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CHAPTER 1
Introduction

Confucius said ‘'l hear and | forget. | see and | remember. | do and | understand’. This proverb sums up
the spirit of this book as it is very practical and it involves the reader. Every chapter contains examples
and exercises that will capture the reader and ensure the information is passed on in a memorable way.

This book is aimed at numerical professionals, students or academics who wish to learn and apply sta-
tistical techniques for problem solving, process improvement or data analysis without getting bogged
down in theory. In fact anyone that wants to be data driven in their decision making should use this
book to understand how to use Minitab.

The vehicle for the statistical techniques is Minitab version 16. However, most of it will also be applicable
to version 15. The notes will indicate if a feature is in Minitab 16 only by stating ‘M16 only’. At this point
| could give you a list of the new features that are incorporated within Minitab 16 but that would be a
bit pointless, so | will attempt to point out the important new features as we go through the modules.
You will definitely need to have access to a copy of Minitab when going through the book and it would
be advantageous to have a copy of Microsoft Excel as well.

Minitab has developed considerably between versions 15 and 16. One of the main enhancements is the
Assistant which helps users select the appropriate test, enter the data and interpret the results. The
Assistant is available for a number of the key test procedures. Users of older versions of Minitab and also
Minitab 16 have the option of using the non-Assistant methods which are accessed via the traditional
drop down menus. For convenience, within the book | will refer to this method as the Classic method.

| am a chartered Chemical Engineer and Six Sigma Black Belt. | have worked in the nuclear industry,
cosmetics industry and in construction products manufacturing. My main role has always been process
improvement and the projects that | have completed have won awards and saved millions of pounds.
Whilst honing my problem solving and data analysis skills | recognised that there was a huge gap in the
availability of appropriate training materials and yet there was a huge demand from numerical profes-
sionals to learn the skills. | was disappointed not to be able to find the right sort of books to help me
learn and understand how to use Minitab. However, | was fortunate enough to have my employers put
me through my Six Sigma training.

My aim is not to blind the reader with mathematical theory but to teach problem solving and data anal-
ysis through the use of statistical analysis in a very graphical and accessible way. The book uses example
based learning that each reader can work through at their own pace. Each example is broken down into
the very exact steps that must be followed in order to work through the complex analysis. After the
examples there is usually an exercise so that the reader can be assured that they have understood the
key learning points. However, even the answers do not leave the reader cold with just a single numerical
solution. The exercise answers show graphic milestones that the reader must achieve in order to reach
the endpoint of the analysis. The example and exercise data sets can be downloaded from the Wiley
publishing website, www.wiley.com/go/six_sigma_methodology.

Problem Solving and Data Analysis using Minitab: A clear and easy guide to Six Sigma methodology, First Edition. Rehman M. Khan.
© 2013 John Wiley & Sons, Ltd. Published 2013 by John Wiley & Sons, Ltd.
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| have found that other books teaching this subject make themselves inaccessible to beginners either
because complex statistical theory is put before practical learning or there is an attempt to cover every-
thing that Minitab can do. The main strengths of this book are that it is a training course in book form
and it teaches a much sought after skill set. It teaches the reader using a logical and stepwise methodol-
ogy. The examples and exercises take the reader through key learning points and, because they are so
very easy to follow, they build the reader’s confidence. The book does not cover every possible topic.
For instance it does not cover the handling of attribute data. This is due to space limitations and the
fact that in a numerical world we come across this type of data set less and less. However, if there are
procedures that you wish to learn with attribute data | suggest that you learn the equivalent test for
continuous data and then use the help system to understand how to handle attribute data. Also, we will
not be learning Six Sigma project methodology as it would probably double the page count.

I would like to introduce a metaphor for problem solving. | am standing in Field A but when | solve my
problem | will be able to move over to Field B which is a better place. In between is a rather large wall,
and this wall represents the problem. The wall has a gate and when | find the key, which can be repre-
sented by the answer, | can open the gate and step through. The problem is that | need to find the key
and it can be anywhere in Field A. However, to help me find the key | have a metal detector. The thing
that determines how well | use the metal detector is my own skill. Well, in the real world the metal
detector is Minitab and to find the solution to numerical problems | must ensure that | can utilise this
fantastic tool. This book’s sole purpose is to increase your skill level with Minitab. The intention is to do
this by giving you a bit of theory and then getting you to solve problems using Minitab. Luckily, Minitab
will make our life easy by doing all the complicated maths. All we need to do is tell it what to do and
then understand what it is telling us.

Let’s have a look at what we are going to be learning throughout this book. If you are beginner then
| strongly recommend that you start from the very beginning and at least go through Chapters 2-4
before you start skipping forward to topics of interest. If you are an experienced user of Minitab then
feel free to launch into any of the topics that are of interest to you.

1. Introduction
This is the wordiest chapter in the book and you’re doing well to get through it. In the rest of the
book we are going to keep you busy in front of your computer working on Minitab.

