry out experiments
Analyze results
Confirm recommendations.

Nutek, Inc.

1.7 Example Application – Pound Cake Baking Process Study
DOE can conveniently study the effects of ingredients in a cake baking process and determine the
optimum recipe with a smaller number of experiments. You should easily understand how the
factors and levels are defined in this example. You should also have an appreciation about how few
experiments among a larger number of possible conditions that are needed for the study.

Experiment Factors and their Levels
•

•

•

•
Nutek, Inc.

Factors are synonymous to
input, ingredient, variable,
and parameter.
Levels are the values of the
factors used to carry out
the experiment (descriptive
& alphanumeric)
Five factors at two levels
each can produce 25 = 32
different cake recipes.
Only 8 experiments are
carried out in the Taguchi
approach.

In the Taguchi approach, only a small fraction of all possible factor-level combinations are tested in
the study. Depending on the number of factors, the fraction of all possible experiments that are
Why?
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carried out (may be viewed as experimental efficiencies) will vary. The larger the number of factors,
smaller is the number of fractional experiments. The efficiency with which the experiment designed
using the Taguchi orthogonal arrays produce results is analogous to the way a Fish Finder (an
instrument used by fishermen) helps track a school of fish.

Orthogonal Array - a Fish Finder
•

•

•

The lake is like all possible
combinations (called fullfactorial)
The big fish in the lake is
like the most desirable
design condition.
The Fish Finder and the
fishing net are like the
Taguchi DOE technique.

Nutek, Inc.

There are a number of reasons why the Taguchi technique is popular with the industrial
practitioners.
Why Taguchi Approach?
-

Experimental efficiency
Easy application and data analysis
Higher probability of success
Option to confirm predicted improvement
Quantified improvement in terms of dollars
Improve customer satisfaction and
profitability

•
•
•
•

•

Easy to learn and apply.
Generally a smaller number
of experiments are required
Effects of noise are treated.
Improvement
can
be
expressed in terms of
dollars.
Unique strategy for robust
design and analysis of
results.

Nutek, Inc.
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DOE-I
Covers basic concepts in
design of experiments. It puts
considerable emphasis on
experiment planning and
covers interaction studies
and mixed level factor
designs.

Nutek, Inc.

DOE-II
This session is dedicated for advanced concepts. Building
robustness in products and processes with static and dynamic
systems are covered here.
1.
2.
3.
4.
5.

1. Experiment using
Std. Orthogonal
Arrays
2. Main effect studies
and optimum
condition
3. Interactions
4. Mixed level factors

Noise Factors, S/N, Analysis
Robust Designs, ANOVA
Loss Function
Problem solving
Dynamic Characteristics (DC)

Why?
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Seminar Objectives
•
What Will The
Course Cover?

What Will You
Learn?

How To Design Experiments Using Taguchi Approach.
- Use Standard Orthogonal Array (OA) For Simple
Design
- Handle Interaction
- Handle Mixed Levels
- Includes Noise Factors/Outer Array (Robust Design)

•

Steps in Analysis of Main Effects and Determination of
Optimum Condition.
- Main effect studies
- Interaction analysis
- Analysis of Variance (ANOVA)
- Signal to Noise ratio (S/N)
- Dynamic Characteristics

•

Learn to Quantify Improvements Expected from Improved
Designs in Terms of Dollars. Apply Taguchi's loss function
to compute
$ LOSS.

•

Learn to Brainstorm for Taguchi Experiments.
Determine evaluation criteria, factors, levels, interactions,
noise factors, etc. by group consensus.

1.9 Key Points in the Taguchi Approach
•
•

¾

¾

Do it up front. Apply quality improvement tools as far up in the design
as possible.
Incorporate the new discipline of working together in project teams and
determine all project related matters by the group consensus.
New Paradigms
Cost and Quality can be improved without incurring additional expense –
Generally quality is achieved at higher cost. How about achieving higher
quality or saving cost without additional expenses? DOE can help you
prescribe such designs.
Problems can be solved economically by simply adjusting the variables
involved – Most problems do not have special causes. Problems that are
variation related can be solved by finding a suitable combination (optimum)
of the influencing factors. When performance is consistent and on target,
problems are eliminated.

Why?
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Project Title - Adhesive Bonding of Car Window Bracket
An assembly plant of certain luxury car vehicle experienced frequent failure of one of the bonded
plastic bracket for power window mechanism. The cause of the failure was identified to be
inadequate strength of the adhesive used for the bonding.
Objective & Result - Increase Bonding Strength
Bonding tensile (pull) strength was going to be measured in three axial directions. Minimum force
requirements were available from standards set earlier.
Quality Characteristics - Bigger is better (B)
Factors and Level Descriptions
Bracket design, Type of adhesive, Cleaning method, Priming time, Curing temperature, etc.
For higher effectiveness:

Example Case Study (Production Problem Solving)

•
•

•

•
Nutek, Inc.

Define and understand
problem.
Study
process
and
determine
sub-activity
which may be the source of
problem.
Apply DOE to this activity
rather than the entire
system.
Go
for
a
quantum
improvement instead of
addressing all issues at one
time.
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Example Case Study (Production Problem Solving)
I. Experiment Planning
Project Title - Clutch Plate Rust Inhibition Process Optimization Study (CsEx-05)
The Clutch plate is one of the many precision components used in the automotive transmission
assembly. The part is about 12 inches in diameter and is made from 1/8-inch thick mild steel.
Objective & Result - Reduce Rusts and Sticky
(a) Sticky Parts – During the assembly process, parts were found to be stuck together with one or
more parts.
(b) Rust Spots – Operators involved in the assembly reported unusually higher rust spots on the
clutch during certain period in the year.
Factors and Level Descriptions (Rust inhibitor process parameters was the area of study.)
Figure 1. Clutch Plate Fabrication Process

Stamping /
Hobbing
Clutch plate
made from
1/16 inch
thick rolled

Rust
Inhibitor
Parts are
submerged
in a
chemical
b h

Deburring
Clutch plates
are tumbled
in a large
container to
remove

Cleaned and dried
parts are boxed for
shipping.

II. Experiment Design & Results
One 4-level factor and four 2-level factors in this experiment were studied using a modified L-8 array.
The 4-level factor was assigned to column 1 modified using original column 1, 2, and 3.

For higher effectiveness:

Example Case Study (Production Problem Solving)
•
•
•
•

Define and understand problem.
Study process and determine sub-activity
which may be the source of problem.
Apply DOE to this activity rather than the
entire system.
Go for a quantum improvement instead of
addressing all issues at one time.

Nutek, Inc.
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Review Questions
1-1: What does Taguchi mean by QUALITY?
1-2: In the Taguchi approach how is QUALITY measured?
1-3: Which statistical terms do you affect when you improve quality and how?
Check all correct answers.
a. ( ) Move population MEAN closer to the TARGET.
b. ( ) Reduce STANDARD DEVIATION
c. ( ) Reduce variation around the target
d. ( ) All of the above
1-4. Based on the Taguchi definition of quality, which set of products would you prefer (a or b)

i)

a:

9

7

11

b: 10 9

8

Ans. ________

ii) Ans:______

a
b

Target
a
iii) Ans:_____

b

Target

1-5: What are the two data characteristics for achieving consistency of performance?
Ans:

______________________

______________________________

Why?
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Module - 2
Experiment Designs Using Standard Orthogonal Arrays
Modern Industrial environments pose experiments of numerous kinds. Some have few factors, some
have many, while there are others that demand factors to have mixed levels. A vast majority of the
experiments, however, fall in the category where all factors possess the same number of levels. In
Taguchi approach a fixed number of orthogonal arrays are utilized to handle many common
experimental situations.

Factor and Level Characteristics
Things you should learn from discussions in this module:
• What are Factors? [ A:Time,
B:Temperature, etc.]
• What are Levels? [A1= 5 sec., A2= 10 sec.
etc.]
• How does continuous factors differ from
discrete ones?
• What are the considerations for determining
the number of Levels of a Factor?
• How does nonlinearity influence your
decision about the number of levels?

Topics Covered:
•
•

•

Basic Experiment
Design Techniques.
Experiments with
standard orthogonal
arrays.
Standard analysis of
experimental results.

Nutek, Inc.

2.1 Basic Concept in Design of Experiments (DOE)
DOE is an experimental strategy in which effects of multiple factors are studied
simultaneously by running tests at various levels of the factors. What levels should
we take, how to combine them, and how many experiments should we run, are
subjects of discussions in DOE.
Factors are variables (also think of as ingredients or parameters) that have direct
influence on the performance of the product or process under investigation. Factors
are of two types:
Discrete - assumes known values or status for the level.
Example: Container, Vendor, Type of materials, etc.
Continuous - can assume any workable value for the factor levels.
Example: Temperature, Pressure, Thickness, etc.
Levels are the values or descriptions that define the condition of the factor held while
performing the experiments.

Examples: Type of Container, Supplier, Material, etc. for discrete factor
200 Deg., 15 Seconds, etc. when the factors are of continuous type.

Module 2: Experiment Designs Using Standard Orthogonal Arrays
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To study influence of a factor, we must run experiments with two or more levels of the
factors. Two is minimum number of levels required to make comparison of the
performance and thereby determine the influence. Why not test at more levels? When
should you consider testing at more than two levels? Results of tests with two levels
produce only two data points. Two data points when joined together represent
influence that behave in a straight line, whether the actual behavior is linear or not. So
what if the actual behavior is non-linear? We can only detect that in the results when
there are more data points generated from tests with factor levels at more than two
levels. Thus, if non-linear behavior is suspected, we should consider testing at more
than two levels of the factor.

While studying the influence of a factor, if we decide to test it at two levels, only two tests
are required. Where as, if three levels are included, then three tests will have to be
performed.
EXAMPLE: Baking Processes at two, three, and four Temperature Settings.

Nature of Influences of Factors at Different Levels
If a factor is tested at two levels, you
are forced to assume that the
influence of the factor on the result is
linear.
When three or four levels of a factor
are tested, it can indicate whether the
factor has non-linear response or not.

Nutek, Inc.

Desirable levels of factors for study (Notes on Slide
above):
• Minimum TWO levels
• THREE levels desirable
• FOUR levels in rare cases
• Nonlinearity dictates levels for continuous
factors only

Factor behavior, that is whether it is
linear or non-linear, plays important
role in deciding whether to study
three or four levels of the factor when
the factor is of continuous type.
The number of levels of a factor is
limited to 2, 3, or 4 in our discussion.

What about influences of other factors? What if we want to study a number of factors together?
How many tests do we need to run?
Consider two factors, A and B, at two levels each. They can be tested at four combinations.

Nutek, Inc. All Rights Reserved
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A1

A2

A => A1 A2

B1

*

*

B => B1 B2

B2

*

*

Four Experiments are:

A1B1

A1B2

A2B1

A2B2

Likewise three factors A, B & C tested at 2-levels each
Requires 8 experiments
Factors:

A: A1, A2

8 Experiments:

B: B1, B2

C: C1, C2

A1B1C1

A1B1C2

A1B2C1

A1B2C2

A2B1C1

A2B1C2

A2B2C1

A2B2C2

Which can be written in notation form as shown below: (use 1 for level 1, etc.)

Combination Possibilities – Full Factorial

Notation and table shown here is a
good way to express the full factorials
conditions for a given set of factors
included in the study
ONE 2-level factor offer TWO test
conditions (A1,A2).
TWO 2-level factors create FOUR (22
= 4 test conditions: A1B1 A1B2 A2B1
and A2B2 ) .

Nutek, Inc.

THREE 2-level factors create EIGHT
(23 = 8) possibilities.

The total number of possible combinations (known as the full factorial) from a given number
of factors all at 2-level can be calculated using the following formulas.
Of course the full factorial experiments are always too many to do.
What is the least number of experiments to get the most information? How do you select
which ones to do?

Nutek, Inc. All Rights Reserved
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With above questions in mind, mainly for the industrial practitioners, Taguchi constructed a set
of special orthogonal arrays. Orthogonal arrays are a set of tables of numbers designated as L4, L-8, L-9, L-32, etc. The smallest of the table, L-4, is used to design an experiment to study
three 2-level factors
The word "DESIGN" implies knowledge about the number of experiments to be performed and
the manner in which they should be carried out, i.e., number and the factor level combinations.
Taguchi has constructed a number of orthogonal arrays to accomplish the experiment design.
Each array can be used to suit a number of experimental situations. The smallest among the
orthogonal array is an L-4 constructed to accommodate three two level factors.
Full Factorial Experiments Based on Factors and
3 Factors at 2 level
4 Factors at 2 level
7 Factors at 2 level
15 Factors at 2 level

23
24
27
215

=
=
=
=

8
16
128
32,768

What are Partial Factorial Experiments?
What are Orthogonal arrays and how are they
used?

The size of the full factorial
experiments becomes prohibitively
large as the number of factor
increase.
For most project studying more than
four factors at two levels each
becomes beyond what project time
and money allow.

Nutek, Inc.

2.2 Experiment Designs with 2-Level Factors
Consider that there are three factors A, B and C each at two levels. An experiment to study
these factors will be accomplished by using an L-4 array as shown below. L-4 is the smallest of
many arrays developed by Taguchi to design experiments of various sizes.
Orthogonal Arrays– Experiment Design Tool

The L-4 orthogonal array is intended
to be used to design experiments with
two or 2-level factors.
There are a number of arrays
available to design experiments with
factors at 2, 3, and 4-level.
The notations of the arrays indicate
the size of the table (rows & columns)
and the nature of its columns.

Nutek, Inc.

(Notes in Slide above)
How are Orthogonal arrays used to design experiments?
What does the word “DESIGN” mean?
What are the common properties of Orthogonal Arrays?

Nutek, Inc. All Rights Reserved
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Properties of Orthogonal Arrays
Array Descriptions:
1. Numbers in array
represent the levels of
the factors
2. Rows represents trial
conditions
3. Columns indicate
factors that can be
accommodated
4. Columns of an OA are
orthogonal
5. Each array can be used
for many experimental
situations

Nutek, Inc.

(Notes in Slide above)
Array Descriptions:
1. Numbers represent factor levels
2. Rows represents trial conditions
3. Columns accommodate factors
3. Columns are balanced/orthogonal
4. Each array is used for many experiments

Key observations: First row has all 1's. There
is no row that has all 2's. All columns are
balanced and maintain an order.
The columns of the array are ORTHOGONAL
or balanced. This means that there is equal
number of levels in a column. The columns are
also balanced between any two. This means
that the level combinations exist in equal
numbers.

Taguchi’s Orthogonal array
selects 4 out of the 8
possible combinations (Full
factorial combinations)

To design experiments, Taguchi has
offered a number of orthogonal arrays
(OA):
OA for 2-Level Factors
OA for 3-Level Factors and
OA for 4-Level Factors

Within column 1, there are two 1's and two 2's.
Between column 1 and 2, there is one each of
1 1, 1 2, 2 1 and 2 2 combinations.
Factors A, B And C All at 2-level produces 8
possible combinations (full factorial)

How does One-Factor-at-a-time experiment differ from
the one designed using an Orthogonal array?

Nutek, Inc. All Rights Reserved
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Orthogonal arrays are used to design
experiments and describe trial
conditions. Experiments design using
orthogonal arrays yield results that are
more reproducible.

Nutek, Inc.

An experiment designed to study three 2-level factors requires an L-4 array which prescribes 4 trial
conditions. The number of experiments for seven 2-level factors which require an L-8 array is eight.
Orthogonal Arrays for Common Experiment Designs
Key idea in selecting the array for the
design is to match the number of
columns required in an array to
accommodate all the factors.

Nutek, Inc.

Y

Ln(X
No. of rows in
the array

)
No. of columns
in the array.

No. of levels in
the columns.

Nutek, Inc. All Rights Reserved

Notice how the complete notation of
the array like L-8 (27) can help you
decide which array to select for the
design. For instance, when you need
to study seven 2-level factors
(decisions about number of factors
and their levels are decide in the
planning session), you would look for
an array for two level factors that has
enough number of columns. As you
review the list of arrays (Appendix –
Reference Materials), from the
notation (27) of L-8, it would be
obvious that it will do the job.
Similarly, when you need to design an
experiment with four 3-level factors,
your choice will be an L-9, as shown
below.

Design of Experiments Using the Taguchi Approach
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Orthogonal Arrays for Common Experiment Designs
Notes
Historical Development of OA
Orthogonal
arrays
were
first
conceived by Euler (Euler's GrecoLatin Squares). OA's are used for
expressing functions and assigning
experiments. (Reference: System of
Experimental Design by G. Taguchi,
pp. 165, also 1021 - 1026 ).
Latin Squares of dimension n x n are
denoted by L1, L2 . . . Ln-1. 3 x 3

Nutek, Inc.

Characteristics of orthogonal array designs are:
•
•
•

Levels appear in equal numbers.
Combination of A1B1, A1B2, etc. appears in equal
numbers.
Effect of factor A can be separated from the
effects of B and C.

L1
1 2 3
2 3 1
3 1 2

L2
1 3
2 1
3 2

_
2
3
1

Orthogonal arrays used by Taguchi
are constructed by combining the
Latin Squares
The development of orthogonal
arrays dates back to times before
Taguchi. Theories and procedures of
orthogonal arrays are beyond the
scope of this seminar.

Orthogonal arrays are used to design the experiment. The word “design” in experimental design,
seeks answers to two questions; how many experiments to do, and in what manner to do them. As
shown below is an example of an experiment design with three factors (A, B, and C) with two levels
in each.
Steps in Experiment Design
Thixxxxx

Steps followed in designing the
experiment are:
1. Select array (L-4 selected)
2. Assign factors (factors A, B,
and C are assigned to
columns 1, 2 and 3
respectively)
3. Describe experimental trial
conditions (conditions are
described by reading the
rows of the array)

Nutek, Inc.
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Steps in Experiment Design (Shown in Slide above)
Step 1. Select the smallest orthogonal array

L-4 Orthogonal Array
Trial # A B C
1
1
1 1
2
1
2 2
3
2
1 2
4
2
2 1

Step 2. Assign the factors to the columns
(arbitrarily)
Step 3. Describe the trial conditions (individual
experimental recipe)
Factors
A:Time
B:Material
C:Pressure

Trial#1: A1B1C1
Trial#2: A1B2C2
Trial#3: A2B1C2
Trial#4: A2B2C1

Level-1
2 Sec.
Grade-1
200 psi

Levl-2
5 Sec.
Grade-2
300 psi

= 2 Sec. (Time), Grade-1 (Material), and 200 psi (Pressure)
= 2 Sec. (Time), Grade-2 (Material), and 300 psi (Pressure)
= 5 Sec. (Time), Grade-1 (Material), and 300 psi (Pressure)
= 5 Sec. (Time), Grade-2 (Material), and 200 psi (Pressure)

Designing Experiments With Seven 2-Level Factor:
Experiments with seven 2-level factors are designed using L-8 arrays. An L-8 array has seven 2-level
columns. The factors A, B, C, D, ... G can be assigned arbitrarily to the seven columns as shown.
Experiment Designs with More Factors?
Thixxxxx

Nutek, Inc.
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Regardless of the size of the number
of factors or the size of the array, the
procedure for experiment design
follows the same three steps outlined
earlier.
(Notes in Slide)
Experiment Designs With Seven 2Level Factor
Experiments with seven 2-level
factors are designed using L-8 arrays.
An L-8 array has seven 2-level
columns. The factors A, B, C, D, ... G
can be assigned arbitrarily to the
seven column as shown. The
orthogonal arrays used in this manner
to design experiments are called
inner arrays.

Design of Experiments Using the Taguchi Approach
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2.3 Full Factorial Experiment Design With Seven 2-Level Factors
If Full Factorial experiments with seven 2-level factors are desired, it can be laid out using the
following scheme. With factors arranged as shown, 16x8 = 128 squares represent the description of
the 128 trial conditions of the full factorial experiments. The spaces marked as Tr#1, Tr#2, etc.
indicate the 8 trial conditions of the experiment designed using the Taguchi orthogonal array. Note
that the best condition is one among the 128 conditions which may or may not be one of the 8
conditions described by the orthogonal array design.
Full Factorial Arrangement with Seven 2-level Factors

This layout is graphical way of
showing how few among how many
possible experiments are done when
an orthogonal array is used for the
design. Now that you have a bigger
picture of the full-factorial experiment,
the following questions can be raised.
Where is the optimum condition?
Is the optimum condition one of the
trial condition?