2. Minitab Navigation

In this chapter you are going to get the feel of Minitab. We will start by discussing the Minitab
windows and then the drop down menus. As discussion is not a very good way of learning we will
then import some data and look at the data formatting system used within Minitab. For additional
learning we will put together some simple graphs and we will learn to add additional content to
those graphs. This has a twofold purpose in that the reader will experience some of the stand alone
graphing tools and will become familiar with Minitab navigation. Later you will see that a lot of
Minitab's statistical procedures produce their own graphs which are very useful for data analysis.
We also need to learn how to use the report pad so that we can send reports to Microsoft Word
and PowerPoint.

3. Basic Statistics
This is the chapter where we learn the basic background statistics that we need to know to help
us understand what is coming up in the more demanding chapters. If you are new to statistical
methods you have probably only been introduced to descriptive statistics. In this chapter we learn
one of the most important concepts in the course and that is the difference between descriptive
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statistics and inferential statistics and how that links to the concept of the entire population and a
sample set from that population.

. Hypothesis Testing

You could say that hypothesis testing is one of the foundational chapters of the statistical proce-
dures that we are going to be using. Once we get to grips with the theory we will start using some
of the test procedures within Minitab. We will start by looking at a single set of data and determin-
ing whether the mean of the population could be a particular value. We will then compare two
data sets and attempt to infer conclusions about them.

. Analysis of Variance

The analysis of variance (ANOVA) procedure builds on the last chapter and lets us make compari-
sons between two or more groups. We start by looking at the one way ANOVA procedure and
move onto the ANOVA General Linear Model (GLM). The GLM allows us to model multiple factors
and multiple levels.

. Measurement System Analysis

This chapter teaches us procedures to help us understand whether our measurement systems are
adequate and reliable. The measurement system can be an instrument, like a weigh scale, or it
could be a person making a judgment about a product or process. Either way we want to know if
the measurement systems are free from human failings and whether they can be relied upon.

. Statistical Process Control

Statistical process control (SPC) is about monitoring your process and looking for unusual occur-
rences by using control charts. Finding out the type of unusual behaviour and when it occurs helps
us to identify the initiating events. We can then put controls in place that will eliminate the initiat-
ing events and thereby making the process more stable.

. Process Capability

We use process capability to measure our customer requirements against what the process is actu-
ally delivering. This is often done at the start of the project to measure the gaps and then again at
the end of the project to demonstrate the improvement.

. Correlation and Regression

These two terms are often confused. In the world of Minitab correlation is about establishing
whether two parameters have a linear relationship and checking the strength of that relationship.
Regression goes further by trying to fit an equation to model the relationship. We will learn pro-
cedures for single and multiple factor regression.

Design of Experiment

Don‘t worry. Design of experiment (DOE) is not always about being in a laboratory and conducting
experiments. DOE is actually an optimised methodology for checking selected inputs and check-
ing whether they have a statistically significant effect on a selected response. DOE tells us how
strongly each factor is affecting the response and whether any of the interactions are important
to the response.

There are many types of DOE and we will concentrate on two of the more commonly used types.
DOE comes with its own terminology so we will spend a bit of time getting to grips with the termi-
nology before we get into DOE proper.
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4 Problem Solving and Data Analysis using Minitab

11. Help
Minitab has a number of comprehensive help systems that can help you should you get stuck.
This chapter will introduce the help systems and show you what is available so you will be able to
quickly get the information that you need.

This book originally started out as a course that | ran within British Gypsum. | then decided that | could
do with less time with my wife and family and it would be a good idea to convert the course into a book.
One of the concepts that | introduced during the course was the Statistical Charter. The charter was a
self imposed set of rules designed to protect the stakeholders, customers and no doubt our own reputa-
tions. The charter has the following functions:

e Stops us from turning fiction into fact.
e \Warns stakeholders regarding the certainty of our conclusions.

e Sets limits so that we can safely execute the statistical procedures.

You will see that the charter manifests itself within the care that we take to set up the test procedures.
| can give you guidance that, for example, we should try and aim for a power of between 80-90% but
when it comes to using the tests within the real world you may choose to ignore the advice. However,
most of the advice given here is derived from the Minitab White Papers and gives a robust methodology
for conducting the procedures.

Statistics can have a bad reputation. It was Benjamin Disraeli who said ‘There are lies, damn lies and sta-
tistics’ and we don’t want to perpetuate that reputation. Personally, | think a particular quote from the
Toby McGuire Spiderman movie is more apt for the exponents of statistical analysis: ‘With great power
comes great responsibility’.

The statistical techniques taught within this book are most commonly found within Six Sigma. They are
used for problem solving, data analysis and the reduction of variation within the DMAIC Framework.
There are other business improvement frameworks such as World Class Manufacturing (WCM) and these
tools and techniques sit equally well within the Focussed Improvement (Fl) Pillar of WCM. However, the
use of Six Sigma is far more widespread and it is more commonly associated with Process Improvement
and Minitab.

The table below shows how the statistical toolset can be used within the DMAIC Framework. The tools
used are not set in stone as the methodology allows the use of any tool which gets the job done.