Nutek, Inc.

(Notes on Slide)
Factors A, B, and C along the horizontal at two levels
each.

Answer to these questions will be
obvious as you learn how to analyze
the results.

Factors C, D, E, and F are along the vertical direction
with two levels of each.
(The arrangement shown above breaks the rectangle in
128 smaller blocks.)

Standard Notations for Orthogonal Arrays
Symbol

L n (XY)

Where

n = Number of experiments
X = Number of levels
Y = Number of factors

L8 (27),

8 = Number of experiments
2 = Number of levels
7 = Number of factors

Nutek, Inc. All Rights Reserved
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Common Orthogonal Arrays
The seven orthogonal arrays shown
here are the most commonly used
arrays.

Thixxxxx

Nutek, Inc.

2.4 Sample Demonstration of Experiment Design and Analysis
When applying the technique to experiments of any size, you will benefit more when you follow
the Five-Phase Application Process described earlier.

Planning Before Designing Experiments
PLAN
• Identify Project and Select Project Team
• Define Project objectives Evaluation Criteria
• Determine System Parameters (Control Factors,
Noise Factors, Ideal Function, etc.)
DESIGN
• Select Array and Assign Factors to the columns
(inner and outer arrays)
CONDUCT EXPERIMENTS
ANALYZE RESULTS
• Factor Effects, Optimum Condition, Predicted
Performance, etc.
Nutek, Inc.

A few things that must be done before
convening the experiment planning
session are:
•

•

Identify the project – select it
based on higher probability of
success and higher return on
investment.
Form team – the project team
must be formed with people
who
have
first
hand
knowledge of the subject
product or process.

To see what is involved in the application steps, we will take a simple process of making popcorn.
Understand that DOE is a technique that can simultaneously study effects of multiple variables,
whether they the object is to study the outcome from a simple process or a complex products with
larger number of factors. Also, for most part, the technique of experiment design and analysis
necessary for a small experiment are also applicable to experiments of much larger size.
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Consider yourself to be part of a
group responsible for adjusting the
performance of the popcorn machine
for a company that is in the business
of selling popcorn. The machine
purchased for production purposes
allows adjustments of a few key
parameters to fine-tune it before
going into production. Among other
objectives, your immediate goal is to
adjust the machine settings such that
the conversion of raw kernels into
popped corn is maximized.

(Notes on Slide)
An ordinary kernel of corn, a little yellow seed, it just sits
there. But add some oil, turn up the heat, and, pow.
Within a second, an aromatic snack sensation has come
into being: a fat, fluffy popcorn.
Note: C. Cretors & Company in the U.S. was the first
company to develop popcorn machines, about 100 years
ago.
This example is used to demonstrate “cradle to grave”,
mini planning, design, and analyses tasks involved in
DOE.
The process of experiment planning is quite involved. In actual project application, the planning
session should take a whole day. The details of planning content and their sequence of discussions
will be covered later in this module. The planning tasks for this example will be quickly mentioned so
that we could concentrate more on understanding the design and analysis tasks involved.
Of course, planning is the first thing you will need to do, and do it right, if it were real life applications.
However, planning discussions will not be meaningful to you unless you had an understanding of the
experiment design and analysis. Thus, the detail planning activities will be discussed after you learn
about experiment design and analysis for the sake of learning the technique in the learning
environment.
Project - Pop Corn Machine performance Study
Objective & Result - Determine best machine settings
Quality Characteristics - Measure unpopped kernels (Smaller is better)
Factors and Level Descriptions
Factor
Level I
A: Hot Plate
Stainless Steel
B: Type of Oil
Coconut Oil
C: Heat Setting
Setting 1
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Level II
Copper Alloy
Peanut Oil
Setting 2
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QC: Unpopped Kernels, Smaller is
better

Thixxxxx
Factors: Three among many selected
Design: L-4 selected for the design.
Factors are assigned to the column
arbitrarily.

Nutek, Inc.

Steps in Experiment Design:
1. Select the most suitable array
2. Assign factors to the column (arbitrarily now)
3. Describe the experiments (Trial condition)

Design Layout (Recipes)
Expt.1: C1 A1 B1 or [Heat Setting
1, Stainless Plate, & Coconut Oil]
Expt.2: C1 A2 B2 or [Heat Setting
1, Copper Plate, & Peanut Oil ]
Expt.3: C2 A1 B2 or [Heat Setting
2, Stainless Plate, & Peanut Oil ]
Expt.4: C2 A2 B1 or [Heat Setting
2, Copper Plate, & Coconut Oil ]

As it is obvious by now, the orthogonal arrays, which are tables of numbers (levels of the factors),
are used to design the experiment that is to know the number of experiments to be tested and their
descriptions. While the number of experiment is defined by the array (of rows of the array) selected,
the description of the experiment is obtained by reading the rows of the orthogonal array along the
horizontal direction. Reading the array across (along the row), the numbers in the array represent the
levels of the factor assigned to the column.

Experiment Design & Results
Thixxxxx

The individual experiments (4 in this
case) in an experiment are called the
Trial condition. Often the character
notions for the description of the trial
condition will suffice for those who are
aware of DOE, but for all to
understand, description in terms of
the actual value of the factor is much
desirable.

Nutek, Inc.
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Suppose that the experiments are carried out by running several samples in each of the trial
conditions and that the averages of results in each trial condition are as shown below (averages: 5,
8, 7 and 4).
Simple analysis (using only arithmetic calculations) of results of the experiments can produce most of
the useful information. Such calculation comprises of calculation of average effects of all factor levels
and the grand average of the results.

Experimental Results and Analysis
Thixxxxx

There
are
seven
separate
calculations are needed in this case.
Grand average of results is obtained
by averaging results of all trial
condition (which is also average of all
trial averages).
Six more calculations are for the
average effects at two levels of each
of the three factors. The average
effect of a factor at a level is
calculated by average all results
containing the factor level of interest.

Nutek, Inc.

Once all the average effects are calculated, for visual presentations and understanding, the factor
average effects are graphed in a suitable scale. It is customary to show the graphs of the factors
side-by-side, as many as possible, in one plot. The spacing between the factor levels, and between
two factors, is arbitrary. However, the spacing between the two extreme levels of the factors should
be maintained the same. For selecting the scale of the ordinate (y-axis) of the plot, note that the
average effects of the two levels for two level factors are spaced equally above and below the grand
average line. Such display of the average affects of factors which indicates the trend of influence of
the factors and is also known as main effect, column effect or factorial effect.

Calculations:
( Min. seven, 3 x 2 + 1)

(Computations for the example application shown in slide)
Trend of Influence: How do the factor behave?

♦

What influence do they have to the
variability of results?

♦ How can we save cost?
Optimum Condition:
♦

Nutek, Inc. All Rights Reserved

What condition is most desirable?

_
C1 =
_
C2 =

(5 + 8) / 2 = 6.5
(7 + 4) / 2 = 5.5

_
A1 =
_
A2 =
_
B1 =
_
B2 =

Design of Experiments Using the Taguchi Approach

(5 + 7) / 2 = 6.0
(8 + 4) / 2 = 6.0
(5 + 4) / 2 = 4.5
(8 + 7) / 2 = 7.5
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Meaning of the Average Effect Plot:
•

Slope of the line is indicative
of the influence of the factor
to the variability of the results.
• Steeper
the
line
more
influential is the factor.
• A line with small angle or
horizontal has less influence
on the variability. Such factor
offers opportunity for cost
saving as the cheaper of the
two levels can be selected for
production process.
The relative influences of the factors
can be used to order the factors in
terms of their influence to the
variability.

Thixxxxx
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(Numbers in slide)
C1 = 6.5, C2 = 5.5
A1 = 6.0, A2 = 6.0
B1 = 4.5, B2 = 7.5

Quality Characteristics:
To determine which among the levels of the factor is most desirable for achieving project
objectives, it is necessary that we establish the Quality Characteristic (QC) applicable. The QC
applicable for the measure of the objective is a function of the measurement and its units used
to evaluate how well the performance satisfies the objective.

Role of Quality Characteristics (QC)
Plays a key roles in:
• Uunderstanding factor influence
• Determination of the most desirable condition.
Quality Characteristics
Examples
• Nominal Is Best: 5” dia. Shaft,12 volt battery, etc.
• Smaller is Better: noise, loss, rejects, surface
roughness, etc.
• Bigger Is Better: strength, efficiency, S/N ratio,
Income, etc.

Incase of the popcorn example,
because we decided to measure the
amount of unpopped kernel, the QC
is smaller is better. If on the other
hand, we had decided to measure the
amount of kernels popped, then we
would have wanted to maximize the
popped kernels and thus QC would
have been bigger is better.

Nutek, Inc.
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From the average effects, and based on the quality characteristic (smaller is better), the most
desirable (optimum) condition is determined. Assuming that the factor contributions to the
improvement are additive, the expected performance (Yopt) at the optimum condition, can be
calculated as shown below. The expected performance so calculated represents only an estimated
as the true nature of the contribution is not known with the data available.

Estimate of Performance at the Optimum

Calculations of factor average effects
produce the following three important
information:

Thixxxxx
1. Factor influence
2. Optimum condition
3. Performance at the optimum
condition.
Optimum Condition: A1 B1 C2
Yopt = 4.0
Nutek, Inc.

Notes in slide:

The estimate of the expected performance obtained carries a statistical meaning which needs to be
understood before proceeding to confirm the prediction of the performance. The performance at the
optimum condition, obviously, is expected to present an improvement over the current status (need
to be assumed or determined). First, we need to interpret the meaning of Yopt, and then determine
the improvement it potentially offers.
Notes:
Generally, the optimum condition will not be one that has already been tested. Thus you will need to
run additional experiments to confirm the predicted performance.
Confidence Interval (C.I.) on the expected performance can be calculated from statistical calculations
called analysis of variance (ANOVA) calculation. These boundary values are used to confirm the
performance.
Meaning: When a set of samples are tested at the optimum condition, the mean of the tested
samples is expected to be close to the estimated performance.
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The calculation of confidence interval
(C.I.) requires advanced analysis of
results using the analysis of variance
(ANOVA, statistical analysis). The
procedures for ANOVA and C.I
calculations are discussed later in this
seminar, DOE-II)
Confidence level (C.L.), say 90%.
Confidence Interval, C.I. = +/- 0.50
(Calculation not shown)

Nutek, Inc.

Expected Performance:
What is the improved performance?
How can we verify it? What is the
boundary of expected performance?
(Confidence Interval, C.I.)

Performance Improvement
Thixxxxx

Commonly, improvement is
expressed as a percentage of the
current value:
Improvement =
(Improved performance – Current
performance)/Current performance

Nutek, Inc.

The first step in every experiment must be the experiment planning discussion with the project team.
We would learn about experiment planning in more details as part of this example.

An Example Experiment
Example 1: Plastic Molding Process
FACTORS and LEVELS
A: Injection Pressure
A1 = 250 psi
B: Mold Temperature
B1 = 150 deg.
C: Set Time
C1 = 6 sec.

A2 = 350 psi
B2 = 200 deg.
C2 = 9 sec.

Factors and levels are some of the
important information obtained from
the experiment planning session.

Where did these factors and levels come from?
How do you determine:
Number of factors to include in the experiment
Number of levels for each factor
The values of the levels - for 2-level factors
- for 3 or 4-level factors

Nutek, Inc.
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2.5 Example 1: Plastic Molding Process Study
A: Injection Pressure
B: Mold Temperature
C: Set Time

A1 = 250 psi
A2 = 350 psi
B1 = 150 deg. B2 = 200 deg.
C1 = 6 sec.
C2 = 9 sec.

Experiment planning (Brainstorming): It is the first step in the application process. Before an
experiment can be planned and carried out, there are questions related to the project of the
nature shown below must be resolved (Evaluation Criteria, Table of overall evaluation criteria,
Factors & Levels, Interactions, Noise factors, etc. )

Panning
Planning–The
–TheEssential
EssentialFirst
FirstStep
Step
Preparation for Meeting
Identify Project
• One that gives “the biggest bang for the buck”.
Form Team (3 – 12 people)
• People with first hand knowledge
• Internal customers
• People responsible for implementation

Experiment planning needs to be a
formally scheduled meeting in which
the scopes of the experiment are
determined. You will benefit more if
you followed the sequence of
discussions prescribed here.

Nutek, Inc.

- How would we evaluate results after the experiments are carried out?
- How do you decide what are the factors?
- How do you determine which factors to include in the study?
- What are the levels of the factors and how are they established?
- How do you plan to measure the performances?
- What are the criteria of evaluation?
- How do you plan to combine them if there are multiple criteria?
Answers to these and many other questions regarding the experiments are resolved
in the experiment planning (Brainstorming) session.

2.6 Steps for Experiment Planning (Brainstorming)
Experimental designs produce most benefits when they are planned properly. For proper planning it
is necessary that a special session is dedicated to discuss various aspects of the project with the
project team and that all decisions are made by the group consensus. The planning session should
be arranged by the leader, and when possible, have someone who is not involved in the project
facilitate the session.
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Topics of Discussions
a) Project Objectives ( 2 - 4 hours)
- What are we after? How many objectives do we wish to satisfy?
- How do we measure the objectives?
- What are the criteria of evaluation and their quality characteristic?
- When there is more than one criterion, would we have a need to combine
them?
- How are the different evaluation criteria weighted?
- What is the quality characteristic for the Overall Evaluation Criteria (OEC)?
b) Factors (same as Variables, Parameters, or Input, 1 - 2 hours)
- What are all the possible factors?
- Which ones are more important than others (Pareto diagram)?
- How many factors can we include in the study?
c) Levels of the Factors ( 1/2 hours)
- How are the levels for the factors selected? How many levels?
- What is the trade off between levels and factors?
d) Interactions (between two 2-level factors, 1/2 hours)
- Which are the factors most likely to interact?
- How many interactions can be included?
- Should we include an interaction or an additional factor?
- Can we afford to study the interactions?

e) Noise Factors and Robust Design Strategy ( 1/2 - 1 hour)
- What factors are likely to influence the objective function, but are not
controllable?
- How can the product under study be made insensitive to the noise factors?
- What are the uncontrollable or Noise factors
- Is it possible to conduct experiments by exposing them to the simulated Noise
conditions?
- Could we go for Robust Design?
f) Experiment and Analysis Tasks Distribution (1/2 hours)
- What steps are to be followed in combining all the quality criteria into an OEC?
- What to do with the factors not included in the study?
- How to simulate the experiments to represent the customer/field applications?
- How many repetitions and in what order will the experiments be run?
- Who will do what and when? Who will analyze the data?
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When starting the planning session, it
is a good idea for the project leader or
the
facilitator
to
offer
an
understanding of the system under
study. A process flow diagram or past
thought process which captured
process variables like fish-bone
diagram & process flow chart are very
useful. It would be helpful for all team
members to have an understanding of
the system in terms of its output and
input variables.

Thixxxxx
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The function of the system under study (product or process) can be viewed in terms of its Process
Diagram which reflects OUTPUT as a result of INPUT and other INFLUENCING FACTORS to the
system. The Process Diagram for the cake baking process is shown below.

Process Diagram
Control Factors
and Levels
* Sugar
* Butter
* Flour
* Milk

Input to the
Process
* Heat/Electricity

System/Process
(Pound Cake Baking Process)

Input

Output

Mixing , Kneading, and
allowing time for baking.

Result ,
Response, Quality
Characteristic, or
Overall Evaluation
Criteria(OEC)
- Evaluation
(Readings)
- Observations

Noise Factors
* Oven Type
* Kitchen Temp
* Humidity
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Project Title: Pound Cake Baking Process Optimization Study
Objective: Determine the recipe of the “overall best” cake.
In the discussions about the objectives, the following types of questions would generally apply to all
projects under study.

Example Experiment Planning
Meeting Topics
Topics
Panning Meeting
Thixxxxx
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(Notes in the slide)
• Are there more than one objective?
• How are the objectives evaluated, measured,
and quantified?
• What are the criteria of evaluation?
• What are the relative weighting of these criteria?

When planning experiments with your
team, you may expect that there will
be more than one objective which the
team members will identify as the
goal of the study. Suppose that for the
baking process, there are three
objectives sought from the cake. The
method of evaluations and units of
measurement of each criteria of
evaluation may be subjective or
objective. They may also have
different units of measurement as well
as different quality characteristic
(direction of desirability).
Criteria of Evaluations:
C1: Taste
C2: Moistness
C3: Voids/Smoothness

If a particular characteristic is subjectively evaluated, the sample evaluation must be expressed in
terms of a numeric value. The span of such numeric evaluation should as wide as possible to
distinguish two evaluations apart. Scales of the range, 0 – 5, 0 – 10, 0 – 100, etc. are common. All
evaluations must have anticipated value (modified after collecting actual test data) for the worst and
the best readings from the test samples. Depending on the nature of the evaluation and its direction
of desirability, each criterion will have its own quality characteristic. The relative weighting of the
criteria of evaluations are determined from the subjective priority that each of the team members.
This can be easily determined by asking each member to assign 100 cents ($1) among all evaluation
criteria in the order importance they feel. Average of all the cents for each criterion becomes its
relative weight.
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Example Experiment –Evaluation Criteria

When there are multiple objectives,
being able to evaluate the overall
objectives using a single index
becomes necessary. The single
index, called an overall evaluation
criterion (OEC), is so formed that it
satisfies
the
following
three
conditions.

Thixxxxx

1. Criteria of evaluation is
dimensionless (fraction)
2. Reflects the relative weight
3. All criteria have the same
direction of desirability (QC)

Nutek, Inc.

OEC formulation is normalized such that its value would
fall in a range between 0 -100 with Bigger is better QC.

(Content of the slide above)
Criteria Description
Worst
Best
Reading
Reading
C1: Taste
0
8
C2: Moistness
25 – 70 gms
40 gms.
C3: Voids/Smoothness

6

0

QC
B
N
S

Relative
Sample Readings
Weight (Wt) Sample 1
Sample 2
60
5
6
25
46
35
15

4

5

Calculation of OEC’s with Sample Readings:

C1
OEC =

C1range

x Wt1 + ( 1 -

C2 – C2-nom

) x Wt2

+ (1 -

C2b – C2-nom

C3
)x Wt3
C3range

OEC-1 = (5/8) x 60 + [1 – (46-40)/(70-40) ] x 25 - ( 1 – 4/6) x 15
= 37.5 + 20.0 + 5

= 62.5

OEC-2 = (6/8) x 60 + [1 – (40-35)/(70-40) ] x 25 - ( 1 – 5/6) x 15
= 45 + 20.83 + 2.5
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= 68.33
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In a formally convened planning session that starts at 8:00 I the morning, it will not be unusual to
spend till noon to complete the discussion about the evaluation criteria and completing the table of
evaluation criteria shown above. Whether you finish the discussion of the objectives by noon or not,
you must plan to start discussion about the factors in the afternoon as you return from lunch break.
You should plan on spending about a couple of hours on the discussion (brainstorming) on factors
and its levels.

Factors Identification and Qualification
Thixxxxx

Brainstorming for factors
follow these three steps.

should

1. Long List – Go for a quantity
of input and prepare a long
list of POTENTIAL factors.
2. Qualified List – Scrutinize
factors and select only those
that truly are factors. (input,
adjustable, releasable,..)
3. Study List – List factors that
are important and possible to
include in the study based on
scopes of the study.

Nutek, Inc.

To select factors for study from the list of qualified
factors, go after the group (team) consensus on how
important the factors are. To do this, ask each member to
assign a number (0 – a round number just bigger than
the number of factors) to each factor. Average numbers
assigned to each factor and arrange them in the
descending order.

Only after the factors to be included in the study are identified, you proceed to discuss and determine
their levels. In deciding levels, three questions need to be resolved:
(1) How many levels should the factor have
(2) Which side of the current operating condition (assuming it is known) should the
levels be, and
(3) What exactly should the level value be (in relation to the current working condition)
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Guidelines for selecting number of
Levels:

Thixxxxx
2-Level Factor - Select one level at
left and one level at right of the
current working condition.
3-Level Factor - Select two levels at
either side of the current working
condition, and the third level as the
current working condition.
Nutek, Inc.