For each of the chapters | would strongly recommend that you initially read the theory section in the
chapter and then, when it comes to examples in the book, follow the instructions to work through each
example on a PC with a copy of Minitab. When you are happy that you understand the methodology
applied to solve the example problems then try a single exercise without using the book. After complet-
ing the exercise go back and review the solution shown within the book. If you are happy that you have
successfully completed the exercise then complete all the remaining exercises in the same way. If not,
review the notes and the solution to establish where you went wrong and then repeat the exercise. As
a gift to the reader for reading this far into the introduction | will tell you that the exercises are usually
easier than the examples.
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Define

Used to set Measures
of performance for
project, Define gap
between process
outputs and customer
requirements.

Tools used: Project
Charter, Critical To
Tree, SIPOC.

Used to start
understanding

the process. Carry
out Measurement
Systems Analysis
(MSA) on the Key
Output Process
Variables (KOPV) and
captute the process
baseline.

Statistical Tools
used: SPC, Process
Capability, MSA.

Tools used: Project
Charter, Critical To
Tree, SIPOC.

Analyse

Used to define the
Key Process Input
Variables (KPIVs).
Need to identify
sources of variation
and screen potential
causes. MSA of KPIVs.

Tools used:
Process Mapping,
Brainstorming,
Fishbone Diagram,
Cause and Effect
Matrix, FMEA.

Statistical Tools used:
MSA, SPC, Hypothesis
Testing, ANOVA,
Correlation and
Regression, DOE

Optimises settings
of KPIVs to deliver
the required output.
Statistically vali-
dates new operating
conditions.

Tools used: Updated
FMEA, Cost/Benefit
Analysis, Error
Proofing

Statistical Tools used:
MSA, SPC, Hypothesis
Testing, ANOVA,
Correlation and
Regression, DOE

Control

Locks in and
documents optimised
parameters. Measures
improvement and
sustainability.

Tools used: Updated
FMEA, Control Plan,
Procedures reviewed,
engineering and
operaating, Success
Sheets/Best Practise
Sheets, Project Report
and Presentations.

Statistical Tools
used: SPC, Process
Capability,

In case you are wondering, all of the data sets used are fictitious. They were designed to show particular

aspects of the methodology being taught.

And finally, if you are in need of some inspiration go onto YouTube and search for the ‘Minitab song’,
it keeps me motivated!



CHAPTER 2
Minitab Navigation

2.1 Windows

In this Module we want you to get the feel of Minitab. We are going to do this by first discussing the
Minitab windows and then the dropdown menus. As discussion is not a very good way of learning we
will then import some data and get you to start working with that data.

1. Open Minitab.

You will be presented with the screen below.

Toolbars
and
Dropdown
Session Menus

Window

Project
Window

At the top of the screen there are the dropdown menus and toolbars, which work like most Microsoft
applications. Below that we have two windows: the session window and the project window. The graphs
window is not shown at start up but it is also commonly used.

Problem Solving and Data Analysis using Minitab: A clear and easy guide to Six Sigma methodology, First Edition. Rehman M. Khan.
© 2013 John Wiley & Sons, Ltd. Published 2013 by John Wiley & Sons, Ltd.



Minitab Navigation 7

The project window is mainly used to enter data into Minitab and is used in a similar way to Microsoft
Excel. However, the main difference is that Minitab wants you to present data in columns and is quite
strict about having the same data format within a column.

The session window is where the user is given numerical outputs. You will have guessed that the graphs
window is where the user is given graphical outputs. Graphs can exist in their own windows but it's best

to keep them minimised and only call them up when you need them from the graphs folder.

Now that we know what the windows do, let’s learn to move between the windows.

AL ZE CHOE®

[Session Window (Ctri+M) |

2. Locate the three folder icons in the tool bar as shown in the above, left figure.

3. Single click between the live icons a couple of times. Notice how the folder icons not only open
the corresponding window but also a project manager window. The window icons, as shown in the
central figure above will open the particular window and not the project manager. The window
you select will cover the complete screen if the windows were previously maximised. Give that a go
now and finish up on the project window.

4. If you forget what the icons are for, you can hover over them with the mouse and a pop-up box will
open to tell you. As shown in the above, right figure.

Fle Edit Data Calc Stat Graph Editor Tools  Window Help  Assistant

FE & Ai Q0 dBEOBERL ERE B | & AR
= T _

The figure above shows the dropdown menu and default toolbars for Minitab 16 (M16). The figure
below the next paragraph is for Minitab 15 (M15). In fact all the dropdown menus are virtually the same
between M15 and M16, with the exception of the Assistant, which is a new feature on M16. There are
many new features within M16 but these are better explored as we go through the modules because
the majority of them are for experienced users.

Next we will look at the dropdown menus. Later we will explore the key icons within the toolbar by
working with some data which we will import.

File Edt Data Cale Stat Graph Editor Tools Window Help

Fd & E i Q2 CRaEe3awn EEE F &
: . . %
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2.2 Dropdown Menus

The File dropdown should be familiar as it is similar to
most Microsoft programs.

Project and Worksheet Description allow the user to
enter information about either item. This can be very
useful when you refer back to the work in the future.

Open Worksheet and Other Files both allow the import
of data from various common file types.

Query Database is a facility that allows the user to
import information from a database.

There are options for printing presented here, how-
ever, from my experience printing for the purpose of
producing reports is best done via the Report Pad.

The Edit tab is not used that often. This is because
right clicking on an object also gives custom editing
options.

Cut, Copy and Paste are more easily done with Ctrl+X,
C and V, respectively.

Worksheet Links can be useful. They allow the user to
link a section of a spreadsheet to the data within the
project window. Depending on how the link is man-
aged, changes to the spreadsheet will automatically
be applied to the data within the project window.

The Edit Last Dialog facility is tremendously useful but
| find it easier to use directly from the toolbar.



The top half of the toolset is used to arrange the data that is
in the worksheet window. On occasion subsets may need to be
moved from the same column to adjacent columns and vice
versa. Copy contains predefined copying procedures that can
be used as shortcuts.

As in Excel, Transpose Columns will spin the selected data by
90°. We need to be wary of data types though.

Code works to replace selected items throughout a column
and lets you convert data types in the process.

Change Data Type is useful in correcting the data type.

Concatenate is the same as the Excel function and adds text
strings together.

Using Calc will be covered in the module as it is quite useful.
Column and Row Statistics pretty much do as expected and
give you an output in the session window.

The central and bottom sections are used to generate differ-
ent types of data distributions. Making mesh data can be quite
fun in a nerdy sort of way.

Minitab Navigation 9
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The Stat menu is the heart of Minitab
and contains the majority of the sta-
tistical tests.

This book will focus on a number of
these menus and submenus. We will
be going into Regression, ANOVA,
DOE, Control Charts and Quality Tools
submenus in later modules.

Basic Statistics will be the most fre-
quently used submenu.

Using graphs to display data is usu-
ally a quick and easy way to see trends
and should be done in the early stages
of analysis.

The Graph menu in Minitab supplies a
large variety of graphing tools which
can provide a very different insight
into the data than you would nor-
mally see with standard spreadsheet
programs.

Minitab will generate a large number
of these graphs when statistical tests
are carried out.

We are going to look at a number of
these graphs within this module.



The Editor dropdown menu contains a number of standard
editing functions. A number of these are available by right
clicking on the live worksheet.

Column formatting is done here.

Define Custom Lists is quite interesting. It can be used to
define a standard list that when set up can then be added
into the worksheet by entering the starting element of the
list and then pulling down on the handle of the active cell.
This is particularly useful if you have a custom list that you
regularly want to add to the project window.

The three applications listed at the top of the Tools menu
can be launched from here.

Toolbars can be used to set which toolbars are active. For
example, the 3D Graph Editing tool bar can be activated
from here.

Customize can be used to change a large number of fea-
tures. It is best fully explored by the reader in their own
time.

Amongst other things Options is used to set:
P the root directory for saving work,
P the background colour on all graphs,

P the output options on statistical tests.

File Security can be used to set password protection for our
files.

Minitab Navigation

1"



12 Problem Solving and Data Analysis using Minitab

The icons in Window are most useful when you are working on
a large project whilst utilising all the windows. They can be used
to quickly organise your windows and graphs.

We will show how to use the Update All Graphs Now function
later in this module.

The Help menu should be your first option when faced with
problems. We will look at how to use the Help system in much
greater detail in a separate module.

Minitab actually comes supplied with a number of sample data
sets which are utilised within the help systems in order to dem-
onstrate statistical procedures.

Licensing is a M16 only option. It contains information about
your Minitab License and also a clever feature to Move License. If
you are mobile or considering working from home it would allow
you to transfer your product activation to another location.



Minitab Navigation 13

The Assistant dropdown is M16 only and
is one of the key advances in the update.
The Assistant will lead you through the
tool selection and ensure that the pre-
requisites are correct. It will also pro-
vide you with an interpretation of the
results. It could make guide texts and
training redundant!

2.3 Importing Data

We are now going to look at importing some data into Minitab. We will then carry out a number of
exercises on that data. These will include checking the data format within the columns and, if we need
to, we will change the data format. We will then manipulate the data by adding columns together and
then produce a number of different types of graphs and add content to those graphs. Once we have a
few graphs we will look at how we can export our data so that others can view it. We will finish the ses-
sion by carrying out some Minitab customisation and also using the Assistant to produce some graphs.

The table below shows the data that we are going to work with. The data concerns a piece of equip-
ment that requires both gas and electricity to run. The equipment has two zones. The Total Cost row
relates to how much it costs to run the equipment. Person relates to the operator who was running the
equipment and Stage refers to a particular event that we want to monitor; in this case it relates to when
maintenance was conducted on the machine. Stage changes from condition Before to Stage1 so we can
tell when the maintenance occurred.

The data currently lives within Microsoft Excel and it is formatted in rows not columns. Each row has a
title cell and then 38 data cells.

1. Open File 02 Minitab Navigation.xls using
Microsoft Excel.

2. Go to ‘Data in rows’ worksheet.

Minitab analyses data in columns. We need to
change the arrangement of this data so that it
is in columns. Minitab has a Transpose function
but it is better to prepare the data in Excel and
then transfer it to Minitab. This is due to want-
ing to maintain both the column headings and the
mixed data types in the example data.

vww .allitebooks.cond
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3. In order to shift the table around so
that the data is in columns first copy
target cells A1 to AM10.