General Level Location Guidelines
1. Select level as far away as possible (extreme
value) from the current working condition, but be
sure to stay within working range.
2. Always select levels such that should it be
identified as the optimum condition, it can be
released immediately.
3. Because of the cost consequence, select two
levels for the factors unless it is a discrete factor
or it is continuous factor with known nonlinearity.

4-Level Factor - Select two levels at
the two extreme ends of the current
working condition and the other two
between the two extremes.

Now that you have seen how planning discussions are carried out from the discussions above for the
cake baking process, presume that such discussions took place in case of the Plastic Molding
example experiment introduced earlier. Based on what you know about OEC formulation for the cake
baking example, you will be able to follow the characteristics of the three evaluation criteria used for
in this example.

Criteria of Evaluation for Plastic Molding
Thixxxxx

Review description of the criteria and
formulation of the OEC as described
below. Notice that the calculation of
OEC (= 30) for a sample evaluations
is demonstrated.

Nutek, Inc.
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2.7 Results with Multiple Criteria of Evaluation

Evaluation Criteria Table
Criteria description

Worst reading

Tensile strength
Rupture Strain
Brinnel Hardness

Best

Quality

Relative

Sample 1

reading

characteristics

Weighting

Readings

12000

15000

Bigger

55 %

12652

0.10

0.30

Nominal

30 %

0.207

60

45

Smaller

15 %

58

O E C = > 30.0

Before evaluations from different criteria can be combined, the following three
conditions must be met.
- Units of measurements must be the same (This is generally done by
expressing the evaluation in term of a fraction/ratio of the highest
magnitude of evaluations)
- Quality characteristics (QC) for all must be either Bigger or Smaller (For
Nominal characteristic, Deviation calculated subtracting the Target value
from the evaluation is used. Deviation always bears the Smaller QC which
can then be converted to Bigger QC by subtracting the ratio from 1.0)
- Each criteria must be included with appropriate weighting (This can be
reflected by multiplying the contribution each evaluation makes by the
Relative weighting )
Overall Evaluation Criteria(OEC)
For Sample 1. (Readings 12652, .207, and 58 as shown in the table above)
|12652-12000|
|.207-.3|
|58-45|
(OEC)1 = ( ----------------- ) x 55 + ( 1 - ---------- ) x 30 + (1 - ---------- ) x 15
|15000-12000|
|.30-.10|
|60-45|
= 11.95 + 16.05 + 2.0 = 30.0
Likewise OEC for the other three samples for the L-4 experiments (used later in the
example) are computed as: (OEC)2 = 25,
(OEC)3 = 34
(OEC)4 = 27 (Which are results used later in the example)
Note: There can be only one OEC (or RESULT) for a single sample and that the OEC
calculated for each sample becomes the sample RESULT, which are then be used
to carry out the analysis and to determine the optimum condition.
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What to do after Experiments are Designed?
Here are some key points:
•

Decide how to carry out the experiments
- Single or Multiple Samples
- If multiple runs: Repeat or Replicate.

•

Collect and Transformation data to OEC or Results

Results: If performance is measured in terms of multiple criteria of evaluation, they
must be combined into an overall evaluation criterion (OEC) before it can be used as a
sample result.

How are the results analyzed & interpreted?
After experiments are carried out and
the results are collected, analyze
results by calculating the factor
averages and the grand average as
done before.

Thixxxxx
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Analysis of Results:
Calculate factor averages and determine
* Optimum Condition
* Nature of Influence of Factors
* Expected Result At Optimum Condition

For additional information about the relative influences of the factors and their significance,
you would need to perform analysis of variance (ANOVA) which provide quantitative.
In this example, upon completion of the trials, the performances are evaluated
using the three evaluation criteria as discussed earlier. The evaluations for each
sample are then combined into OEC's which are taken as the sample results as
shown below.
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Calculation of Factor Average Effects

Grand avg. of performances,

T = ( 30 + 25 + 34 + 27 ) / 4 = 29

Average effect of a factor =

Sum of all results containing the effects of the factor
Number of results included in the sum

Calculations of Factor averages
__
A1 = (Y1 + Y2 ) / 2
__
A2 = (Y3 + Y4 ) / 2
__
B1 = (Y1 + Y3 ) / 2
__
B2 = (Y2 + Y4 ) / 2
__
C1 = (Y1 + Y4 ) / 2
__
C2 = (Y2 + Y3 ) / 2

= (30 + 25 )/ 2 = 27.5
= (34 + 27 )/ 2 = 30.5
= (30 + 34 )/ 2 = 32.0
Variability
associated
with slope
of Main
effects

= (25 + 27 )/ 2 = 26.0
= (30 + 27 )/ 2 = 28.5
= (25 + 34 )/ 2 = 29.5

A1

A2

Plot of Factor Average Effects (Main Effects)

Main Effects

34.0
(B1 - T)

32

32.0

(C1 - T)

30.5
30.0

29.5
Grand Avg.

28.0

28.5
27.5

(A2 - T)

26.0

26

A1

A2

B1

B2

C1

C2

Factor Levels
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Main effect, Factorial effect, or Column effect refers to the trend of change of the average effect of
the factor assigned to the column. Main effect is generally expressed by the difference of the average
effects at the two levels (for 2-level factor) or by plotting the average effect. Expressed numerically.
__
__
Main effect of factor A = (A2 - A1) = (30.5 - 27.5) or show graph
(Always draw graph if the factor has 3 or more levels)
The Condition which is likely to produce the most desirable results is obtained from
the plot of average effect.
Based on QC = Bigger is Better, Optimum Condition = A2 B1 C2
Factor Influence

A(up)

B(down)

C(up)

Expected Performance
Performance at the optimum condition is estimated by adding the amount each selected average
effect is deviant from the grand average to the grand average.
Yopt =

__
T

__ __
+ ( A2 - T )

__ __
__ __
+ ( B1 - T ) + ( C2 - T )

= 29 + (30.5 - 29) + (32 - 29) + (29.5 - 29)
= 34
How much do factors influence?
From main effects study we know that C, for example, doesn’t have as much influence as B
or A, but what exactly is its influence?
Answers to these questions are obtained by performing Analysis of Variance (ANOVA).

Analysis of Variance (ANOVA) - Statistics
Thixxxxx
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The technique for calculation of
ANOVA statistics and content of the
ANOVA table are too complex and is
beyond the scope at this time.
However, it would help us to be
familiar with the numbers shown in
the last column of the table which
represents the relative influence of
the individual factors to the variation
of results.
Three primary reasons for ANOVA:
1. Relative influence of factors
and interaction
2. Confidence interval
3. Test of significance

ANOVA Table

Nutek, Inc. All Rights Reserved

Design of Experiments Using the Taguchi Approach

www.Nutek-us.com

Version: 7.1

Module 2: Experiment Designs Using Standard Orthogonal Arrays

Page 2 - 28

The last column in the ANOVA table indicates the relative influence of the column
effects (factor or interaction assigned to the column). The numbers in % are
determined by taking ratio of the column variation(S) to the total variation. The
nature of the relationships among the different statistical items will be discussed
later in this seminar in Module 6.
From the last column of ANOVA table, significance of the factor influences can be
determined by testing for significance. A small percentage of influence to the variation of
the results means that the factor tolerance can be relaxed, while the tolerances for
factors that show higher percentages of influence, may have to be tightened or watched
carefully.
The sum of all percentage influence always adds up to 100%. The last row of the table
indicates the influence of All Other Factor/Experiential Error is obtained by taking away all
factor influences from 100%.

ANOVA Screen

(Ref: Qualitek-4 software)

ANOVA Table
Col#

Factor Description

f

S

V

F

S’

P(%)

1

Injection Pressure

1

9.0

9.0

---------

9.0

19.565

2

Mold Temperature

1

36.0

36.0

---------

36.0

78.26

3

Set Time

1

1

15.125

---------

12.00

2.173

All Other/Error

0

0

TOTALS:

3

46.0

100.00%

Why should we perform ANOVA?

ANOVA offers the following statistics:
• Relative influence of factors and interactions
• A level of confidence on the estimated performance at optimum condition and main
effects
• Significance of factor and interaction influence
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Many common experimental situations that we face on the design, development and production can
be easily handled using the standard orthogonal arrays like L-4, L-8, L-12, L16, L-9, L-18, L-16
(modified), etc. Typical application situations are listed below.

Experiments with Larger Number of Factors
Designs with Larger Number of 2-Level Factors
Up To 15 Factors at 2 Levels - Use L-16(215)
Experiment Designs with 3-Level Factors
4 Factors at 3 levels - use L-9(34)
Up To 7 Factors At 3 Levels And 1 Factor At 2 Levels
- Use L-18(21, 37)
Designs With 4-Level Factors
Up To 5 Factors at 4 Levels - Use L-16(45)
Basic Design and Analysis Strategy
- Use Standard Array When Possible
* L-4 for 3 2-Level Factors

Basic Design and Analysis Strategy
- Use Standard Array When Possible
- L-4 for 3 2-Level Factors
- L-8 for up to 7 2-Level Factors
- L-9 for 4 3-Level Factors etc.

Nutek, Inc.

2.8 Experiment Designs with Larger Number of Factors
There are many other applications of an L-8 array which will be discussed in the later
sections. For now consider the following application situations.
How do we assign factors to columns? What if we do not have enough factors?
- Number of Trial Conditions Remain the Same
- Unused Columns Stay Empty
(Empty Columns Reflect Error Term In ANOVA)
You can use an L8 for:
4 Factors at 2-Level
or 5 Factors at 2-Level
or 6 Factors at 2-Level
or 7 Factors at 2-Level

Nutek, Inc. All Rights Reserved

L8(27 ) Array
Col.>>
Trial#
1
2
3
4
5
6
7
8

1
1
1
1
1
2
2
2
2

2
1
1
2
2
1
1
2
2

Design of Experiments Using the Taguchi Approach

3
1
1
2
2
2
2
1
1

4
1
2
1
2
1
2
1
2

5
1
2
1
2
2
1
2
1

6
1
2
2
1
1
2
2
1

www.Nutek-us.com

7
1
2
2
1
2
1
1
2

Version: 7.1

Module 2: Experiment Designs Using Standard Orthogonal Arrays

Page 2 - 30

2.9 Common Terms and their Definitions
Factors: Any item that has direct influence on the performance. It is synonymous with PARAMETER,
VARIABLE, INPUT, INGREDIENTS, etc.
Level: Level indicates the value of the factor used while conducting the experiment.
Experiment: Experiment refers to the total tests described by the orthogonal array. There may be one or
more experiments in a TAGUCHI CASE STUDY. An experiment includes a number of TRIAL
CONDITIONS as dictated by the array used to design the experiment.
Trial Condition: Trial conditions are the individual experiments within an experiment.
Data Collection Table: This is a necessary table for multiple criteria and contains sample observations
which are used to combine into sample OEC/result.
RESULTS: In most text books on design of experiments, the performance of the product or process
under study is termed as the response. Since the performance may be evaluated by multiple evaluation
criteria, the single quantity which represents the combined effects of all evaluations (OEC) represents the
performance of the test sample and is called the result.
Repetition and Replication refer to the manner in which the experiments are carried out.
REPETITION: In this method the trial condition is selected randomly, and then all samples in the trial are
carried out in sequence.
REPLICATIONS: This is the most random way of carrying out the trial conditions. The order of running
the test is selected by randomly selecting the sample to be tested from among the total samples.
Process Diagram - Function of a product or a process can be viewed in terms of a SYSTEM which
requires an INPUT to produce OUTPUT making use of many FACTORS. Such schematics representing
the functions of a system is popularly known as the Process Diagram.
- When the input does not change during the investigation, it is called a STATIC SYSTEM
- When the input is variable, it is called a DYNAMIC SYSTEM

One-factor-at-a-time experiments with three 2-level factors require the same number of experiments as
described by the scheme below (One Factor at a Time).
Factor effects can be easily obtained by subtracting the result of Test #1 from another as shown
below.
Effect of A = Y2 -Y1,

Effect of B = Y3 -Y1

Effect of C = Y4 -Y1

Where Y represents the results of the test under the test conditions.
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Four experiments are required to
study three 2-level factors by
changing one at a time.
(Notes in the slide)
Designs using the orthogonal arrays
require the same number of
experiments.
Why then go for the orthogonal
arrays?
Experiments designed using
orthogonal arrays yield more
reproducible conclusions.

Nutek, Inc.

In another arrangement of one factor at a time experiment, seven 2-level factors can be studied by 8
experiments obtained from the following arrangement. Such experiments design with seven 2-level
factors using an L-8 array requires the same number of experiments.

L-8 OA design is recommended in spite of
the same size of experiments for a number
of reasons.
- Use average effect for basis of conclusion.
- Higher reproducibility.
- Optimum based on robust design.

Expt#
1
2
3
4
5
6
7
8

A
1
2
2
2
2
2
2
2

B
1
1
2
2
2
2
2
2

C
1
1
1
2
2
2
2
2

D
1
1
1
1
2
2
2
2

E
1
1
1
1
1
2
2
2

F
1
1
1
1
1
1
2
2

G
1
1
1
1
1
1
1
2

The power and accuracy of the conclusions derived from experiments designed using orthogonal
arrays can be verified easily using analytical simulations when available.

Validation of Orthogonal Array Designs
Thixxxxx

For a response function, Y, as a
function of three variables (A, B, and
C), it can be computed 8 different
ways when two extreme values of
each of the factors are assigned. The
full-factorial combination computed
such helps identify the maximum
response condition.

Nutek, Inc.

2.10 Accuracy of Orthogonal Array Experiments (An Empirical Verification)
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Assume that a process performs in such a way that its response can be
represented by a simple analytical expression in terms of the three major
influencing factors A, B, and C. For purposes of investigations, these factors
are each assigned two levels expressed in numerical terms as shown below.
Method 1:
Taguchi
Experiment

Response function Y = 3 x A - 10 x B + 5 x C
(Y represent the process behavior)
Where A1 = 10 & A2 = 20, B1 = .5 & B2 = .2 and C1 = 1 & C2 = 4
L-4 Experiment Design

Expected Results from the 4 experiments

Trial
1
2
3
4

Y1 =
Y2 =
Y3 =
Y4 =

A
1
1
2
2

B
1
2
1
2

C Results
1 Y1
2 Y2
2 Y3
1 Y4

3 x A1 – 10 x B1 + 5 x C1 =
3 x A1 – 10 x B2 + 5 x C2 =
3 x A2 – 10 x B1 + 5 x C2 =
3 x A2 – 10 x B2 + 5 x C1 =

30
48
75
63

T = (30 + 48 + 75 + 63)/4 = 54
Averages: A1 = (30+48)/2 = 39
B1 = (30+75)/2 = 52.5
C1 = (30+63)/2 = 46.5

A2 = (75+63)/2 = 69
B2 = (48+63)/2 = 55.5
C2 = (48+75)/2 = 61.5

Optimum Combination => A2 B2 C2
YOPT

= T + (A2 - T) + (B2 - T) + (C2 -T)
= 54 + (69 - 54) + (55.5-54) + (61.5 - 54)

= 78

Method 2: Full Factorial Experiment
Y1 =
Y3 =
Y5 =
Y7 =

3x A1 - 10x B1 + 5x C1 =
3x A1 - 10x B2 + 5x C1 =
3x A2 - 10x B1 + 5x C1 =
3x A2 - 10x B2 + 5x C1 =

30
33
60
63

Y2 =
Y4 =
Y6 =
Y8 =

3x A1 - 10x B1 + 5x C1 =
3x A1 - 10x B2 + 5x C2 =
3x A2 - 10x B1 + 5x C2 =
3x A2 - 10x B2 + 5x C2 =

45
48
75
78

Note that the maximum computed value of the response Y (= 78) shown above
checks with the performance (Yopt) at the optimum obtained from orthogonal
array experiment. Since the system represented by the equation in terms of
factors A, B and C is assumed to behave in a linear manner, the result from
the orthogonal array set up, which is based on linear model, produces 100%
accuracy. (Note that the highest value, which happens to be the eighth
combination (Y8), is not necessarily always the last combination.
You can also do similar verifications with experiments with seven 2-level factors.
With a simulation expression as a function of the seven variables, you can compute
the response function 128 different ways. Where as, an L-8 orthogonal array
experiment requiring only eight computed response can identify the optimum with
certain accuracy. The accuracy of the prediction from the orthogonal array
experiments depend primarily on the degree of non-linearity of the response and
the difference between the two of the factors involved.
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2.11 Learning Check List
Use this page to keep track of questions whose answers you already know and list additional questions
you may want to ask the instructor. ( Do I Know ):

-

-

-

-

-

-

-

How to measure and quantify
quality improvement
What are major steps in
application of DOE/Taguchi
What are items of discussions in
planning session
What are continuous and discrete
factors
How are factors determined and
when are they discussed in the
planning session.
What considerations dictate how
many factors can be included in
the experiment
What is the function and benefits
of OUTER ARRAY design
What does the term DESIGN
mean and how is an experiment
designed
What are the desirable order of
running the experiments and why
How many simple arithmetic
calculations are needed for an
experiment with a given number
of factors and levels
How are the factor average effects
calculated
What are the three kinds of
information the factor average
effects can produce
How is the optimum condition
determined and what is the true
meaning of performance at the
optimum condition
What is Main Effect/Factorial
Effect/Column Effect
What are interactions and how
many different factor interactions
are possible

-

-

-

-

-

-

-

-

-

-

-
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Why should you consider
combining multiple criteria into a
single index
What are the three adjustments
you must do before combining
evaluations from multiple criteria
How are the relative weightings of
different criteria of evaluations
determined
In case of multiple objectives, in
what way can the Overall
Evaluation Criteria (OEC) can
add value to your analysis
What does Quality Characteristic
(QC) refers to and how is it
determined
How is QC for the OEC
determined
How are the number of levels and
their values determined
What is the advantage of analysis
using S/N ratios when there are
multiple samples per trial
What design strategy should you
follow when faced with a large
number of factors and their
interaction
It is possible to determine
presence of all possible twofactor interactions even if you did
not reserve any columns for them
In case of ROBUST design with
noise factors, it is possible to
determine the average effects of
the noise factors
The common purposes of ANOVA
are to determine the relative
influences of factors to the
variation of results and the
Confidence Interval (C.I)
When would you know that you
have confirmed the prediction
made by experimental results
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Review Questions (See solutions in Appendix)
2-1: To design (i.e. to layout conditions of individual trial) an experiment, Taguchi uses a set of specially
constructed orthogonal arrays such as L-4, L-8, L-9, etc.
A. If you used an L-8 compared to the full factorial, what will be your savings in number of
experiments?
B. If you decide to perform one factor at a time experiments, what would be the least number
of experiments you will need to study seven 2-level factors?
C. Experiments using OA require about the same number of trials as in one factor at a time
experiment. Why then OA is preferred? Check all correct answers.
( ) Columns of OA are balanced (i.e. there are an equal number of levels in a column.
( ) Factorial effects determined by OA design are more reproducible.
( ) The best factor combination determined by OA design is the least sensitive (Robust)
to variation of the factors themselves.
( ) Experiments using OA produce the absolute best possible factor combination.
2-2: If an L-8 is used to study 5 factors each of which has 2 levels?
a) How many trial conditions will you have to run (minimum)?
b) Where would you place these factors?
c) How do you treat the unused columns?
2-3: In an experiment involving L-8, each trial condition is repeated 5 times.
a) What is the total number of test runs involved?
b) What is the most desirable way to run these tests?
2-4: Indicate the most likely choice of the Quality Characteristic in the following situations:
B = Bigger S = Smaller N = Nominal is better
a) You are evaluating a power supply design in terms of output horsepower ( )
b) You are evaluating an assembly operation by number of defects ( )
c) Your are evaluating the best parameters for machining a 4" diameter engine cylinder ( )
2-5: In a machining process using an L-8 OA, one sample per trial condition was fabricated.
The finished product was evaluated by measuring three characteristics:
1. Length (X), 2. Diameter (Y) and, 3. Roundness (Z)
Determine the following:
a) Total number of observations.
b) For analysis, how many of these observations will you treat at one time?
c) If you wanted to know the best machine setting for roundness, which set of observations
will you use for analysis?