4. Go to worksheet 'Sheet2’.

5. Right click on cell A1 and use the Paste
Special command from within the
dropdown menu.

6. Select Transpose from the selection
box that opens and then click OK.

If you had trouble you can use the table that | have already transposed. It is in the ‘Data in Columns’
worksheet. There are two easy ways to transfer the data from an Excel worksheet into Minitab.

7. Copy cells A1 to J39 of the trans-
posed cells by highlighting and
then pressing Ctrl+C.

8. Then Paste the data, by pressing
Ctrl+V, into Minitab with Cell A1
being copied into the title row
directly under ‘C1" and above
Row1 in the shaded row. Minitab
uses these rows for titles. Pasting
under this row would cause the
title row to be counted as data
and this would upset the column
formatting.
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The alternate method of importing

data into Minitab is shown below.

9. From within Minitab click File
<<Open Worksheet.

Open Waorksheet, .,

10. Navigate to the folder that passmuiiiz: ZE
contains the data file. Ensure toskin ;’"E’Si”":g -l + & ar B
A Screenshobs
that the correct file type has w2 ST s e

Documents

been selected. Then double (3

click on the file that you want Dasktop

to open. o
11. Minitab will put the data from My Documents

each Excel worksheet into a 2

~—=F
My Camputer

separate Minitab Worksheet. €& o i N e

Notice how the formatting of My sk Fies o Evoot Faio. = sion] = [E—
the Data in Rows sheet is in Helo
disa rray_ {® | Lockin Minitab Sample Data Folder

12. Close all the Minitab work- Zptions B || Rrevievy,) P () G

sheets with the exception
of the Data in Columns

worksheet. I c1D 2D c3 [=r] (=] c6

Date Time Total Cost Zonel Electricity Zone? Electricity Zonel Gas Zon
1 03A0/2012 0 300:00 266.536 129 120 azz2.0
2 0302012 4.00:00 DEE S35 129 120 3232 .9
3  03A02012 0 50000 266 536 130 121 32220
4 03A0/2012 60000 266946 129 120 32329
5 0O3A02012  7.00:00 266 331 129 121 3211 .1
6 OzA02012 80000 |F ;
7 03A0/2012 90000 . =i = =1 =)
8 03102012 10:00:00 Date 03/10/2012 03/10/2012_1|03/10/2012_2
9 OEANLOTZ 170000 1 [Time 3:00:00 4:00:00 5:00:00
10 03M0:2012  12:00:00 2 | Total Cost 12:51:31 12:51:31 12:51:31
11 |03/10/2012) 13:00:00 3 Fonel Electricity o0-00:00 0-00:00 0-00:00
12 |03M10/2012] 14:00:00 4 Fone2 Electricity 0:00:00 0:00:00 0:00:00
13 03102012 15:00:00 5 | Zonel Gas 0:00:00 21:36:00 0:00:00
14 |03710/2012) 16:00:00 6 | Fone2 Sas 2:24.00 2. 24:00 0:00:00
15 03102012 17:00:00 7 Feedrate - 4:48:00 4:45:00
16 03A10/2012 180000 8 Stage - - -
17 09710/2012 0 50000 a  Perzon - - -
18 09/10/2012  6:00:00 10
19 09/10/2012 70000 35
20 0971002012 8:00:.00 e
21 09/10/2012 9:00:00 12
2z 0902012 10:00:00 =
23 09102012 11:00:00 =
24 0971042012 12:00:00 e
25 09/10/2012  12000:00 || <

2.4 Column Formats
C1.D Cc2.D 3 c4 ch C6 cr CB-T 9T C10-T

Date Time Total Cost Zone1 Electricity Zone2 Electricity Zone1 Gas Zone? Gas Feedrate Stage  Person

Notice the column numbering system and column formatting as shown within the above figure.
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Minitab uses:

» D for Date/Time,
» T for Text,
» A blank for numeric.

There is only one type of format allowed in each column.

Notice that column C8 is incorrectly formatted as
text due to a typing error.

1. Click into the cell and remove the ‘a’.

Notice that Minitab does not automatically cor-
rect the formatting. Also Minitab will not handle
the data as numeric so we have to correct the
formatting.
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2. Click Data <<Change Data Type
<<Text to Numeric

?T MNurmeric ko Text, ..

'IP.E Texk bo Mumeric,. .

-':'I-HT Dake/Time to Text, ..

3. The Text to Numeric menu box
opens. Minitab uses the top input
box labelled Change Text Columns
to ask which column needs chang-
ing. You can select Feedrate either
by double clicking on it or by high-
lighting it with a single click and
then pressing Select. The destina-
tion for our numeric column is going
to be C8. We are going to overwrite
our old text column by selecting C8.
C8 is typed directly into the bottom
input box. Then click OK.

4. Click the Show Info icon. This gives ¢

us a summary of the data that is
within the current worksheet. We
can see that the format of column
8 has been changed to numeric.
Additionally, we can see that col-
umn 9 has the title Stage. It con-
tains 38 cells of data and none of
the data is missing. The column
format is text.
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2.5 The Calculator

In the next part of the exercise we are going to use the Calculator to add the values in two columns
together. To show a different way of adding columns together we are then going to use the Assign
Formula function to add two different columns together. The figure below shows the layout of the
calculator.

Results will be
stored here

Quick selection of
input columns from
here

We have the option
of assigning a

formula

1. Click Calc <<Calculator. .
Calc 3tat Graph  Editor Tools b

The calculator menu box opens. The calculator menu is used to mathe- i Bl {5 /2ER0
matically manipulate columns of data. The output is stored in the current PR e
worksheet.
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2. Input the same expression as
shown.

3. Store results in C11.

4. Click OK.

5. C11 will now contain the
result of adding together
each of the rows in the stated
columns within the expres-
sion. Initially the resultant
column will not have a head-
ing. Double click within the
heading area of C11 and
insert ‘Total Elec’ as the col-
umn heading.

6. Move the cursorto C12row 1. 11 C1? C13
7. Click on the Assign Formula | Elac

button icon in the toolbar.
8. Notice the Formula box that 249':!

opens. It is similar to the 243
Calculator; however there is 251
nowhere to assign the des- 240

tination of the data as that
is preselected by placing the
active cell. B
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9. Input the same expression
as shown.

10. Click ‘OK".

11. Rename C12 heading as
‘Total Gas’. Minitab has
added together each row
in the Zone1 Gas and Zone2
Gas columns and stored the
results in C12. The green
cross with the black back-
ground, within the col-
umn heading, means that
C12 will be updated if any
cells in columns C6 and C7
are changed. This type of
updating does not occur if
you use the calculator.

2.6 Basic Graphs

We are going to continue analysing our example data. This time we are going to carry out a batch of
statistical analysis that Minitab calls the Graphical Summary. This battery of tests is an excellent first
choice when examining data.

1. Click Stat <<Basic Statistics
<<Graphical Summary

Stat

- jasic Statistics 1 %_ pi Bt it
2. From the Graphical Summary menu box Bt s e g Display Descriptive Statistics...
Enter Total Gas as the variable to be Regression b EZ store Descriptive Statistics. ..
investigated. AMOYA QR Graphical Summary. .

3. Then click OK. '

The Graphical Summary is the most commonly
used tool in Minitab. It provides a lot of statis-
tical information in one quick procedure.



Histogram of
data with
normal curve

Boxplot of data

Looking at the boxplot we see
that there is an outlier. This is
shown as an asterisk and is
separated from the tails of
the boxplot.

4. Hover the mouse pointer
over the outlier in the
boxplot to see the value
of the point and the
data row. We see that
this data has come from
Row 25 of the Total Gas
Data.

In the real world we would
investigate  outliers  thor-
oughly. For the example we
are going to say it has been
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+

S—

Normality test

Numerical
statistical data

—
==
in
= Numerical data
B on confidence
intervals
—
Mean and Median confidence
intervals
//F _-\\
f/- \\\
o "\,_‘
r"//‘-
_H_,_,-—"
| | T |
3000 4000 5000 6000

confirmed that this point is
low because the machine suf-
fered a stop during this data
collection period.

Hover over
5 )
outlier.

[t sy, Riow 25: Total G m 27524]
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5. Click on the project window icon.
6. We see that it is not just the data in C12 that is the prob- _)@ 'F;.
lem. Due to the stop the rest of the data in the row is
also lower than expected. Click on the actual Row num-
ber for row 25. This will highlight all of the row.
7. Right click on the Row number and select Delete Cells.
Row 25 is deleted. And all the rows move up one slot
automatically. £ UDVILGEU L IJUUIUL | L7040

Note: if a single cell is deleted, all the data points below 23 _DBHDEDQ 110000 273.407
would still shift up one row. Beware that this would misalign 24 0910/2012 12:00:00 273752
adjacent rows within the data. 13-00:00 190 23F

26 0940202 14:00:00 262232
27 08A02Mm%2 150000 265.053
28 0940202 1E:00:000 277785

F‘- nmmﬂmﬂ-w
——

Z 262232
2 \259.083
2 /2 Clear Cells Delete 52??.?95
2 % pelete Cells | 276 972

We are now going to produce exactly the same Graphical Summary again to highlight a number of
learning points. One is to show that instead of navigating through Stat <<Basic Statistics <<Graphical
Summary we can just click on the Edit Last Dialog Box icon. This remembers the last dialog box we went
to and takes us straight back to it. The second is that the dialog box remembers our last entries. This is
useful most of the time but can occasionally be problematic as all sublevel settings will also be stored.
The dialog box can be reset to initial settings by pressing F3 but don’t do this now. The final learning
point is to do with updating graphs. Follow the lesson through to find out about that.

8. Click on the Edit Last dialog
box icon or press Ctrl+E.

9. Ensure ‘Total Gas' is still
selected and then click OK.
This produces another copy
of the Graphical Summary
for Total Gas.

With the outlier removed a new
graphical summary is shown for
Total Gas. Notice how the graph
has changed.



10. Click on the Show Graphs
Folder icon. This shows that we
have two copies of the graph.

11. Cycle between the two graphs
a couple of times by double
clicking on the top and bottom
text.

Notice that there is a difference in
the type of cross in the top left cor-
ner of each graph.