2-6: In an experiment using L-16, the results were recorded as 2000, 3500, etc.
However, for ease of analysis, the experimenter used 2.0, 3.5, etc. Will this affect
his/her conclusions?
( ) Yes
( ) No
2-7: How is average effect of a factor (say A) at a level (A1) determined? (Check
appropriate answers)
a. ( ) Averaging all results containing A1
b. ( ) All results containing A1 and only level 2 of all other factors
c. ( ) All results containing A1 and only level 1 of all other factors.
2-8: The following average values were calculated for an experiment involving factors A, B and C.
_
_
_
Nutek, Inc.
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Determine:
a) Optimum factor combination when quality characteristic is "the bigger the better".
b) How would the result vary when factor B is changed from B1 to B2?
c) Expected performance at the optimum.
d) Main effect of Factor A.

2-9: Design experiments to study each of the following situations. Indicate the orthogonal array and
the column assignments.
a. Two 2-level factors
b. Four 2-level factors
c. Seven 2-level factors
d. Ten 2-level factors
e. Fifteen 2-level factors
f. Twenty seven 2-level factors
g. Three 3-level factors
h. One 2-level factor and five 3-level factors
i. Seven 3-level factors
j. Twelve 3-level factors
k. Four 4-level factors
l. Seven 4-level factors
2-10: An experiment with seven 2-level factors (A, B, C, etc. in column 1, 2, 3, etc.) produced the
following trial (L-8 array) results: 40 (trial#1), 44, 32, 38, 50, 56, 60 and 62. Determine a) Grand
average of performance and b) Average effect of factor A which is assigned to column 1, at the
second level.

2-11. [Concept: Characteristics of Orthogonal arrays]

i) Is the array shown on right fully orthogonal?
If not, explain why.
Ans _______________________________

Trial\Col#
1 |
2 |
3 |
4 |

1
1
1
2
2

ii) What are the numbers in the first row of an L-9 array?

Ans: _____

iii) What number is in the 9th trial and first column of an L-16 array?

Ans: _____

iv) How many columns does an L-12 have?

Ans: _____

v) What is the sum of all levels in the 15th column of an L-16 array?

Ans: _____

vi) What is the sum of all levels in the first row of an L-32 array?

Ans: _____

2
1
2
1
2

3
1
2
2
1

2-12. [Concept: Experiment Designs Using Standard Orthogonal Arrays]
Indicate the orthogonal arrays you will use to design experiments in the following situations:
Nutek, Inc. All Rights Reserved
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i)
ii)
iii)
iv)

Six 2-level factors
Four 3-level factors
Two 2-level factors
Ten 2-level factors

Ans:
Ans:
Ans:
Ans:
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Array
Array
Array
Array

______
______
______
______

No. Cols. _______
No. Cols. _______
No. Cols. _______
No. Cols. _______

v ) Thirteen 2-level factors
vi) Twenty Seven 2-level factors
vii) Six 3-level factors
viii) Twelve 3-level factors

Ans: Array ______ No. Cols. _______
Ans: Array ______ No. Cols. _______
Ans: Array ______ No. Cols. _______
Ans: Array ______ No. Cols. _______

ix)
x)
xi)
xii)

Ans:
Ans:
Ans:
Ans:

Four 4-level factors
Eight 4-level factors
One 2-level and Five 3-level factors
One 2-level and Nine 4-level factors

Array
Array
Array
Array

______
______
______
_____

No. Cols. _______
No. Cols. _______
No. Cols. _______
No. Cols. _______

2-13. [Concept: Overall Evaluation Criteria]
An educated automobile buyer wishes to establish a scheme (OEC) to select the best vehicle for
purchase, based on the selection criteria shown in the table below. Data for the three top contenders are
listed under Test samples 1 , 2 and 3. Costs of the vehicles are within few dollars of each other and is
not considered important.
# Criteria Description

Worst Value Best Value

Relative
QC Weighting

1

Test Samples
2
3

1 Fuel Efficiency(x1)

15 MPH

35 MPH

B

45%

28

32

26

2 Faults/12000M(x2)

10 Visits

2 Visits

S

30%

4

6

3

3 Vehicle Wt.

6300 Lbs.

3500 Lbs. N

25%

2800

3600

(x3)

4200

QC notations: S = Smaller, B = Bigger and N = Nominal is the best

i) Write the equation for the Overall Evaluation Criteria (OEC)

|(x1 -15)|
OEC =

|( x2 - 2)|
x 45 + [ 1 -

|(35 - 15)|

| (x3 - 3500)|
] x 30 + [ 1 -

|(10 - 2)|

] x 25
|(6300 - 3500)|

ii) What is the quality characteristic of the OEC? Ans. ________________________

iii) Show that the second vehicle is the proper selection (The best among the three)?
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For sample 1
OEC = [ (28 - 15)/ 20 ] x 45 + [ 1 - (4 - 2 )/8 ] x 30 + [ 1 - |(2800- 3500)|/2800 ] x 25
=

29.25 + 22.5

+ 18.75 = 70.5

For sample 2
OEC = [ ( 32 - 15)/ 20 ] x 45 + [ 1 - (6 - 2 )/8 ] x 30 + [ 1 - (3600 - 3500)/2800 ] x 25
= 77.36
For sample 3
OEC = [ (26 - 15)/ 20 ] x 45 + [ 1 - (

- 2 )/8 ] x 30 + [ 1 - (4200 - 3500)/3000 ] x 25

= 69.75
Ans. Best Vehicle # 2 ( Sample 2)

2-14. [Concept: Average Factor Influence]
I)
Find the optimum combination of levels of factors A, B and C and the highest magnitude of
performance.
Trial\Factors:
A
B
C
Results
Grand Avg. = ( 30 + 40 + 20 + 60)/4 =
1
2
3
4

Factor averages
A1 = (30 + 40)/2 = 35 A2 = (20 + 60)/2 = 40

|
|
|
|

1
1
2
2

1
2
1
2

1
2
2
1

30
40
20
60

B1 = (30 + 20)/2 = 25 B2= (40 + 60)/2 =
C1 = (30 + 60)/2 = 45 C1 =
Optimum Condition: _____________
Yopt

=
=

ii) Plot the main effect of factor C in the experiment shown below.
Trial\Factor
1
2
3
4
5
6
7
8
9

Nutek, Inc. All Rights Reserved

|
|
|
|
|
|
|
|
|

A

B

C

D

1
1
1
2
2
2
3
3
3

1
2
3
1
2
3
1
2
3

1
2
3
2
3
1
3
1
2

1
2
3
3
1
2
2
3
1

|
|
|
|
|
|
|
|
|

Results

Average

3
7
4
6
8
9
6
5
5

4
6
4

4
6
5
7
9
10
8
7
6

5
5
3
5
7
8
7
6
7
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Average effect of
Main Effect of Factor C
C1 = (4 +

= 6.333

C2 = 6.
C3 = 6.333

C1

C3

C2

2-15. Three 2-level factors A, B, and C were studied using an L-4 orthogonal array and by assigning
them to columns 1, 2, and 3 respectively. Each trial condition was tested once and the following results
were obtained.
Results:

40

65

55

70 (for Trials 1, 2, 3 and 4)

Determine: (Assume that a Higher value is desired)
a) Optimum condition b) Performance at optimum and c) Main effect of factor B
Ans: A2B2C2, 75, (67.50 - 47.50)

2-16. Five Easy Steps to Solving Production Problems
(This simple approach is for solution of most desirable condition with 4, 5, or 6 two-level factors only)
Step 1: Describe factors and their levels as shown in the following example (4, 5, or 6 factors)
Factors
Level-I
Level-II_
A: Tool Type
High Carbon (a1)
Carbide Tip (a2)
2000 rpm (b2)
B: Cutting Speed
1500 rpm (b1)
C: Feed Rate
2 mm/sec. (c1)
5 mm/sec. (c2)
D: Type of Coolant
Supplier 1(d1)
Supplier 2 (d2)
E: Part Support
Absent (e1)
Present (e2)
F: Tool Holder
Current Design (f1)
New Design (f2)
-----------------------------------------------------------------------------------Notations:
A, B, C, etc = Factor descriptions (descriptive),
a1 b1, etc. = Levels of factors (descriptive)
R1, R2, etc. = Test results (Single or average of multiple samples, numerical data)
A1, B1, etc. = Factor level effects (numeric)
The Factors and levels descriptions shown above are true for this example only. Descriptions applicable
to your project will be different. You will need to define what A, B, C, a1, b2, R1, R2, etc. are for your
situation before proceeding with the application. Ignore factors that are absent in your applications.
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Step 2: Carry out eight tests as described below in random order and note results (R1, R2, etc)
Test result R1 = 8 units, for example
Test 1: [ a1 b1 c1 d1 e1 f1 ]
Test result R2 = 12
Test 2: [ a1 b1 c2 d2 e2 f2 ]
Test result R3 = 10
Test 3: [ a1 b2 c1 d2 e2 f1 ]
Test result R4 = 11
Test 4: [ a1 b2 c2 d1 e1 f2 ]
Test result R5 = 15
Test 5: [ a2 b1 c1 d2 e1 f2 ]
Test 6: [ a2 b1 c2 d1 e2 f1 ]
Test result R6 = 13
Test result R7 = 9
Test 7: [ a2 b2 c1 d1 e2 f2 ]
Test result R8 = 14
Test 8: [ a2 b2 c2 d2 e1 f1 ]
Step 3: Calculate the following items (Factor level effects for each factor)

A1 = R1 + R2 + R3 + R4
A2 = R5 + R6 + R7 + R8

D1 = R1 + R4 + R6 + R7
D2 = R2 + R3 + R5 + R8

B1 = R1 + R2 + R5 + R6
B2 = R3 + R4 + R7 + R8

E1 = R1 + R4 + R5 + R8
E2 = R2 + R3 + R6 + R7

C1 = R1 + R3 + R5 + R7
C2 = R2 + R4 + R6 + R8

F1 = R1 + R3 + R6 + R8
F2 = R2 + R4 + R5 + R7

Factor level effects

Calculation check: Totals of any factor level effects must equal to the total of all results.
[Total of all results (T) = R1 + R2 + R3 + R4 + R5 +R6 + R7 + R8 Optional calculation]
Step 4: Complete columns II, III, and one of columns IV and V as applicable.
Solution Table (Most desirable factor-level combination)
I
II
III
Most
Factor
Effect of
Effect of
Desirable
IV
Descriptions Level 1
Level 2
Complete this col.
when
BIGGER is desired
*Select factor level
A
A1 =
A2 =
B

B1 =

B2 =

C

C1 =

C2 =

D

D1 =

D2 =

E

E1 =

E2 =

F

F1 =

F2 =

Condition (solution)
V
Complete this col. when
SMALLER is desired
** Select factor level

* Show level a2 (descriptive) if A2>A1 or a1 (descriptive) if A1>A2
** Show level a2 (descriptive) if A2<A1 or a1 (descriptive) if A1<A2

Nutek, Inc. All Rights Reserved

Design of Experiments Using the Taguchi Approach

www.Nutek-us.com

Version: 7.1

Module 2: Experiment Designs Using Standard Orthogonal Arrays

Page 2 - 40

Step 5: Verify solution by testing a few samples in the factor level condition described by column IV or V
as applicable.
Reference: Th experiment above is designed using the L-8 Orthogonal Array
Expt#
1
2
3
4
5
6
7
8

A
1
1
1
1
2
2
2
2

B
1
1
2
2
1
1
2
2

1
1
2
2
2
2
1
1

C
1
2
1
2
1
2
1
2

F
1
2
1
2
2
1
2
1

E
1
2
2
1
1
2
2
1

D
1
2
2
1
2
1
1
2

Results (assume Bigger)
R1
= 8 units
R2
= 12
R3
= 10
= 11
R4
R5
= 15
R6
= 13
R7
= 9
R8
= 14

Easy Solutions: Using the results obtained for the example problem, the factor effects are calculated.
A1 = R1 + R2 + R3 + R4 = 8 + 12 + 10 + 11
A2 = R5 + R6 + R7 + R8 = 15 + 13 + 9 + 14
B1 = R1 + R2 + R5 + R6 = 8 + 12 + 15 + 13
B2 = R3 + R4 + R7 + R8 = 10 + 11 + 9 + 14
C1 = R1 + R3 + R5 + R7 = 8 + 10 + 15 + 9
C2 = R2 + R4 + R6 + R8 = 12 + 11 + 13 + 14
D1 = R1 + R4 + R6 + R7 = 8 + 11 + 13 + 9
D2 = R2 + R3 + R5 + R8 = 12 + 10 + 15 + 14
E1 = R1 + R4 + R5 + R8 = 8 + 11 + 15 + 14
E2 = R2 + R3 + R6 + R7 = 12 + 10 + 13 + 9
F1 = R1 + R3 + R6 + R8 = 8 + 10 + 13 + 14
F2 = R2 + R4 + R5 + R7 = 12 + 11 + 15 + 9

=
=
=
=
=
=
=
=
=
=
=
=

41
51
48
44
42
50
41
51
48
44
45
47

Solution Table (Most desirable factor-level combination)
I Factor
II Effect of
III Effect of
IV Most desirable level
Descriptions
Level 1
Level 2
Complete this col. hen
BIGGER is desired
*Select factor level
A
A1 = 41
A2 = 51
a2
(since A2 >A1 )
B
B1 = 48
B2 = 44
b1

V Most desirable level
Complete this col. when
SMALLER is desired
** Select factor level
a1
(since A1 < A2 )
b2

C

C1 = 42

C2 = 50

c2

c1

D

D1 = 41

D2 = 51

d2

d1

E

E1 = 48

E2 = 44

e1

e2

F

F1 = 45

F2 = 47

f2

f1

* Show level a2 (descriptive) if A2>A1 or a1 (descriptive) if A1>A2
** Show level a2 (descriptive) if A2<A1 or a1 (descriptive) if A1<A2
For BIGGER results, the most desirable condition is (Col. IV): (a2) Carbide Tip – Tool, (b1) 1500
rpm, (c2) 5 mm/sec – Feed Rate, (d2) Supplier 2, (e1) Absent – Part Support and (f2) New Design –
Tool Holder
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Practice Problem # 2A: Experiment Design with L-4 Array
Factor
Level 1
Level 2
.
A: Feed Rate
12 cm/minute 15 cm/minute
B: Depth of cut
2 mm
3 mm
C: Tool Type
Carbide Tip
HS Steel
.
Quality characteristic: Surface finish (a number), Smaller is better
[Note: Character notations like A1 or A1 is used to designate the first level of factor A, either description (as in optimum condition) or
numeric value (as in average effects) as appropriate.]

Experiment Design and Results
Trial#/
1
2
3
4

A
1
1
2
2

B
1
2
1
2

C
1
2
2
1

Results
38
25
20
31

__

__

A1 =

A2 =

__

__

B1 =

B2 =

__

__

C1 =

C2 =

Analyze the experimental results and answer the following questions:
1. Calculate A1, A2, B1, T-bar etc. and compare trend of influences of factors A, B, and C. Plot main
effects in the graph below and answer questions below.

A
v
e
r
a
g
e

_
T

E
ff
e
ct
s

A1

•
•

A2

B1

B2 C1

C2

Which factor has the most influence to the variability of result?
If you were to remove tolerance of one of the three factors studied, which factor will it be?
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2. Determine the Optimum Condition.
•

Optimum Condition (character notation)

=

•

Optimum Condition (level description)

=

3. What is the grand average of performance?
__
T =

4. Calculate the estimated value of the Expected Performance at the optimum condition.
Yopt =

5. What is the estimated amount of total contributions from all significant factors?
Total contributions from all factors =

6. Assuming that the result of trial # 2 represents the current performance, compute the % Improvement
obtainable by adjusting the design to the optimum condition determined.

Improved Performance – Current Performance
=

% Improvement =
Current Performance

[Answers: 1 - (Describe, Factor with most & least influences , etc. ) 2 - Optimum Cond: 2,2,2, ,
3 - Gd. Avg.=28.5,
4 - Yopt = 19, 5 - Contribution = 9.5, 6 - Improvement = 24% ]

* For additional practice, solve problems 2-8 and 2-9 in Page 2-26
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Practice Problem # 2B: [Reference Module 2, Review questions 2-8 and 2-9, page 2-26]
Concept – Experiment design and analysis using standard orthogonal arrays
In an effort to study the production problem (high reject rate) experienced in a machining process, three
factors among several possible causes were selected for a quick study. An L-4 experiment was designed
to study the three 2-level factors as shown below. A large number of samples were tested in each trial
conditions and average performances under two objectives as shown below, were recorded (Evaluation
Criteria: Surface finish and Capability).

Factors
A: Tool Type
B: Cutting Speed
C: Feed Rate

Level I
High Carbon
1500 rpm
2 mm/sec.

Level II
Carbide Tip
2000 rpm
5 mm/sec.

Results (Based on two separate criteria)
Trial#\
1
2
3
4

A
1
1
2
2

B
1
2
1
2

C
1
2
2
1

Surface Finish (QC=Smaller)
17 micron
12
16
20

Capability (Cpk, QC=Bigger)
1.26
1.32
1.28
1.16

1. Describe (recipe) the factor levels used to conduct the 3rd experiment.

Description of Trial#3 =

2. Calculate factor average effects and the grand average of performance for Surface Finish data and
determine the optimum condition the smaller value.
__
A1 =

__
A2 =

__
C1 =

__
C2 =

__
B1 =

__
T =

__
B2 =

__

Optimum Condition:
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3. Calculate the performance expected in surface finish at the optimum condition.

Yopt =

4. If experiment # 1 is considered the current performance, estimate the % improvement of surface finish
expected from the new process settings.

% Improvement =

5. Calculate factor average effects and the grand average of performance for the Capability Index (Cpk)
data and determine the optimum condition for the bigger value.

__
A1 =

__
A2 =

__
C1 =

__
C2 =

__
B1 =

__
B2 =

__
T =

__

Optimum Condition:

6. Calculate the performance expected in Capability Index at the optimum condition.
Yopt =

(Answers: 1- 2 1 2,

2 - 1 2 2,
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Practice Problem # 2C: Factors: Four 3-level factors (A, B, C, and D)
QC: Bigger is better

Factors:
A: Mount/Speed (Std. 70mph, and 30mph), B: Runout (lower, Current, and Higher)
C: Joint Angle (<0 deg, 0-Deg, and >0-Deg), D: Tube Run out (Below, At, and Above Spec.)

4
L9(3 )
Cond.
1
2
3
4
5
6
7
8
9

A
1
1
1
2
2
2
3
3
3

B
1
2
3
1
2
3
1
2
3

C
1
2
3
2
3
1
3
1
2

D
1
2
3
3
1
2
2
3
1

Results (4 samples/trial)
Mean/Avg.
5
8
4
9
6.5
5
6
6
7
6
10
9
6
7
8
10
11
10
9
10
7
8
10
8
8.25
9
8
11
7
8.75
4
5
3
4
4
7
5
6
5
5.75
4
8
6
11
7.25
Grand Average: 7.166

SD
2.38
0.816
1.825
0.816
1.258
1.707
0.816
0.957
2.986
1.507

1. Complete the table below by calculating the missing ( -- ) numbers for factor based on the average
(Mean) of results. Plot main effects of factor A based on Mean.

Main Effects of Factor A (Mean)

Effects Based on Mean
Fact-Level
A
1
6.833

B
6.833

C
-------

D___
7.333

2

-------

6.666

7.75

-------

3
Max. Diff.

5.666
3.334

------1.34

6.75
1

7.916
1.67
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2. Complete the table below by calculating the missing ( -- ) numbers for factor based on the standard
deviation of results. Plot main effects of factor A based on standard deviation (SD).
Effects Based on standard deviation (SD)

Main Effects of Factor A (SD)

Fact-Levels
1

A
B
1.674 1.337

C
1.681

D
2.208

2
3
Max. Diff.