The white diagonal cross on the
original graph indicates that it is not
current.

The green cross indicates that the
graph is up to date with the data in
the project window.

These charts cannot be updated.
They must be redrawn.

12. Close the Graphical Summary
that is not up to date.

CBEOE S
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L]

><{Sh|:-w izt aphs Folder {Ctrl+.ﬁ.lt+Gj|
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Some charts, usually Control Charts, can be updated and they W
have slightly different indicators in the top left corner. '

The green cross in the white circle means that this chart is current.
Additionally, if the source data changes the chart can be updated.

The yellow circle with the horizontal yellow bar means that the W

chart is not current. Right clicking on the chart and selecting
‘Update Graph Automatically’ will update it. An alternative way
of doing this is to go Window <<Update All Graphs Now. »

Idpdate Graph Bow

Cnrve Granh

The figure below shows how some of the regions within charts can be edited. Double clicking on a spe-
cific region or item will open up an input box that allows the region or item to be edited. Each region or
item has its own set or options for editing. The following is a list of some of the items that can be edited:

P Graph scales,

» Graph bars,

» Background region,
P Titles,

» Data.

Try double clicking on each of the regions shown within the rings or the items to open the options box.
Change some of the options if you wish.

-l o>
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When you make changes to a chart they won't be carried through to the next chart that you produce.
There is a way to make some global changes to charts. | like to do my bit for the environment by setting
the background colour to my charts as white, thereby saving printer ink. | will show you how to access
these global options.

13. Click on Tools <<Options

14. Double click on each of the following: Graphics, then Regions
and then Graph.

15. Amongst the options that are available will be background col-
our. This can then be set to white. Then click OK.

Note that if you want to change other global settings they can be getnerj_ ;
accessed via this menu. e
Dialog Box

+ Session Windovs
wlindows Lawouk
—- iGraphics
— Regions
sraph
Figure
Draka

Fill Pattern

Twpe: ' |:| v

Background calar;

2.7 Adding Detail to Graphs

We are now going to learn how to add additional content to the graphs, such as reference lines and
text.

1. Select the second of the Graphical

Summaries that we produced. K Solect
2. Right click on the graph on the histo-
gram graph region.
3. Go to <<Add Gridlines. ..
<<Reference Lines. Edit Data Region... Chr+T % Axis Label
4. We will show a reference line at 6300 Select Item b v Axis Label

on this graph as this indicates the - Reference Lines. .

target level for Total Gas. Enter 6300
into the lower cell. Then click OK.
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Within the toolbars there is a
drawing toolbar. This is similar
to other programs so the icons
should be familiar.

1. Click on the Text icon to
add text to the graph.

2. Drag an area on the his-
togram where you want
the text to be placed. This
can be adjusted later.

3. When you release the
mouse button after drag-
ging, a text box will open
allowing you to enter the
text shown. Then click
OK.

4. In order to change the
look of the text, double
click on it. Go to the Font
tab and change the text
colour to red. There are
also other text options
available here.

Show reference lines at ¥ walues:

|
Show reference lines at data walues:
| 5300

Help (] 4 Cancel

k T OO ° 110

6300

Texk

| Resulks From 2 data periods
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5300

S

5920 6080 6240 6400 6560

2.8 Saving Graphs

We can save our current graph as a separate file. We have a number of options such as setting the file
type and we can even save it as a picture file.

1. Click File <<Save Graph :
As... Eﬂe

Save Graph As...

A normal save box will appear
where you can select the des-
tination and file type.

For the highest compatibility
use .jpg and .tif file types.

Saving the graph as a .mgf
file will then require Minitab
to open the graph.
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2.9 Dotplots

We will now look at producing Dotplots and Boxplots. Both graphs use almost the same options for
displaying groups. For each graph that we produce we will look at displaying the inputs with different
Groupings so you can see how the selection works. The first distinction made is whether the graph is to
contain One or Multiple Variables (One Y or Multiple Ys). We will start with the simplest selection, which
is one variable (One Y) and no groups. You will see a similar selection method for other types of graphs.

1. To produce a Dotplot select Graph Edtor Tooks Window Help
raph <<Dotplot. .

Graph <<Dotplot |_ Scatterplot. ..

Matriz Plat. ..

i E‘? Marginal Plot...

I dlh Histogram...
S E.:._El;nlu;!t..:

2. At the Dotplot menu select
One Y <<Simple.

3. Then click OK.

4, Select 'Total Elec’ as the
Graph variables.

5. Then click OK.
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6. For this particular data set
the dotplot shows that there
are two distinct distributions
within the Total Elec data.
However, at this stage we can-
not make conclusions about
what is separating the data.

Dotplot of Total Elec

T - * .t T T T - 1=
220 229 230 233 240 245 230
Total Elec

We will now produce a dotplot
from a single variable (One Y). We
will use the Stage column to sepa-
rate the data into two groups. You
might remember earlier we said that
the Stage column contains categori-
cal data and we were using it to
tell us when maintenance occurred.
This would help us tell if mainte-
nance had any effect on the other
variables.