------1.586
.414

1.539
1.30
0.382

------1.199
1.096

1.01
2.173
1.164

3. Review the factor effects above and prescribe the combination of factor levels for performance for
least variation (SD) and its expected value.
Factor Combination:
Yopt =

4. If you were to adjust one factor to increase average (Mean) performance, which factor will you adjust
and to which level of the factor?
Factor:

Condition (Level) of this factor:

5. Which factor has the most influence on the variation (SD) of the results and at what level of this factor?
Factor:

[Answer: 1 – Plot,

Condition (Level) of this factor:

2 – Plot,

Nutek, Inc. All Rights Reserved

3 - A2B2C3D2, Yopt = 1.507 – 1.346 = 0.161,

4–A 2,
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Practice Problem # 2D: Experiment designed to study control Factors: A, B, C, D, and E assigned as
shown.
Quality Characteristics: Bigger is better
Factors: A: Mount/Speed (70mph, and 30mph), B: Runout (Current, and Higher), C: Joint Angle (0-Deg,
and >0-Deg), D: Tube Run out (At, and Above Spec.), E: Cross Bar (Present and Absent)

TRIAL#
1
2
3
4
5
6
7
8

A
1
1
1
1
1
2
2
2
2

B
2
1
1
2
2
1
1
2
2

3
1
1
2
2
2
2
1
1

C
4
1
2
1
2
1
2
1
2

D
5
1
2
1
2
2
1
2
1

6
1
2
2
1
1
2
2
1

E
7
1
2
2
1
2
1
1
2

Results

2
9
4
4
8
9
6
7

3
6
1
9
7
7
9
4

Mean/Avg. SD

7
5
2
6
8
10
7
6

4
4
5
5
9
10
6
3

4
6
3
6
8
9
7
5
Avg. 6.0

S/N

2.16
2.16
1.83
2.16
0.82
1.41
1.41
1.83

9.54
14.4
4.71
14.4
17.9
18.8
16.5
12.5

1.72

13.64

S/N represents the combined effects of both mean and standard deviation (Variability, SD)

1. Review the calculations of average effects below and verify that A1 based on mean (averages) of trial
results is 4.75, and that for A2 is 7.25.
2. Calculate and verify also that the average effect of factor E2 based on SD is 1.66 and that for E1 is
1.78.
Factor Averages
A1/A2
Factors =>

Criteria

Diff: (A2-A1)

Mean/
Averages
Varibility/
SD
S/N =
SD&Mean

4.75
7.25 2.5
2.08
1.37 -.71
10.80
16.47 5.67

B1/B2
Diff..
6.75
5.25 -1.5
1.64
1.81 .17
15.19
12.08 -3.12

Col.3 1&2

C1/C2

D1/D2

Col.6 2&4

E1/E2

Diff.

Diff.

Diff.

Diff.

Diff.

5.5
6.5
1.0
1.89
1.56 -.336
13.29
13.99 0.7

5.5
6.5
1.0
1.56
1.89 .335
12.19
15.08 2.89

5.25
6.75 1.5
1.81
1.64 -.17
11.40
15.87 4.47

5.75
6.25
0.5
1.74
1.70 .037
13.64
13.64 0.0

6.5
5.5 -1.0
1.78
1.66 -.13
14.85
12.43 -2.42

3. Verify the plots of the MAIN EFFECT graphs of factor A for its effects on mean and variability.
Types of Factors Based on its Influence
* Type

Has Effect on
Variation

Has Effect on
Mean

I

Yes

No

II

No

Yes

III

Yes

Yes

IV

No

No

Factor (say A) with effects on both
variability and mean.

A1
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4. Identify the three most influential factors to mean and SD. Based on how these top three factors
influence the mean and SD, establish their types (I, II, III & IV).
Three factors with most influence on mean are ….
Three factors with most influence on SD are …….
Their Types:

A _______, B _________, C ________, D _________ and E __________

[The plots below reflect the calculations of factor average effects shown in the previous page. You should
review both the calculated values as well as the plots shown below to answer questions that follow.]

Effects Based on Mean
6

A2

A1

B1

B2

C1

C2

D1

D2 E1

E2

Effects Based on Variability (Sigma)
1.72

A1

A2

B1

B2

C1

C2

D1

D2 E1

E2

5. Explain why factors C and E are considered to have equal influence on the mean.
Because factors C and E have the same _____________________

6. Explain why adjusting factor A to A2 will produce the biggest increase of performance (mean).
Because factor A _____________________ and A2 is the selected level for __________QC

7. Since factor C has influence on both mean and variability, why does it pose difficulty in deciding its
level for the optimum condition in this case? If variability reduction were more important to you, which
level of the factor C will be your choice?
Explain difficulty __________________________________, Level of factor C is ______

8. Determine the optimum condition based on the effects of factors on the mean.
Optimum Condition (based on mean): ___________________________
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9. Determine the optimum condition based on the effects of factors on the SD.
Optimum Condition (SD, variability): ___________________________

10. Since you can only specify one condition of any factor, how would you resolve the conflict for factor C
and E found above? (Hint. Unless, the mean performance is deemed more important, factor level is
generally selected based on the variability)
Explain your rationale ________________________________________________________
________________________________________________________

11. If a new index, Signal-to-Noise ratio (S/N) is defined by combining mean and SD (S/N is discussed
later in advanced part of this seminar), it can be used to analyze the results and determine the optimum
condition based on higher value of S/N. Using the S/N as an evaluator of performance, determine the
optimum condition from the S/N calculations shown in the table above.
Optimum Condition (S/N): ___________________________

12. If the optimum condition (A2 B1 C2 D2 E1) obtained based on S/N is used for the production design,
calculate the value of the mean performance expected from the optimum condition. (A2 B1 C2 D2 E1)
Yopt (Mean)

= 6.0 + ( ----- – 6.0 ) + ( ----- – 6.0 ) + ( ----- – 6.0 )
+ ( ----- – 6.0 ) + ( ----- – 6.0 )
= ________

13. If the optimum condition (A2 B1 C2 D2 E1) obtained based on S/N is used for the production design,
calculate the value of the variability (SD) expected from the optimum condition.
Yopt (SD)

= 1.72 + (----- – 1.72) + (----- – 1.72) + (----- – 1.72)
+ (----- – 1.72) + (----- – 1.72)
= _______

[Answers: 4 – mean ABD, SD ABC, A-III,B-III,C-I,D-II,E-IV, 5 – Slope, 6 – A is most influential, Bigger, 7 – A2 for mean & A1 for SD, 8
- A2 B1 C2 D2 E1, 9 - A2 B1 C1 D2 E2, 10 – experimenter choice, 11 - A2 B1 C2 D2 E1, 12 - 6.0+ (7.25 – 6.0)+( 6.75– 6.0)+ (6.5 –
6.0)+( 6.75 – 6.0)+(6.5 – 6.0)= 9.75,
13 - 1.72 + (1.367 – 1.72) + ( 1.637 – 1.72)+ (1.89 – 1.72)+ (1.637 – 1.72) + ( 1.787 – 1.72) =
1.429 ]

* For additional practice, review/solve problems 2-12 and 2-13 in Page 2-27
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Module - 3
Interaction Studies
An interaction among factors under study is quite common. Any one factor may interact with any or
all of the other factors creating the possibility of presence of a larger number (N x {N-1}/2) of
interactions. Determining the scope of experiment by balancing the number of factors and
interactions to be included in the study requires a clear understanding of the interaction effects. This
module provides a detail procedure for detection and analysis of interaction between two 2-level
factors.
Experiments to Study Interaction Between Factors
•
•
•
•
•
•
•
•
Nutek, Inc.

Things you should learn from discussions in this
module:
What is interaction?
Is interaction like a factor? Is it an input or an
output?
How many kinds of Interaction are there?
Where does interactions show up?
What can we do in our design to study
interaction?
How can you tell which interaction is stronger?
When Interactions are too many, what is a good
way to design the experiment?

A simple experiment, that is
experiments designed using the
standard orthogonal arrays, are
much easier to design and
benefit from. So, design should
be kept simple as far as and
whenever possible. But, when
the predicted performance from
the simple experiment cannot be
confirmed, interaction studies will
be the first level of complexity
you will need incorporate in your
study.

3.1 Understanding Interaction Effects Among Factors (Between two 2-level factors)
- Interaction is dependence of one factor on another.
- When influence of one factor depends on the presence of another factor, the factors are
considered to interact with each other.
Consider an example of interaction between two factors: A: Aspirin and B: Alcohol.
From the plot of effects of one
Plot of Presence of Interaction Between Factors
factor, A, at two levels of another
factor, B, it is possible to
determine if interaction between
Thixxxxx
the two factor exits or not by
angle between the two plotted
lines.
Interaction exists when the lines
are non-parallel.

Nutek, Inc.

The data for plotting such lines is
obtainable form the experimental
results as you will see later. For
now, it is important for you to get
a good understanding of what
interaction means.
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Plot of Presence of Interaction Between Factors

A1B1
B1 = 0 glass of beer
He
ad
Pa
in

A2B2
B2 = 1 glass of beer
A1B2

A1 = 0

A2B1

(Tabs of Aspirin)

A2 = 2 Tabs

(Observations from the graph in Slide)

•Interaction exits when the lines are non-parallel
• How are the two lines drawn?
• With FOUR data points such as A1B1, A1B2, etc.
• These points are calculated from the experimental results.

For the plot above consider the scenario (line going down from left to right) where an individual
feels much reduced headache when two tablets of aspirin are taken. While the other line (going
up from left to right) shows the effect on another person who consumes the same number of
aspirin after drinking two glasses of beer (alcohol in the stomach). This line starts low initially (at
level 1 of Aspirin) as the head pain experienced by this individual is different from the first one.
Obviously, these two lines are non-parallel (need not be intersecting within the range of plot) and
represent a situation where interaction between the two factors (A & B) is considered to exist.
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Another Example of Interaction Between Two 2-level Factors

Effect of Temperature and Humidity on Comfort Level (CL)

H2 (high)

CL

H2 (low)

T1 = 70 deg. (say)

T2 = 85 deg.

Interaction between any two factors may exist regardless of the number of levels in each factor.
Shown below, is a plot of interaction between two 3-level factors.
Just as one factor may interact with another factor, a factor (say C) may also interact with
another interaction between two factors (AxB).
Other Possible Types of Interactions
Thixxxxx

Nutek, Inc.

(Notes in Slide)
Between TWO 2-level factors: AxB
Between TWO 3-level factors
Between TWO 4-level factors
Between a 2-level and a 3-level factors, etc.
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In the case of interaction
between two 3-level factors,
there are two lines in each of the
three plots of effect of one factor.
Each of these six segments of
the lines (say at B1) may be
compared with four segments of
the other two effect lines (B2 &
B3). There could be 24 such
comparison for test of presence
of interaction.
(Notes in Slide)
Between TWO factors: AxB, BxD, etc.
Among THREE factors: AxBxC
Among FOUR factors: AxBxCxD
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Notations AxB Represents Interaction Between Factors A and B
Research with orthogonal arrays showed that when factors A (2-level) and B (2-level) are placed in
columns 1 and 2, their interaction effect, if any, is mixed with effects of a factor assigned to column
3.
Notation 1x2 => 3 means that the interaction effect of two factors assigned to column 1 and column 2 will
be mixed with the effect of the factor placed in column 3. Thus if a factor is indeed present in column 3
and the factors in column 1 and 2 interact, then the effect determined for factor in column 3 will not be
true. On the other hand if we wish to determine the effect of interaction between factors in column 1 and
2, then we may want to leave column 3 empty and not assign any factor.
The three columns (col. 1, 2 and 3) which contain the interacting factors and their interaction effect
form an interacting group.
The columns in an interacting group are commutative, i.e.
1 x 2 => 3,

1 x 3 => 2

and

2 x 3 =>1

Consider an experiment designed to study factors A, B, C etc. If AxB interaction exists, then the
effect of factor C assigned to column 3 will be contaminated by the presence of AxB. That is, the
calculated effect of C will not be accurate. Thus if interaction between AxB is suspected, no factor
should be assigned to column 3, instead be reserved for interaction effect AxB.
How to determine interactions between factors which are assigned to any two arbitrary columns?
1 x 4 => ?
5 x 6 => ?
etc.
Taguchi provided the Triangular Table which contains information with respect to interaction
between factors assigned to any two columns.

The triangular table is used to determine interaction between factors. There are separate triangular
tables for two, three and four level factors. The discussions in this seminar will be limited to
interactions between two 2-level factors. Use of the 3-level or 4-level triangular table and the
corresponding study of the interactions will be left to the readers for self-study.
To study interaction between two 2-level factors, we need to reserve one 2-level column as indicated
by the triangular table. Interaction column assignments obtained from the Triangular Table can be
represented in graphical forms which are known as linear graphs.
Study of on among three or more factors (AxBxC, CxDxExF, etc.) and interaction between two
factors with three or more levels is much more complicated. The scope of this seminar will be to
restrict our discussion to only about interaction between two 2-level factors. But for a better
understanding of the kind of information that we miss when we perform a fractional factorial
experiment using the orthogonal arrays, we will discuss interactions among many factors briefly.
Treating interaction among two factors with higher level is direct extension of the two level effects
and is left for your own self-study.
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Columns of Interaction Effects (AxB)
Interaction effects can be theoretically determined from the
array and the factor assignments. The task, however, is
quite laborious. Fortunately, it has all been done by
Taguchi.

For a given orthogonal array, it is
possible to identify the columns
(mathematically)
where
the
interaction effect is localized.
But, the task is quite involved.

Reference: Pages 208 -212 QUALITY ENGINEERING by
Yuin Wu and Dr. Willie Hobbs Moore
Method: Interaction effect AxB (A in col 1, and B in col2 )
is the angle between the two lines which can be expressed
in terms of results: Y, Y2, etc. This expression shows that
it is the same for factor C in column 3.

Nutek, Inc.

When seven factors are allowed to vary and are studied together (as in the experiment layed out
using an L-8 orthogonal array), there could be interactions between two factors and also among
many factors. You will need to run the full factorial experiments to get information about all
interactions.
Obtainable Information from Full-Factorial, 27 = 128
Number of Possible Factor Main Effects and Interaction Effects
Avg. Col. 2-factor 3-factor 4-factor 5-factor 6-factor 7-factor
1
7
21
35
35
21
7
1
(1 + 7 + 21 + 35 + 35 + 21 + 7 + 1) = 128
(27 =
128)
Calculation method: Two-Factor Interaction - two (say A and B) taken
out of seven factors (The combination formula):
nCr = n!/[(n-r)! R! ] = 7 x 6 x 5! / [5!x 2 ] = 21
Ref: Page 374, STATISTICS FOR EXPERIMENTERS by Box, Hunter
and Hunter
Scopes of Seminar: Learn how to study and make corrections for
interactions between TWO 2-Level factors (AxB, BxC, etc)
Nutek, Inc.

The full factorial for seven 2-level
factor is 27 = 128 which if
carried out will produce:
- 1 average performance data
- 7 factor effect (main effect)
information
- 21 two factor interaction effects
(AxB, AxC, etc)
- 35 three factor interaction
- 35 four factor interactions
- 21 five factor interactions
- 7 six factor interactions and
- 1 seven factor interaction data.

For most 2-level array (exception is L-12), interactions among two 2-level factors are localized. It
means that the interaction effect shows up in another column. If there is a factor already assigned to
that column, the effect will be mixed with the calculated effect of the factor.
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Columns of Localized Interactions
For many 2-level arrays (L-12 is an exception), the
interaction effect between two 2-level factors (AxB) is
localized to a column. The location of the interaction
effects depends on the location of the interacting factors
itself. All possible interacting pars of factor locations have
been calculated and are identified in the Triangular Table.

If A and B are assigned to
columns 1 and 2, the interaction
effect (written as AxB) will be
mixed with any factor assigned
to (empty column) column 3.
This is depicted with column
notations as
1x2 =>3
(not an algebraic equation)
Also, 2 x 4 = > 6

Nutek, Inc.

Etc.

3.2 Identification of Columns of Localized Interaction
With so many factors that may be involved in the study, like 15 factors using an L-16 array,
they may be assigned to the columns in many possible ways. Therefore, there could be
innumerable ways that the interactions between any pair of columns (where two factors are
assigned) could occur. Fortunately, such calculations have been done and an easy way to
determine the column for localized interactions has been devised.

Table for Determining the Interaction Location
Thixxxxx

The Triangular Table (TT)
contains the information about
the effects of interactions
between two factors assigned to
arbitrary columns.
Column of interaction is easily
found from the TT by finding the
number at the intersection of
vertical and horizontal lines from
the two column numbers where
the
factors
involved
are
assigned.
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If and when you wish to learn about the interaction effect, you will use the TT to
find out where the interaction is localized. By knowing which column is affected by
the interaction, if possible, you may like to keep that column empty so that you are
able calculate its magnitude (average column effect).
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How to read the triangular table?
From the table shown below.
3 x 4 => 7, 2 x 6 => 4, 1 x 4 => 5, 3 x 5 => 6,
3 x 4 => 7, 4 x 7 => 3, 3 x 7 => 4, 5 x 4 => 1,

2 x 7 => 5, 1 x 5 => 4
1 x 5 => 4, 1 x 4 => 5, etc.

Triangular Table for 2-Level Orthogonal Arrays
1 2 3 4 5 6 7
(1) 3 2 5 4 7 6
(2) 1 6 7 4 5
(3) 7 6 5 4
(4) 1 2 3
(5) 3 2
(6) 1
(7)

8 9 10 11 12
9 8 11 10 13
10 11 8
9
14
11 10 9
8
15
12 13 14 15 8
13 12 15 14 9
14 15 12 13 10
15 14 13 12 11
(8)1 2
3
4
(9)3
2
5
(10) 1
6
(11) 7
(12)

13
12
15
14
9
8
11
10
5
4
7
6
1
(13)

14
15
12
13
10
11
8
9
6
7
4
5
2
3
(14)

15
14
13
12
11
10
9
8
7
6
5
4
3
2
1
(15)
ETC...

Linear Graphs for Interaction Design:
The Triangular Table is always used as the master reference for finding the interaction column.
However, for convenience in designing experiments to study interactions, a few useful readings of
the TT are represented in graphical form known as the Linear Graphs.

Linear Graphs – Selected Readings of the TT
Thixxxxx

Linear Graphs makes interaction
design easier. It may free you
from referring to the TT if you
can find the suitable graph. A
large number of Linear Graphs
(stick
model)
have
been
constructed and are available for
experiments of complex nature.
How to use Linear Graphs:
Factors are assigned to column
numbers at the end of the line.

Nutek, Inc.
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The column shown at the center
of the line is reserved for
interaction effect.
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As you know by now, to study one interaction between two 2-level factors, you will need to
reserve one column of the 2-level array. Since, generally, the number of factors you identify for
the project is larger than what is economically possible for you to study; you will end up
sacrificing factors to study interaction. In addition, the number of possible two factor interaction
alone is much greater than the number of factors themselves [ n(n-1)/2 interactions for n
factors], selection of which interaction to study, becomes a difficult subjective choice.
Selecting Interactions to Study–A Difficult
Facts:
•

Factors identified are generally more than what is
possible to study.
• Interactions between two 2-level factors alone are
always more than the number of factors.
• Most often the knowledge about interactions is
absent or unavailable.
Conclusion:
Number of interaction to study and selecting te ones to
study among all possible pairs, are challenging tasks that
the project team must accomplish by consensus (no data or
science is applicable)

Nutek, Inc.

Whether to study interaction and
which ones among all possible
interactions to study, must be
decided in the afternoon of the
planning session, immediately
after the factors and levels are
determined.
Because it is done in the
planning session, before any
experimental data is available,
such decisions are made based
on past experience or
opportunities for studies without
sacrificing too many significant
factors.

Suppose that in an experiment (Example 2 below) to study the pound cake baking process, a large
number of factors were identified. The scopes of the study (available time and money) were such that
only and L-8 experiment was possible. This, of course, allows use of the available seven columns of the
array. For practical reasons, five important factors and two of the 10 possible interactions among the
factors were subjectively (group consensus) selected for the study.

Example 2: Cake Baking Experiment (Designs with interaction between two 2-level factors)
A: Egg (2-level), B: Butter (2-level), C: Milk (2-level), D: Flour (2-level), E: Sugar (2-level), and
Interactions Butter x Milk (BxC) & Egg x Milk (AxC).
Design Consideration: 5 Factors at 2-levels requires 5 columns. Two interactions between two 2level factors require 2 additional columns. An L8 has seven 2-level columns. It might work! (We
say might, as we do not know yet whether the array will satisfy all design requirements).
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Example 2: Cake Baking Experiment
Thixxxxx

The two interaction included in
the study occupy two columns
which could have otherwise
been used to study two
additional factors.
When interaction is included in
the study, the experiment design
process must follow a few strict
rules described below.

Nutek, Inc.

3.3 Guidelines for Experiment Designs for Interaction Studies
Design Strategy:
Assign interacting factors first. Then reserve the column
for their interaction effect. Next, consider other interacting
factors if any. Assign the remaining factors to the available
column at random.
- Use triangular table and/or linear graph
- Start with A & C (treat interacting factors first)
- Assign A to col. 1 and C to col. 2
- Assign B to col. 4
- Assign interaction B x C = 4 x 2 to col. 6
- Assign D to col. 5 & E to col. 7

L8 (27) Array
TRL#
1
2
3
4
5
6
7
8

A
1
1
1
1
1
2
2
2
2

C
2
1
1
2
2
1
1
2
2

AxC
3
1
1
2
2
2
2
1
1

B
4
1
2
1
2
1
2
1
2

D BxC E
5
6 7
1
1 1
2
2 2
1
2 2
2
1 1
2
1 2
1
2 1
2
2 1
1
1 2

There are many ways to accomplish the design. The factor assignment shown below
represents one of the many valid designs.
Now, try to design by assigning C to column 4.
- C to col. 4
- AxC to col. 6 - D to col. 3
- A to col. 2
- BxC to col. 5 - E to col. 7
- B to col. 1
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If we want to study both AxC and BxD, could we use an L-8 Array?
Review Triangular table and confirm that an L-8 array:
- has only one independent interacting group of columns
- can be used to study more than one interaction only if there are common
factors
(AxB BxC CxA or AxB AxC AxD will work, but AxB CxD will not)
Notes on interaction effects
Interaction between two factors represents a situation whereby the presence of one
factor modifies the response due to one condition of the other factors. The interaction
column identification and development of interaction table are beyond the scope of this
seminar. Please refer to the text book SYSTEM OF EXPERIMENTAL DESIGN by
Taguchi.

3.4 Steps in Interaction Analysis
-

Treat interaction column as any other factor
Compute main effects (say AxC) as if it were another factor. (use this for ANOVA)
Determine importance from plot of interaction using the factor columns.
If unimportant, ignore and determine optimum condition as done before.
If important, include interaction in calculation of optimum condition.
Col:>
Expt #
1
2
3
4
5
6
7
8

A
1
1
1
1
1
2
2
2
2

C AxC B
2 3 4
1 1 1
1 1 2
2 2 1
2 2 2
1 2 1
1 2 2
2 1 1
2 1 2

D BxC E
5 6 7 Results
1 1 1
66
2 2 2
75
1 2 2
54
2 1 1
62
2 1 2
52
1 2 1
82
2 2 1
52
1 1 2
78
Tota l= 521

Analysis of interactions involves determining the (1) effect of interaction from the
column that is reserved for it, just as the factor influences are calculated. The
other calculation involve (2) finding out if the interaction is present, and if present
its strength of presence.
The first type of interaction is directly obtained from the column as shown below.
But, such information can only be available when there are columns reserved for
the interaction. The second type of information is available for all possible
interactions whether it is included in the study or not.
To determine if interaction is significant, and if found significant, what corrections
to be made, we need both the above types of information for the interaction.
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Average Column Effects
__
A1
= (66 + 75 + 54 + 62)/4 = 64.25

__
B1

= (66 + 54 + 52 + 52)/4

= 56.00

C1

= (66 + 75 + 52 + 82)/4

= 68.75

D1
= (66 + 54 + 82 + 78)/4
_____
(AxC)1 = (66 + 75 + 52 + 78)/4

= 70.00

(BxC)1 = (66 + 62 + 52 + 78)/4
__
E1
= (66 + 62 + 82 + 52)/4

= 64.50

__
__

__
A2
__
B2
__
C2
__
D2

= (52 + 82 + 52 + 78)/4 = 66.00
= (75 + 62 + 82 + 78)/4 = 74.25
= (54 + 62 + 52 + 78)/4 = 61.50
= (75 + 62 + 52 + 52)/4 = 60.25

____

= 67.75

____

= 65.50

(AxC)2 = (54 + 62 + 52 + 82)/4 = 62.50
_____
(BxC)2 = (75 + 54 + 82 + 52)/4 = 65.75
__
E2
= (75 + 54 + 52 + 78)/4 = 64.75

Grand average is calculated by averaging results of all test samples.
__
Grand Average
T = (66 + 75 + ... + 78)/8 = 65.125

Average Column Effects are Collected in Table Form Generally Called the
Table Of Main Effects

COLUMN
1
2
3
4
5
6
7

FACTORS
A:EGG
C:MILK
AxC
B:BUTTER
D:FLOUR
BxC
E:SUGAR

LEVEL-1
64.25
68.75
67.75
56.00
70.00
64.50
65.50

LEVEL-2
66.00
61.50
62.50
74.25
60.25
65.75
64.75

DIFF.(2-1)
1.75
-7.25
-5.25
18.25
-9.75
1.25
-0.75

The last column in the table above shows the difference between the average effects
at level-2 and level-1 of the factors. Theses differences are indicative of the slopes of
the factor average effects and its magnitudes can be compared to determine the
relative influences of the factors.
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Plot of Factor Average Effects (Column Effects)
Plot of Factor and Interaction Effects
Thixxxxx

From the computation of average
effects, the effects for each
column can be plotted.
As already known to you, the
slope of the line indicates how
influential an effect is to the
variability of results. The slope of
the interaction column effect
indicates how potentially
significant is the interaction for
which the column is reserved.

Nutek, Inc.

Because the QC = Bigger is better, the optimum condition is obtained as
A2 C1 B2 D1 E1
This is only the preliminary observation as the interaction effects are not yet
analyzed.
The interaction plots shown above come from the columns which are reserved for the
interaction. The slopes of the lines indicate the relative influence of the interaction effects in
qualitative terms. It cannot, however be used to determine whether interaction is indeed
present and if present, whether it is significant (Done in ANOVA).
Test for presence of Interaction:
Whether interaction is present or not, can be found by test of presence of
interaction.

Test for significance of interaction:
Whether the interaction is significant or not is found by test of significance. This
test can be done in ANOVA. When the appropriate column for the interaction is
reserved, the interaction effects calculated and plotted as shown above.
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Strategy for Handling Interactions
First test to see if interaction exists. If interaction is present then proceed to determine if it is
significant (in ANOVA when a column is reserved).
Situation
* Interaction absent
* Interaction present but not significant
* Interaction present and is significant

Action
No action needed
No action needed
Action Needed
- Modify optimum design
- Revise optimum performance

To carry out the first test of interaction, i.e., to see if interaction really is present, we
need to make some extra calculations for the combined factor average effects of the
two interacting factors. Since we are dealing with two 2-level factors, there are 4 such
possible combinations.
(A1C1) (A1C2) (A2C1) and (A2C2)
These quantities are used to plot a pair of lines which become the instrument for
test of presence of interaction.
Notice that quantities like A1C1, A1C2 etc. which are calculated making use of the
columns where the factors assigned. These are different from (AxC)1, (AxC)2, etc.
which are obtained directly from the column reserved for the interaction.
Extracting data for Test of Presence of Interactions
A set of four data points are needed to plot the two lines for test of interactions for each pair of
interacting factors.
At a fixed A = A1 average effect
Test Data for Test of Presence of Interactions Plot
of C is obtained by the difference
of
____
Thixxxxx
(A1C1) = 70.50
and
____
(A1C2) = 58.00
Likewise, for A = A2 the same can
be obtained by the difference of
_____
(A2C1) = 67.00 and
____
(A2C2) = 65.00

Nutek, Inc.

Similarly for BxC interaction, the average effects may be calculated as
_____
_____
(B1C1) = 59.00
(B1C2) = 53.00
_____
____
(B2C1) = 78.50 and
(B2C2) = 70.00
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The presence of interaction can
be easily tested by plotting the
combined factor averages

Pots for Test of Presence of Interaction
Thixxxxx

Key Observation:
If the lines are non-parallel (need not
be intersecting), then interaction is
considered present.

Nutek, Inc.

(Notes in Slide)
Is the interaction present?
If present, and found to be significant, which factor
levels are desirable?
Observations: A & C interaction exists (Stronger than B
& C). Based on QC = Bigger is better, A1C1 must be
included in the optimum condition.

1. A and C interaction is strongly
present. B and C interaction is
negligible.
2. Among the four combinations of A
and C used for the plots, condition
A1C1 represent the highest value
(desired for BIGGER IS BETTER
QC)

Severity Index: The strength of presence of interaction can be measured in terms of a
numerical quantity which measures the angle between the two lines. The Severity Index is
formed such that it is 100% when the lines are perpendicular and 0% when the lines are
parallel. For interaction between A and C, the generalized formula for the Severity Index is as
shown below.
ABS [ (A1C2 -A1C1) - (A2C2 - A2C1) ] x 100
Interaction Severity Index (SI) =

%
2 x ABS[ Highest - Lowest ]

Example:
For AxC, SI = abs[ (58-70.5) - (65-67) ]x100 / [ 2 x (70.5 - 58 ) ]
= 10.5x100/25 = 42%
For BxC,

SI = abs[ (53-59) - (70-78.5) ]x100 / [ 2 x (78.5 - 53 ) ]
= 2.5x100/51 = 4.9 %

Conclusion: Factor levels A1C1 must be included in the description of the optimum
condition.
Leading Questions:
* Is interaction present?
* If interaction is present, what is the influence?
* How significant are interactions? (determined by ANOVA, not done at this
time)
* How do we find out the best factor levels when interaction is present?

Nutek, Inc. All Rights Reserved

Design of Experiments Using the Taguchi Approach

www.Nutek-us.com

Version: 7.1

Module 3: Interaction Studies

Page 3 - 15

Combined factor averages used for test of presence of interactions such as
A1C1, A1C2, B1C1, etc. are calculated using the column where factors A and B
are assigned. The calculations do not make use of the columns reserved for
AxC or BxC. Thus, it is possible to test for interaction between any two factors
(say D and E) even if there is no special column reserved for their interaction
effect (DxE).
The above observation naturally leads to the following
conclusions:

- It is possible to examine whether two factors interact or not even if we there is
no column set aside or made any special provision to study them.
- Thus if seven 2-level factors are studied using 7 columns of an L-8, it is
possible to test for presence of interaction between any two factors.
Then why did we sacrifice a column for AxC, BxC, etc. in our experiment
design?
Special columns for interaction effect are reserved to carry out the complete
study.
- Without a separate column for interaction, although presence of interaction
can be tested, the relative significance cannot be determined.
- Test for presence of interaction yields only information about the strength of
presence relative to other interactions, whereas, the test of significance for
the column effects (in this case the column of AxC, BxC, etc.) yields
influence of the interactions (in a quantitative manner) relative to that by
other factors and interactions.

-

Actions to Follow:
If interaction exists, then we need to determine its influence on:
- optimum condition
- performance at optimum condition
Find New Factor Levels at Optimum
Based on QC = BIGGER IS BETTER, find the highest values from the graph,
i.e. A1C1 (70.5) and B2C1 (78.5). Therefore, the levels A1C1B2 must be
included in the optimum condition. Accordingly the estimate of performance at
optimum condition must also be revised.
As a rule, the decision about adjusting optimum factor levels is made only if the
interaction influences are determined to be significant. Of course only those
interaction that had column reserved for its influence, can be tested for
significance using the ANOVA table information. As shown in the ANOVA table
below, the interaction column effect corresponding to column 6, which represent
interaction effect between factors in column 2 and column 4, is negligible. Thus
even though the test for presence of interaction was positive, there is no action
necessary due to this interaction.
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3.5 Prediction of Optimum Condition with Interaction Corrections
Optimum Condition and the Expected Performance - 1
Thixxxxx
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When interaction effect is
completely ignored, the optimum
condition so determined by
taking only the factor effects, is
called the preliminary
observation. Often, the optimum
and its performance predicted so
found becomes the final design.
But, interaction is included in the
experiment, its effect and
correction resulting from it must
be checked.

Performance at the Optimum Condition
Optimum Condition Is A2 C1 B2 D1 E1 (Without Interaction)
_
_ _
_
_
_ _
_
_
_ _
Yopt
= T + (A2 - T) + (C1 - T) + (B2 - T) + (D1 - T) + (E1 - T)
_
_
_
_
_
_
= T + (66 - T) + (68.75 - T) + (74.25 - T) + (70 - T) + (65.5 - T)
=

65.125 + 0.875 + 3.625 + 9.125 + 4.875 + 0.375

=

65.125 + 18.875

= 84.00

Optimum Condition Is A1 C1 B2 D1 E1 (With Interaction)
Assuming that only one of the two
Optimum Condition and the Expected Performance-2
interactions (AxC) is significant, its
effect and the appropriate factor
Thixxxxx
levels (from plot of interaction shown
earlier) are incorporated.
Two actions needed to correct for
interactions:

Nutek, Inc.
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1. Adjust levels to A1 & C1 as
determined from plot of
presence of interaction.
2. Include interaction column
effect (AxC)1 in the Yopt
expression.
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Optimum Condition Is A1 C1 B2 D1 E1 (With Interaction, AxC only)

_
YOPT

_

_

_

_

___

_

_

_

_

_

_

_

= T + (A1 - T) + (C1 - T) + ([AxC]1 - T ) + (B2 - T) + (D1 - T) + (E1 - T)
= T + (64.25 − T ) + (68.75 − T ) + (67.75 − T )+....

= 65125
.
+ ( −.875) + 3.625 + 2.625 + 9.125 + 4.875+.375 = 84.875
In the above expression the level of the interaction column AxC is determined from
the average effects for the interaction column in the same manner as the level for
the factor is done. [Optimum expression used by QUALITEK-4 software]

Expected Performance (alternative expression)

Alternative Method:
In this
expression, the terms (A2 - T) and
(C1 - T) in the original expression for
optimum performance, are replaced by
the term (A1C1 – T).

Thixxxxx
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(

) (

) (

) (

YOPT. = T + A1C1 − T + B2 − T + D1 − T + E1 − T

(

) (

) (

) (

)

)

= T + 70.5 − T + 74.25 − T + 70 − T + 65.5 − T
= 6 5 .1 2 5 + 5 .3 7 5 + 9 .1 2 5 + 4 .8 7 5 + 0 .3 7 5 = 8 4 .8 7 5
Note: In cases where two pairs of interactions (AxC & BxC) produce different levels of the
same factor (say C) select the optimum that produces a conservative estimate.
- Select the lower calculated value if QC is Bigger is Better
- Select the higher calculated value if QC is Smaller is Better
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Review Questions (See solutions in Appendix)
3-1: Design experiments to study the following situations. Select the orthogonal array and
identify the column assignments.
a. Two 2-level factors and an interaction between them.
b. Six 2-level factors (A, B, C, D, etc.) and interaction AxC.
c. Four 2-level factors (A, B, C and D) and two interactions AxB and CxD.
d. Five 2-level factors (A, B, C, D and E) and two interactions AxB and BxC.
e. Ten 2-level factors(A,B,C, etc.) and three interaction AxB, BxC and CxD.
3-2: (a) Design an experiment to study four factors: A, B, C, & D (2-Levels each) and
interactions BxC AND BxD. Can an L8 be used. If so, assign factors and
interaction to the appropriate columns.

L8(27 ) Array

Col.>
Trial#
1
2
3
4
5
6
7
8

1
1
1
1
1
2
2
2
2

2
1
1
2
2
1
1
2
2

3
1
1
2
2
2
2
1
1

4
1
2
1
2
1
2
1
2

5
1
2
1
2
2
1
2
1

6
1
2
2
1
1
2
2
1

7
1
2
2
1
2
1
1
2

(b). If we wanted to study AxB and
CxD, instead of interaction BxC
and BxD, which orthogonal array
would we use? (check one below)
( ) An L8
( ) An L12
( ) An L16

3-3 From results of the following experiment, determine:
(a) Avg. effect of B2 =

FACTORS:
A
TRIAL#/COL:1
1
1
2
1
3
1
4
1
5
2
6
2
7
2
8
2
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(b) Avg. effect of interaction (AxB)1 =

B
2
1
1
2
2
1
1
2
2

AxB
3
1
1
2
2
2
2
1
1

C
4
1
2
1
2
1
2
1
2

D
5
1
2
1
2
2
1
2
1

E
6
1
2
2
1
1
2
2
1

F
7 RESULTS
1
3
2
2
2
6
1
8
2
4
1
5
1
6
2
3
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(c) Plot interaction between A and B by calculating

____
A1B1 = 2.5
____
A2B1 = 4.5

____
A1B2 = 7.0
____
A2B2 = 4.5
PLOT OF A x B INTERACTION

3-4: In an experiment involving two factors A and B, each at 2 levels, the following readings
were recorded:

____
A1B1 = 35
____
A2B1 = 45
Do factors A and B interact with each other?

____
A1B2 = 55
____
A2B2 = 60
( ) Yes

( ) No

3-5: When interactions between factors under investigation are suspected, explain why it is a
common practice to reserve special columns of the OA. Check all appropriate boxes.
a. ( ) To test for presence of interaction.
b. ( ) To determine the relative influence of interaction.
c. ( ) To determine optimum condition.

3-6: In an experiment involving seven 2-level factors, an L-8 OA was used. Is it possible to
determine if there is interaction between any two factors?
( ) Yes ( ) No

3-7: To study interaction between two 2-level factors, we need to reserve one 2-level
column. Using the triangular table, determine the interaction column for AxB where:
A is in column 3 and B is in column 1
"
4
"
5
"
2
"
4
"
9
"
5
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AxB =
AxB =
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3-8: Can an L-8 be used to study the following 2-level factors and interactions?
Check appropriate box.
a) 6 factors and 1 interaction
( ) Yes ( ) No ( ) Maybe
b) 5 factors and 2 interactions
( ) Yes ( ) No ( ) Maybe
c) 4 factors and 3 interactions
( ) Yes ( ) No ( ) Maybe
d) 3 factors and 1 interaction
( ) Yes ( ) No ( ) Maybe
e) 3 factors and 3 interactions
( ) Yes ( ) No ( ) Maybe
3-9: Design an experiment to study 2-level factors A, B, C, D and E and interactions
AxB and CxD. Indicate the OA and the column assignments.
3-10: If you were to study four 2-level factors (A, B, C, & D) and interaction AxB,
BxC and CxD, what is the smallest array you will use for the design? Indicate
the column assignment.
3-11: When interaction is determined to be present and is considered significant,
how does it influence the outcome of your study. Check all correct answers.
[
[
[
[

] May change the optimum condition
] Influences the estimate performance at optimum
] Alters the main effect of some factors
] Changes grand average of performance

3-12: If you fail to include some interaction which may indeed be present, will it
affect the description of the trial conditions?
[ ] Yes
[ ] No
3-13: Recognizing that some levels of interactions between factors included in the
experiment are always present, with limited experimental scopes and a large
number of factors to study, which among the following should be your
experimental strategy?
[ ] Select the largest orthogonal array possible and include several interactions
you suspect. Fill the remaining columns with factors.
[ ] Fill all columns with factors. Test for presence of interactions after the
experiments are done. Study interactions in the future experiments.
3-14: [Concept: Interaction Design and Analysis ]
I) If A and B are two 2-level factors in your experiment, which column will you reserve to study interaction
between them when:
A in column 2 and B in Column 4.
Ans. A x B = ____
A in column 8 and B in Column 4.
Ans. A x B = ____
A in column 7 and B in Column 9.
Ans. A x B = ____
A in column 11 and B in Column 13.
Ans. A x B = ____
A in column 1 and B in Column 3.
Ans. A x B = ____
ii) Can you study 2-level factors A, B, C, D, and interactions AxB, CxA, and BxC using an L-8 array?
Ans. ____
iii) Which array will you use to design an experiment involving 2-level factors A, B, C, D, and interactions
AxB and CxD?
Ans. _____
iv) For the experiment shown below, determine: (a) If influence of interaction AxB is more significant
than the influence of factor A? (b) Does interaction between factors C and D exist?
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A
1
1
1
1
1
2
2
2
2

B
2
1
1
2
2
1
1
2
2

AxB
3
1
1
2
2
2
2
1
1

C
4
1
2
1
2
1
2
1
2

D
5
1
2
1
2
2
1
2
1

E
6
1
2
2
1
1
2
2
1

F
7
1
2
2
1
2
1
1
2

Results
24
30
16
22
32
22
26
18

Calculations:
__
A1 = (24+ 30 + 16 + 22 )/4

=

____
(AxB)2 = (16+ 22 +

)/4

= 23

__
A2 = (32+ 22 + 26 + 28 )/4

=

____
(AxB)1 = (24+ 30 +

)/4

= 24.5

Ans. ___________
____
C1D1 = (24+ 16 )/2

= 20

____
C2D1 = (22+ 18)/2

=

____
C1D2 = (32+ 26 )/2

=

____
C2D2 =

=
Ans. ___________

3-15: An experiment was designed to study five factors (A, B, C, D, and E: in cols 1, 2, 4, 5, and 6 of
an L-8 OA) and an interaction between A and B (AxB in col.3). The objective of the study was to
determine the best design for MINIMUM tool wear. The results of tests with one sample at each of the
trial conditions are given by:
Test results:

30 60 45 55 25 40 50 35

Determine: a) Optimum condition with interaction, b) Expected performance at the optimum condition
and c) Main effect of factor D.
Ans: A2B1C1D1E1, 17.5, (47.5 - 37.5)
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Practice Problem # 3A: Rust Inhibitor Process Study (QC: Bigger is Better)
Factors: A:Temperature (150 deg, 175 deg), B: Airflow (10 ft/sec, 15 ft/sec), C:Inhibitor (Conc., Diluted),
D:Drying time (short, Long), E:Mixing (slow, Fast), F:Packing delay (Immediate, Delayed). and Int. AxB

7
L8(2 )

A
1
1
1
1
1
2
2
2
2

TRIAL#
1
2
3
4
5
6
7
8

B AxB C D
2 3 4 5
1 1 1 1
1 1 2 2
2 2 1 1
2 2 2 2
1 2 1 2
1 2 2 1
2 1 1 2
2 1 2 1

E
6
1
2
2
1
1
2
2
1

F
7
1
2
2
1
2
1
1
2

Results

Avg.

32
40
33
38

35
40
32
42

30
43
33
41

31
37
34
39

32
40
33
40

45

47

43

45

45

28
32
22

36
31
33
36
30
38
28
24
26
Grand Average:

SD

S/N

32
34
25
35.125

1. Fill in the blanks (dashed lines) below by calculating the missing average effects of factor and
interaction effects.

Effects Based on Mean
Factor Lev\
1

A
36.25

B
37.25

AxB
32.75

2
Diff.

-----2.25

33
-4.25

----4.75

C
36

D
30.5

E
-----

34.25
-1.75

39.75 34.75
9.25 -0.75

F
34.5
35.75
1.25

2. Fill in the blanks (dashed lines) below by calculating the missing average effects of combined factors
A2B1, A1B2, etc.

___

___
A1B1 = (32 + 40)/2 = 36

___

___
A1B2 = ( --- + --- )/2 = 36.5
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A2B1 = ( --- + --- )/2 = -----

A2B2 = ( --- + --- )/2 = 29.5
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3. Find optimum condition without consideration of interaction.
Optimum Condition (Ignoring interaction). _______________________

4. Estimate the performance at the optimum condition without any correction for the interaction effect.
Yopt

= 35.125 + 1.125 + 2.125 + -------- + -------- + 0.375 + 0.625
= 44.875

5. From the plot of test of interaction between factors A & B (AxB, two lines), identify the levels of these
two factors desirable for the optimum performance.
(Hint: Plot and/or review the 2-lines of interactions for A & B and determine the desirable level based on
the quality characteristics. Use automatic interaction from main effect screen in Qualitek-4)
Levels of factors A & B desirable for interaction effect are: _________

6. Determine the optimum condition (factor level) when the effects of AxB interaction are taken into
consideration.
Optimum Condition (including interaction). _______________________

7. To make correction for interaction effect, the calculated interaction effect from the column reserved to
study it are included in the estimate (Yopt) of the performance at the optimum condition. From the
calculation of average column effects of column 3 which was reserved to study the effect of AxB, which of
(AxB)1 or (AxB)2 average effects will you include in the computation of Yopt.
Column effects used for correction is

(AxB)( ? ) = ( -------- Show value)

8: Estimate the performance at the optimum condition including the interaction effect.
(Hint: Use the first of the two formula for Yopt. in the interaction study)
Yopt

= 35.125 - 1.125 + 2.125 + ( ----- - ------ ) + 0.87 + 4.625 + 0.375 + 0.625
= ---------

(Use “Estimate” button in Qualitek-4, Optimum screen, to set A2, B1, etc.)

[Ans: 1 – A2 = 34, (AxB)2 = 37.5, E1 = 35.5,
2 - A2B1 = 38.5,
3 - A1B1C1D2E1F2,
4 – missing values 0.875, 4.625, 5
- A2 B1,
6 - A2B1C1D2E1F2, 7 – (AxB)2, 37.5, 8 - missing values ((AxB)2 – T) = (37.5 –35.125) = 2.375, Yopt = 45.0 ].

*Additional practice problems: 3-3, 3-8, and 3-16 in Pages 3-14 … 3-18.
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Practice Problem # 3B: [Reference Module 3, Review questions 3-8 .. 3-11, page 3-16]
Concept – Experiment design and analysis to study Interactions
Having completed the experiment described in problem 2B, the project team decided to expand the
scope in their repeat experiment to include four Factors and three interactions among these factors. The
experiment design and the results are as shown below.

Factors
A: Tool Type
B: Cutting Speed
C: Feed Rate
D: Tool Holder

Level- I
High Carbon
1500 rpm
2 mm/sec.
Current Design

Level- II
Carbide Tip
2000 rpm
5 mm/sec.
New Design

Interactions: AxB, BxC, and CxA

Trial#

A

B

1
2
3
4
5
6
7
8

1
1
1
1
2
2
2
2

1
1
2
2
1
1
2
2

AxB C

1
1
2
2
2
2
1
1

1
2
1
2
1
2
1
2

CxA BxC D

1
2
1
2
2
1
2
1

1
2
2
1
1
2
2
1

1
2
2
1
2
1
1
2

Results (QC= Bigger)

8 units
12
10
11
15
13
9
14

1. Describe the condition of the eighth experiment (Trial# 8) that produces result 14. What do you do
about level (description) information from columns (3, 5, & 6) reserved for interaction studies?
Trial# 8: ____________________________________________________
Explain interaction column levels: ________________________________

2. To compare the severity of presence of interactions among the pairs A&B, B&C, and C&A, calculate
their severity index (use software when available). Determine the most severe of these three Interactions
included in the study.
(Hint: Calculate A1B1, A1B2, A2B1, A2B2, etc. For each pair, the angle between the lines is indicated by
the SEVERITY INDEX. The angle between the lines (Severity Index) indicates the strength of presence of
interaction. )
Most sever interaction pair of factor is ____________________
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3. From the experimental data available, is it possible to determine if interaction between factors C and D
present? How many interactions between two factors are possible and is the information about their
strength of presence available?
(Hint: It is possible to test for the presence of Interaction, even though no column is reserved for it.
Calculate C1D1, C2D2, etc.)
(a) Is it possible to determine if interaction between C & D exits?

_______

(b) What is the maximum number of possible interactions between two factors? _______
(c) Is the strength of presence information available for all such interactions?

_______

4. Determine the Optimum Condition without any interaction effect.
Optimum condition (no interaction): ___________________________

5. Prescribe the Optimum Condition when modified for interactions AxB, BxC, and CxA.
Optimum condition (with interactions): ___________________________

6. How would your experiment design change if you were to study AxB, AxC, and AxD interactions
instead of the ones studied in this experiment.
Which array will you use? __________________________

How would you assign the factors and interaction columns? (Indicate columns)
A in col. _____,

B in col. _____,

Reserve columns: _____ for AxB,

C in col. _____,

D in col. _____

_____ fo AxC, and _____ for AxD

7. How would you design the experiment if you were required to study the interaction effects like AxB and
CxD? What would be the impact on the size of your experiment and how could you maximize gathering of
information from such an experiment.

Orthogonal array you would select _______________________________

Your strategy for gathering more information _______________________

[Answers: 1 – A2B2C2D2, nothing to do, 2 – AxB, 3 – Yes, Six, Yes, 4 – A2B1C2D2, 5 - A2B1C2D2 (unchanged),
6 – ABCD in cols. 1, 2, 4 & 6, interactions in 3, 5, & 7,
7 – L-16, Study all 6 interactions]
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Practice Problem # 3C: Group Project - Foam Seat Molding Process Study
[Concept: Experiment Planning and Design]
This exercise should be done as a group. You are to brainstorm among your group and carry out the
experiment planning session following the steps discussed in the class. Your experimental design
should be supported by the information provided in the following problem descriptions. Appoint/elect a
facilitator for your group. Allow him/her to facilitate the discussions and also take part in it. Go through
the planning process, and be prepared to discuss your experiment in the class when asked.

Problem description:
Engineers and production specialist in a supplier plant wish to optimize the production of foam seats for
automobile manufacturers. The improvement project has been undertaken as there have been
complaints from the customer about the quality of the delivered parts. The main defects found in the foam
parts are: (1) excessive shrinkage, (2) too many voids, (3) inconsistent compression set and (4) varying
tensile strength. There appears to be general agreement that these are the primary objectives, however,
there is no consensus as to their relative importance (weighting). Most involved are aware that, just
satisfying one of the criteria may not always satisfy the others. It is believed that a process design which
produces parts within the acceptable ranges of all the objective criteria would be preferable.
Conventional wisdom will dictate that a designed experiment be analyzed separately using the readings
for each of the objectives (criteria of evaluations). This way, four separate analyses will have to be
performed and optimum design conditions determined. Since each of these optimums is based only on
one objective, there is no guarantee that they all will prescribe the same factor levels for the optimum
condition. To release the design, however, only one combination of factor levels is desired. Such design
must also satisfy all objectives in a manner consistent with the consensus priority established by the
project team members.
Combining all the evaluation criteria into a single index (OEC), which includes the subjective as well as
the objective evaluations, and also incorporate the relative weightings of the criteria, may produce the
design you are looking for. Of course, even if you analyze your experiment using the Overall Evaluation
Criteria (OEC), you may still perform separate analysis for individual objectives.
Discussions and investigations into possible causes of the sub-quality parts revealed many variables (not
all are necessarily Factors) like a) Chemical ratio, b) Mold temperature, c) Lid close time, d) Pour
weight, e) Discoloration of surface, f) Humidity, g) Indexing, h) Flow rate, i) Flow pressure, j) Nozzle
cleaning time, k) Type cleaning agent, etc. Most suspect that there are interactions between Chemical
ratio and Pour weight, and between Chemical ratio and Flow rate. Past studies also indicated
possible non-linearity in the influence of Chemical ratio and thus four levels of this factor is also desirable
for the experiment. But since there has been no scientific studies done in the recent past, any objective
evidence of interaction or nonlinearity is not available. Because of the variability from part to part, it is a
common practice to study a minimum of three samples for any measurements. The funding and time
available for the project is such that only 30 to 35 samples can be molded.

Your group will be asked to discuss one or all of the following:
1. Evaluation criteria, their ranges of evaluations, QC, and their relative weighting (create the OEC table
with assumed ranges of evaluations. Skip questions 1 - 3 if you have only one objective.)
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Criteria Description

Worst Reading

Best Reading

QC

Relative Weight
(Wt)

C1:
C2:
C3:
C4:
C5: etc.
2. OEC equation in terms of the unknown evaluations (C1, C2, C3, etc.) and the QC.

Calculation of OEC’s with Sample Readings (example format)
C1
OEC =

C1range

x Wt1 + ( 1 -

C2 – C2-nom

) x Wt2

+ (1 -

C2b – C2-nom

C3
)x Wt3
C3range

3. Assume evaluations for a test sample and show calculation for the OEC.
OEC =
4. List all factors and interaction you want to include in the experiments and why.
Factor Description

Level 1

Level 2

Level 3

Level 4

A;
B:
C:
D:
E:
F:

Interactions:

5. Indicate the array you would select for the design and indicate the column assignments for the factors
and interactions included in the study.

[Answers: will vary depending on the selection of factors and interactions.]
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Practice Problem # 3D: Group Project - Optimize The Paper Helicopter Design Shown
This exercise allows you to apply the Design of Experiment technique to
optimize the design of a paper helicopter. You will use all phases of the
application to plan, design, run, analyze, and confirm the results of an
experiment designed using an L-8 array.

Wing

Construction: (Keep aspect ratio between 1 to 3)
• Split Wings by cutting along solid line
• Fold wings along the dashed lines
• Cut Lower Body to Upper Body joints
• Fold Lower Body sides along the dashed lines

Upper
Body

Wing

Objective:
Obtain longest helicopter flight time.
Response: Flight time
Suggested control Factors (4 or 5) and their levels:
(Keep the size of the helicopter within 5 – 11 inches)
A:Lower Body Length B:Lower Body Width
C:Upper Body Height
D:Wing Length
E – Wing Width,
F:Paper clip
G:Paper thickness etc.

Lower
Body

Interactions: AxB, BxC, CxD, AxC, etc.
Noise Factor: Drop Orientation (N), N1 = 0 degree, N2 = 15 degrees
Signal Factor (in case of Dynamic System): Drop height (72” - 96”)
(Keep the drop height at a fixed level when signal factor is not applicable)

Assignment: (I) Practice making a few helicopters and fly them, (II) Brainstorm and
select factors (A, B, C, D, etc.) and determine the two levels for each factor.
Design an experiment and construct eight helicopters. Fly your models and collect
three flight duration (# of rotation or time) data under each of the two noise levels.
Analyze results and confirm the optimum design.

L-8 Array
Expt

A
1

Results
B
2

Ax
B

C
4

E
5

3
1
2
3
4
5
6
7
8

1
1
1
1
2
2
2
2

1
1
2
2
1
1
2
2

1
1
2
2
2
2
1
1

Bx
C

D
7

N1

N1

N1

N2

N2

N2

Avg.

σ

6
1
2
1
2
1
2
1
2
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2-Level Orthogonal Arrays

Interactions
(Linear Graphs)

L4(23) Array
Trial#\
1
2
3
4

1
1
1
2
2

2
1
2
1
2

3
1
2
2
1

1

2

3
1x2 =>3

L8(27 ) Array
COL.>>
Trial#
1
2
3
4
5
6
7
8

1
1
1
1
1
2
2
2
2

2
1
1
2
2
1
1
2
2

3
1
1
2
2
2
2
1
1

4
1
2
1
2
1
2
1
2

5
1
2
1
2
2
1
2
1

6
1
2
2
1
1
2
2
1

7
1
2
2
1
2
1
1
2

1

1

2

5

3
7

3

2

3

1

5
6

2

6
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2- Level Orthogonal Arrays (Contd.)

L12

Column =>
Cond. 1
1
1
2
1
3
1
4
1
5
1
6
1
7
2
8
2
9
2
10
2
11
2
12
2

2
1
1
1
2
2
2
1
1
1
2
2
2

3
1
1
2
1
2
2
2
2
1
2
1
1

4
1
1
2
2
1
2
2
1
2
1
2
1

5
1
1
2
2
2
1
1
2
2
1
1
2

6
1
2
1
1
2
2
1
2
2
1
2
1

7
1
2
1
2
1
2
2
2
1
1
1
2

8
1
2
1
2
2
1
2
1
2
2
1
1

9
1
2
2
1
1
2
1
1
2
2
1
2

10
1
2
2
1
2
1
2
1
1
1
2
2

11
1
2
2
2
1
1
1
2
1
2
2
1

NOTE:
The L-12 is a special array designed to investigate main effects of 11 2-level factors.
THIS ARRAY IS NOT RECOMMENDED FOR ANALYZING INTERACTIONS

Column
Cond.

L16
1

2 3

4 5

6 7

8 9

1
2
3
4

1
1
1
1

1
1
1
1

1
1
1
1

1
1
2
2

1
1
2
2

1
1
2
2

1
1
2
2

1
2
1
2

1
2
1
2

1
2
1
2

1
2
1
2

1
2
2
1

1
2
2
1

1
2
2
1

1
2
2
1

5
6
7
8

1
1
1
1

2
2
2
2

2
2
2
2

1
1
2
2

1
1
2
2

2
2
1
1

2
2
1
1

1
2
1
2

1
2
1
2

2
1
2
1

2
1
2
1

1
2
2
1

1
2
2
1

2
1
1
2

2
1
1
2

9
10
11
12

2
2
2
2

1
1
1
1

2
2
2
2

1
1
2
2

2
2
1
1

1
1
2
2

2
2
1
1

1
2
1
2

2
1
2
1

1
2
1
2

2
1
2
1

1
2
2
1

2
1
1
2

1
2
2
1

2
1
1
2

13
14
15
16

2
2
2
2

2
2
2
2

1
1
1
1

1
1
2
2

2
2
1
1

2
2
1
1

1
1
2
2

1
2
1
2

2
1
2
1

2
1
2
1

1
2
1
2

1
2
2
1

2
1
1
2

2
1
1
2

1
2
2
1
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3- Level Orthogonal Arrays

4
L9(3 )

COL==>
COND
1
2
3
4
5
6
7
8
9

1
1
1
1
2
2
2
3
3
3

2
1
2
3
1
2
3
1
2
3

3
1
2
3
2
3
1
3
1
2

4
1
2
3
3
1
2
2
3
1

L18 ( 21 37 )
Col==>
Trial 1
1
1
2
1
3
1
4
1
5
1
6
1
7
1
8
1
9
1

2
1
1
1
2
2
2
3
3
3

3
1
2
3
1
2
3
1
2
3

4
1
2
3
1
2
3
2
3
1

5
1
2
3
2
3
1
1
2
3

6
1
2
3
2
3
1
3
1
2

7
1
2
3
3
1
2
2
3
1

8
1
2
3
3
1
2
3
1
2

10
11
12
13
14
15
16
17
18

1
1
1
2
2
2
3
3
3

1
2
3
1
2
3
1
2
3

3
1
2
2
3
1
3
1
2

3
1
2
3
1
2
2
3
1

2
3
1
1
2
3
3
1
2

2
3
1
3
1
2
1
2
3

1
2
3
2
3
1
2
3
1

2
2
2
2
2
2
2
2
2
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4-Level Orthogonal Arrays
This array is called the modified L-16 array which is made by combining the 5 interacting groups in the
original 16 2-level columns.

5
16 ( 4 )
Col. => 1
Trial
1
1
2
1
3
1
4
1

L

5
6
7
8
9
10
11
12
13
14
15
16

2
2
2
2
3
3
3
3
4
4
4
4

2

3

4

5

1
2
3
4

1
2
3
4

1
2
3
4

1
2
3
4

1
2
3
4
1
2
3
4
1
2
3
4

2
1
4
3
3
4
1
2
4
3
2
1

3
4
1
2
4
3
2
1
2
1
4
3

4
3
2
1
2
1
4
3
3
4
1
2

Linear Graph of L

16

3, 4, 5

2

1

To study interaction between two 4-level factors we
must set aside three 4-level columns.
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Triangular Table for
2-Level Orthogonal Arrays
1 2 3 4 5 6 7
(1) 3 2 5 4 7 6
(2) 1 6 7 4 5
(3) 7 6 5 4
(4) 1 2 3
(5) 3 2
(6) 1
(7)

8 9 10 11 12
9 8 11 10 13
10 11 8
9
14
11 10 9
8
15
12 13 14 15 8
13 12 15 14 9
14 15 12 13 10
15 14 13 12 11
(8)1 2
3
4
(9)3
2
5
(10) 1
6
(11) 7
(12)

13
12
15
14
9
8
11
10
5
4
7
6
1
(13)

14
15
12
13
10
11
8
9
6
7
4
5
2
3
(14)

15
14
13
12
11
10
9
8
7
6
5
4
3
2
1
(15)
ETC...

How to read the triangular table

To find the interaction column between factor a placed in column 4 and factor b placed in column
7, look for the number at the intersection of the horizontal line through (4) and the vertical line
through (7), which is 3.
4 x 7 => 3
A x B => AxB
Likewise

1 x 2 => 3
3 x 5 => 6

Etc.
The set of three columns (4, 7, 3), (1, 2, 3), etc. are called interacting groups of columns.
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Linear Graphs for 2- Level Orthogonal Arrays

1

2

2

3

3
1

4

5
6

1

7

3

14
1

2

13
7

15

6

5

7

9

4

5

3

11

4

2
6

12

8

9
14

3

8

15

1

7

14

9

7

10
11
6

5

12
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Glossary of Terms
ANOVA: Analysis of Variance is a table of information which displays relative influence of factor
or interaction assigned to the column of the orthogonal array.
Controllable factors: A design variable that is considered to influence the response and is
included in the experiment. Its levels can be controlled at experimenter's will.
Error: The amount of variation in the response caused by factors other than controllable factors
included in the experiment.
Histogram: A graphical representation of the sample data using classes on the Horizontal Axis
and frequency on the Vertical Axis.
Interaction: Two factors are said to have interaction with each other if influence of one depends
on the value of the other.
Linear Graph: A Graphical representation of relative column locations of factors and their
interactions. These were developed by Dr. TAGUCHI to assist in assigning different factors to
columns of the Orthogonal Array.
Loss Function: A mathematical expression proposed by Dr. TAGUCHI to quantitatively
determine the harm caused by the lack of quality in the product. This harm caused by the product
is viewed as a loss to the society and is expressed as a direct function of mean square deviation
from the target value.
Orthogonal Array: A set of tables containing information on how to determine the least number of
experiments and their conditions. The word orthogonal means balanced.
Quality Characteristic: The yardstick which measures the performance of a product or a process
under study. For a plastic molding process, this could be the strength of the molded piece. If we are
after baking the best cake, this could be a combination of taste, shape and moistness.
Response: A Quantitative value of the measured quality
Characteristic. e.g. stiffness, weight, flatness, etc.
Robustness: Describes a condition in which a product/process is least influenced by variation of
individual factors. To become robust is to become less sensitive to variations.
Target Value: A value that a product is expected to possess. Most often this value is different from
what a single unit actually does. For a 9 volt transistor battery the target value is 9 volts.
Variables, Factors, or Parameters: These words are used synonymously to indicate the controllable
factors in an experiment. In case of a plastic molding experiment, molding temperature, injection
pressure, set time, etc. are factors.
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Class Project Application Guidelines
(For 4-day seminar/workshop)
Team objectives: Learn how to apply Taguchi experimental design and analyze results by working
with fellow team members. While working together as a team, each member of the group should
assume a role related to the selected project and brainstorm for the following items.
1. Select a project, describe the objective and
a. Establish what you are after (better looks, performance, improve quality, etc.)
b. Decide how you will evaluate what you are after and how many
criteria of evaluations will you have.
c. When you have more than one criterion for evaluations, what
are the relative weightings for each and how will you combine them
into single quantifiable number.
2. Determine Factors, Factor Levels, Interactions, Noise Factors, Number of Samples, etc.
3. Design experiments and describe Trial conditions and Noise conditions.
4. Carry out experiments or assume results (as if the experiments were done).
5. In case of actual experiments, record observations (evaluation criteria) for each test sample.
6. Assign tasks among team members and present your CASE STUDY REPORT to the class. Make
copies for all attendees and the instructor.
MINIMUM REPORT CONTENTS (about 5 pages)
* Proj. title, date and name of participants
* A brief description of the project and objectives (about 100 words)
* Evaluation criteria table containing criteria description, QC, weighting, etc. (if more
than one criteria)
* Factor, levels and column assignments
* Results, optimum, % influences, C.I..
* $ Savings, etc. (optional items) and Variation Reduction diagram
* Outline actions based on findings.
PROJECT SCOPES:
Your experiment should include:
* One 3 or 4-level factors OR interaction(s) between two 2-level factors
* Explanation about the noise factors and how they are handled
* One or more measurable criteria of evaluations
PRESENTATION ITEMS:
Make copies of your report for all attendees and the instructor. Based on the results (assumed or
actual), tell the class what your findings are:
(a) how each factor behave
(b) what are significant factors
(c) what is the optimum condition and how much improvement is expected from the
optimum design
(d) what is the potential $ savings from the new design
(f) How much was improvement in variation(Cpk, Cp, etc.)
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Experiment Planning Summary
Date:________
Project Title __________________________ Location _____________________
Participants:

1.______________________ 2.____________________________
3._____________________

CRITERIA DES.
1.

4.____________________________

Worst Value

Best Value

QC

Rel. Weighting

2.
3.
4.
etc.
_____________________________________________________________________________

OEC/RESULT = (

)x

+ (

)x

+ (

)x

+ (

)x

Example:
FACTORS
1.

Level 1

Level 2

Level 3

Level 4

2.
3.
4.
etc.
_______________________________________________________________________
Noise factors and Outer array :

NOTE: Show Design, results and analysis. Prepare report in 2-4 pages. Make copies for all seminar
attendees and distribute.
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Example Case Study Report
Project Title: Piston Bearing Durability Life Optimization Study
Experiment was conducted by: (Industrial users)
Brief Description of the project function and the purpose of the study:
Recent warranty study indicated high rate of field failure of the Piston Bearing (type DX30) due to
excessive wear and vibration related malfunction. This study was undertaken to enhance the
durability life under field relevant 80Th percentile application load.
Evaluation Criteria:
Experimental bearing samples were tested and performance evaluated by observing durability life (in
hours, weighted at 60%) and by measuring force generated due to unbalanced vibration (g force,
weighted at 40%). These two criteria of evaluation were combined to produce an overall result used
for the analysis. The scheme to calculate the Overall Evaluation Criteria (OEC) is not shown here.
The Quality Characteristic (QC) of OEC is Bigger is Better.
Factors and Levels:
Brainstorming with the team members
and other project personnel identified
seven Factors. Among the factors,
three uncontrollable factors were held
fixed for the purpose of the
experiments. Four remaining
factors and an interaction between two
factors were considered for the study.

Noise Factors and Interactions:
Interaction between Speed and Viscosity was considered most important.
Many noise factors were identified, but not included in this study.

Orthogonal Array and the design
Three samples in each of
the eight experimental
conditions were tested.
The observed readings for
durability life and
vibration force were
combined for each
sample (45 for the first
sample in experiment#1).
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Main Effects
The average factor influences
showed trend of influence of
various factors, which helps to
determine the desirable
condition for the QC. It also
helped determine the levels
of the interacting factors (Speed
and Oil Viscosity) most
suitable for the desired
performance.
From Test of Presence of
Interaction showed that Speed
at Level 2 and Oil Viscosity at
Level 1 are to be included in
the Optimum Condition

ANOVA:
ANOVA shows the relative influence of the factors and interaction to the variation of results. The
most influence is due the interaction included in the study, followed by factors Oil Viscosity, Speed,
and Pin Straightness.
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The Other/Error (28%)
indicates the influence
from all factors, not
included in the study
and the experimental
error, if any.

Optimum Condition and Performance

Confidence Interval (C.I.)

The expected
performance at optimum
condition (79.664) shows
an increase of 21.08
points from the average
performance.
Improvement = (79.6658.58)/58.58 = 36%
Levels of interacting
factors are the same as
indicated otherwise.
Thus no adjustments of
factor level is necessary.

At 90% confidence level the Mean
of the population performance is
expected to fall within 74.39 and
84.93.
For confirmation/validity of the
analysis and predicted
performance, a set of samples were
tested in the Optimum Condition
and the average performance was
found to be 81.5
.
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Expected Savings from the new design

Savings = 46 cents for every dollars loss
Variation reduction: Cpk increased from 1.0 to 1.359

Conclusions and Recommendations:
Even though the Error/Other influence was 28.5%, since the test results at the Optimum Condition fell
within the Confidence Interval (C.I.), the experiment is considered satisfactory and further investigation
on the identified factors is planned.
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Solutions to Module Review Questions
Module 2

Module 1
1-1
1-2
1-3
1-4
1-5
1-6
1-7
1-8
1-9

Consistency of performance,
Reduced variation around the target,
Check all,
Answer will vary (AV),
AV,
AV,
AV,
i. b, ii. b iii. Cannot decide,
Average and Standard Deviation.

Module 3
3-1 a. L-4, b. L-8, c. L-16, d. L-8, e. L-16
3-2 L-8, B in col. 1, C in col. 2 and BxC in col. 3. D in
col. 4 and BxD in col. 5. B. L-16
3-3 (a) B2=5.75 (b) (AxB)1 = 3.5 (c) A1B1=2.5
A2B1=4.5 A1B2=7 A2B2=4.5
3-4 Yes.
3-5 (b)
3-6 Yes
3-7 Cols. 2, 1, 6, and 12
3-8 (a)Yes, (b) Maybe, (c) Maybe, (d) Yes, (e) Yes,
requirements satisfied automatically.
3-9 L-16
3-10 L-16
3-11 Checkthe first two answers
3-12 No
3-13 Second option
3-14 I. 2x4=>6, 8x4=>12, 7x9=>14, 11x13=>6, 1x3=>2,
ii. Yes iii. L-16, iv. (a) 23 and 24.5 Same (slope)
for both (b) Yes, C1D1 etc. 20, 20, 29, and 26
3-15 Solution will valry.
3-16 (a) A2 B1 C1 D1 E1, (b) 17.5 (c) 47.5 – 37.5

2-1 A. Save 120 experiments, B. Eight, C. Check all,
2-2 a. Eight, b. Any five of the seven columns, c. Turn
them to zeros or remove them from the array.
2-3 a. 8x5 = 40 samples or runs, b.Replication
2-4 a. Bigger, b. Smaller, c. Nominal
2-5 a. 8 x 1 x 3 = 24 observations, b. One observation or
combined OEC at one time, c. Z data
2-6 No
2-7 a.
2-8 a. A2 B1 C2, b. Results will go down, c. 53, d. (3525)
2-9 a. L-4, b. L-8, c. L-8, d. L-12, e. .L-16, f. L-32, g. L-9,
h. L-18, i. L-18, j. L-27, k. L-16’, l. L-32
2-10 a. Gd. Avg.=47.75, b. 57 – 38.5
2-11 i. Yes ii. Four 1’s, iii. 2, iv. 11, v. 24, vi. 31
2-12 i. L-8, Seven columns, ii. L-9, Four columns, iii. L4, Three columns, iv. L-12, elevel columns, v. L-16,
Fifteen columns vi. L-32, 31 columns, vii L-18, Eight
columns, viii. L-27, 13 columns ix. L-16’ Five columns,
X. L-32’ 10 columns, Xi. L-18, 8 Columns, xii. L-32’ 10
columns.
2-13 i. X1 =28, X2 =4, X3 =2800, ii. Bigger iii. Prove
2-14 i. A2 B2 C1, 60 ii. C1=6.333, C2=6, C3=6.333
2-15 a. A2 B2 c2, b. 75, c. 67.50-47.50

Module 4
4-1 a. L-8 b. L-8 c. L-9 d. L-18 e. L-16 f. L-32
4-2 Use L-9 and Combination Design priciple
4-3 (a) Trial#6, (b) Textured, Increased, Harder, Type
1, and Present.
4-4 All answers are correct.
4-5 L-16
4-6 Yes
4-7 (a) X1Y1=50, X1Y2=45, and X2Y1=60, (b) (60 –
50), (c) (45 – 50)
4-8 i. 2, ii. 8, iii. 2, iv. 8, v. 26, vi. 18 vii. 11, L-16 (L12 has the DOF but its column cannot be modified)
4-9 (i) Any three columns that are part of interacting
group of columns, (ii) Column 6 is turned to zero
(iii) Yes, (iv) D1=5.25 D2=5.5 D3=6, D1 is
desirable
4-10 (i) X1Y1=5.666 X2Y1=6.666 X2Y1=6.333, ME of
X= (6.666 – 5.666) (ii) A1 B2 C3 X1 Y1
4-11 I. A2 H1 D2 B1 C1, 232.83 II. AxH III. 257.29
IV. BxC =31% severe. It is less than AxH, but more
than AxD. V. Describe strategy
4-12 (a) A3 B1 C2 D2 E1 (b) 62 (c) (67-72)
4-13 (a) A3 B1 C1 X2 Y1 (b) (54 – 44) (c) 72.33

Note: Solutions to a few of the review questions have been obtained by creating special experiment
files (SEMR?-??.Q4W) that are available from Nutek, Inc. Example: For Question 3-3, look for file
SEMR3-03.Q4W.
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Detail Descriptions of Application Phases
Knowledge about the experiment design technique and analysis of results are necessary
for successful applications. But what yields most benefit is the way the application process
is progressed. More often than not, the effort put in the planning session determines the
benefits obtainable The steps outlined in this module can guide experimenters through a
path of successful application.
Topics Objectives:
•
•
•
•
•
•
•

Understand the role and importance of a brainstorming session.
Define quality characteristics.
Formulate a plan to combine attributes of the quality
characteristics into a single index criterion.
Select key factors from a large list of inputs.
Consider noise factors in design.
Determine the size of experiments based on cost and time.

Description of Application Phases
Project Selection

Look for a project to apply, Lead if it's your own project, or sugges
else's.

P1. Plan

Arrange for the planning/brainstorming session.
If it's your own p
will be better off asking some one else to facilitate.
Determine:
• Evaluation criteria and define a method to combine them
• Control factors and their levels.
• Interaction (if any)
• Noise factors (if any)
• Number of samples to be tested.
• * Experiment logistics.

P2. Prescribe

Design experiment & Prescribe recipes of the trial conditions.
•
•

Determine the order of running the experiment
Describe noise conditions for testing samples if the design
includes an outer array

P3. Perform

Carry out experiments
• Note readings, calculate and record averages if multiple
readings of the same criteria are taken.
• Calculate OEC using the formula defined in the planning
session.

P4. Predict

Analyze results and Predict performance expected
• Determine factor influence (Main Effect)
• Identify significant factors (ANOVA)
• Determine optimum condition and estimate performance
• Calculate confidence interval of optimum performance
• Adjust design tolerances based on ANOVA
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Prove and verify predictions by running confirmation tests
• Test multiple samples at the optimum condition
• Compare the average performance with the confidence
Interval determined from DOE

5. Prove

Considerations for Experiment Planning (Brainstorming)
Necessity of brainstorming
Brainstorming is an essential step in the Taguchi experimental design. This is the
planning session that supplies answers to the pertinent questions before an
experiment is designed.

Purpose of brainstorming session
* Identify factors, levels and derive other pertinent information about the
experiment, collectively with all involved in the experiment.
* Develop team effort and achieve the maximum participation from the team
members.
* Determine all experiment related items by consensus decisions.

Who should conduct? - The session should be facilitated by a person who has a
good working knowledge of the Taguchi methodologies. Engineers or statisticians
dedicated to helping others apply this tool will make better facilitators.

Who should host the session? - The team/project leader should host the
brainstorming session.

Who should attend? - All those who have first-hand knowledge and/or involvement
in the subject under study should be included. For an engineering design or a
manufacturing process, both the design and the manufacturing personnel should
attend. If cost or supplier knowledge are likely factors, then persons from these
disciplines should be encouraged to attend (group size permitting).

How many should attend? - The more the better. The upper limit should be around
15. It can be as low as 2.
What is the agenda for the session? - It need not be sent out with the invitation for
the planning session. Application experience on the part of some participants will be
a plus. A facilitator with application experience can help the participants with brief
overviews when needed.
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Topics of Discussions
The following topics should be included in the agenda for the brainstorming session.
1. Objective of the study (What are you after?)
A. What is the characteristic of quality? How do we evaluate the objective?
B. How do we measure the quality characteristic? What are the units of
measurement?

C. What are the criteria (attributes) of evaluation for the quality characteristic?
D. When there are more than one criterion or there are several attributes of the
quality characteristic, how do we combine them into an Overall Evaluation
Criterion
(OEC)?
E. How are the different quality criteria weighted?
F. What is the sense of the quality characteristic? Lower is better, nominal is the
best, etc.
Design Factors and their Levels
A. What are all the possible factors?
B. Which ones are more important than others (pareto diagram)?
C. How many factors should be included in the study?
D. How to select levels for the factors? How many levels?
E. What is the trade off between levels and factors?

Interaction Studies (Which factors are likely to interact?)
A. Which are the factors most likely to interact?
B. How many interactions can be included?
C. Should we include an interaction or an additional factor?
D. Do we need to study the interaction at all?
"Noise" Variables (How to create a robust design?)
A. What factors are likely to influence the objective function, but can not be
controlled in real life.
B. How can the product under study be made insensitive to the noise factors?
C. How are these factors included in the study?
Tasks Descriptions and Assignments (Who will do what, how and when?)
A. What steps are to be followed in combining all the quality criteria into an OEC?
B. What to do with the factors not included in the study?
C. How to simulate the experiments to represent the customer/field applications?
D. How many repetitions and in what order will the experiments be run?
E. Who will do what and when? Who will analyze the data?
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Opportunities for the Overall Evaluation Criteria (OEC)
Whenever there are more than one performance objectives, formulation of OEC is
recommended. The method of OEC formulation and computation can be studied by considering
the cake baking Example-2 studied earlier in this seminar.
Evaluation Criteria Table
Criteria
1.Taste

Worst Value(w)
0

Best Value(b)
12

QC
Bigger

Relative weighting(Rw)
55%(Rw1)

2. Moistness

25 gm

40 gm

Nominal

20% (Rw2)

3. Consistency

8

2

Smaller

25% (Rw3)

The evaluation criterion were defined such that TASTE was measured in a scale of
0 to 12(bigger is better), MOISTNESS was indicated by weight with 40 gm
considered the best value(nominal is better) and CONSISTENCY was measure in
terms of number of voids seen(smaller is better).
Assume that for cake sample for trial#1, the readings are (T, M, C):
Taste

T =

9, Moistness

M = 34.9, and

Consistency

C= 5

Then OEC for the cake sample is:
OEC = [ (9-0)/(12-0) ] x Rw1 + [ 1 - (40-34.9)/(40-25) ] x Rw2 + [1 - (5-2)/(8-2)] x
Rw3
Note that before all criteria of evaluations can be combined their QC's must be the
same. The second expression is modified to change the NOMINAL qc to BIGGER
The third expression is modified to change the SMALLER QC to BIGGER
= (9/12) x 55 + (1 - 5.81/15) x 20 + (1 - 3/6) x 25
= 41.25 + 12.25 + 12.50

= 66.00

Observe that the evaluations (T, M and C) in each case is first subtracted from the
smallest magnitude of readings then divided by the allowable spread of the data.
This is done to get rid of the associated units (Normalization). Subtraction of the
fractional reading from 1, as done for the second and the third criteria, is to change
the quality characteristics to line up with the first criteria, that is, BIGGER IS
BETTER. Each criteria fractional value (y/ymax) is also multiplied by the
corresponding weighting and added together produce a net result in numerical
terms.
Since an L-8 orthogonal array was used to describe the baking experiment, there are
eight cakes baked with one sample in each of the eight trial conditions. The OEC
calculated above (OEC = 66) represents the result for trial#1 . There will be seven
other results like this. The eight values (OEC's) will then form the result column in
the orthogonal array. The process will have to be repeated if there were more
repetitions in each trial condition. (OEC screen in Qualitek-4 screen is shown above)
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Program Evaluations
Program Title: Performance Investigation

Instructor

Ranjit K. Roy

& ….

__________________________________
Program completion date
Training Location/host._____________________________

We appreciate your comments and suggestions. Please take a moment to let us know how we can improve
and serve you better. (Please use the following numbers for evaluation purposes).
[6] Excellent [5] Very Good [4] Satisfactory [3] Poor [2] Unsatisfactory [1] Needs Improvement

1. Overall Reaction to Program:

6

5

4

3

2

1

(Circle one number)

Comments:__________________________________________________________________________
___________________________________________________________________________________
2. Reaction to Instructor:

6

5

4

3

2

1

(Circle one number)

Comments:__________________________________________________________________________
____________________________________________________________________________________
3. What should be added and/or deleted to improve this program? (Please be specific)
____________________________________________________________________________________
4. What portions of this program do you feel will be most helpful at your work?

How?

____________________________________________________________________________________
____________________________________________________________________________________
5. Do you feel the training provided you enough understanding of the technique for you to be able to start
applying it to your own projects if opportunities were available?
[ ] Yes
[ ] No
[ ] May be
6. Would you consider/recommend us for training at your facility?

[

] yes

[

] No

[

] May be

Who should we contact for training at your facility _____________________ Ph: ___________________
7. Would you recommend that others attend this seminar?

[

]YES

[

]NO

8. Portion of class sessions you attended [ ] 100% [ ] Over 90% [ ] over 75% [ ] Over 50%
9. Percent of class problems and assignment you completed and/or took active part: [ ] 100% [ ] Over 80%
[ ] 50%

(Optional)
Your Name__________________________ Your Ph#/ & E-mail:______________________________
THANK YOU for taking the time to complete this evaluation.

R. Roy/Nutek, Inc.

All Rights Reserved

Design of Experiments Using the Taguchi Approach

Version: 5.1