1. Select Graph <<Dotplot.

2. At the Dotplot menu select One
Y <<Stack Groups. Click OK.

3. Select ‘Total Elec’ as the
variable.

4. Select ‘Stage’ as the Categorical
variable. Note that the tick box
for Stack dots of last categori-
cal variable is ticked.

5. Click OK.
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The following graph is dis-
played. It can be seen that the
two stages of the data produce
two separate distributions. We
could conclude that our elec-
tricity usage has reduced after
the maintenance activity.

The graph (right) shows the
same data in a slightly differ-
ent way. This graph would
have been produced if we had
unticked Stack dots of last cat-
egorical variable. It can also be
produced by selecting the graph
type as One Y, with Groups.

We will now break the rules
that | just told you. We are
going to display two variables
using a One Y graph option.

6. Select Graph <<Dotplot.
7. Atthe Dotplot menuselect
One Y <<Stack Groups.

Dotplot of Total Elec

Stage
W Stagel | g
& Eefore

=220

223

230

]
] .
]

235 240

Total Elec

Before

Dotplot of Total Elec

-
-----

= % % %




8. Select ‘Total Elec’ and
then ‘Total Gas' as
the variables.

9. Select ‘Stage’ as the
Categorical variable.

10. Click Multiple Graphs.

11. Select ‘In separate
Panels of the same
graph.

12. ‘Then click OK and
OK again.

The following two graphs
will be displayed together,
with each graph within its
own panel.
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2.10 Using the Brush

We will now learn how to use the Brush to quickly obtain data pertaining to data points on graphs.

1. Click on the Brush Mode icon.

2. Using the left mouse button, drag the
pointer over a selection of data points on
the graph.

Notice how the pop up box tells you the row
number of the data. Also notice that data from

L
the same rows will be highlighted in other areas L
L »
of the graph. :
L]
L ] L

L ] L L L]

245 250

Rowr
10
1z
El
ZE
27

6390 GToU

The Brush tool can also be used to display data
from other data columns. d

3. Ensure Brush Mode is selected.
I:Ir:l'ﬂ_ Brush Mode |
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4. Select Editor <<Set
ID Variables.

5. Select ‘Date’, ‘Time’
and ‘Feedrate’ as the
required variables.

6. Then click OK.

7. Again use the Brush
to drag over a num-
ber of data points.
Notice how the data
from our selected
variables is displayed.

vww .allitebooks.cond
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2.11 Boxplots

We will now look at Multiple Y graphs but this time we are going to produce boxplots.

1. Select Graph <<Boxplot.

2. AttheBoxplotmenuselect
Multiple Ys <<Simple

3. Click OK.

Cne Y
Simple With Groups

L Lo
s o I

Help ‘ o] Zancel

4. Select ‘Zone 1 Gas' and
then 'Zone 2 Gas' as the
variables.

5. Then click OK.



The boxplot is displayed. From
the boxplot we can begin to con-
clude that Zone1 uses more gas
than Zone2. This is something
we could confirm using hypoth-
esis testing. We will learn more
about this in Chapter 4.

Notice the key features of the
boxplot:

» The line in the box denotes
the median.

P The data is split into quar-
tiles between the tails and
the two sections of the box.

P Outliers are represented by
asterisks.

This is the last of the boxplots
and we are going to select
Multiple Ys, With Groups. Then
we are going to add some addi-
tional content to the graph.

6. Select Graph <<Boxplot.

7. At the Boxplot menu select
Multiple Ys <<With Groups.
8. Click OK.

Data
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3400

33004

22004

31004

20004

2900 4

22004

Boxplot of Zonel Gas, Zone2 Gas
Median
Outliers Data is split
in quartiles
ZDnell Gas ZDnel2 Gas
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10.

11.

Problem Solving and Data Analysis using Minitab

. Select ‘Zone1 Gas’

and then ‘Zone2 Gas’
as the variables.
Select Stage as the
Categorical Variable
Then click OK.

The boxplot is displayed.
From the graph we could
conclude that the main-
tenance activity has not
impacted gas usage in the
same way it did electricity
usage.

12.

13.

14.

Right click on the
graph panel.

Go to <<Add
<<Reference Lines.
Enter 3100 into the
upper cell to produce
a horizontal refer-
ence line on the box-
plot. Then Click OK.
A value of 3100 has
been selected to be
the target for the
individual zone gas
usage.

Boxplot of Zonel Gas, Zone2 Gas

2400

2200 A

]
2 3100
=]
2000 4
=2900 4
=800 4 : ; ; ;
Stage Before Stagel Before Stagel
Zonel Gas Zonez Gas
k- Select
Gridlines, ..
Edit Ciata Region... Chrl+T W Avie Labal
Select Item ¥ Axis Labal

Reference Lines, .
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Show reference lines at ¥ wvalues:

| 3100]

Shows reference lines ak category scale paositions:

Help (=] Zancel

The following steps change the
colour of the reference line to

red and also its thickness. 4 J
~+ Crosshairs

ke Select

15. Right click on the refer-
ence line. Click on Edit Y
Ref Line.

16. Alternatively, double click
on the reference line.

17. On the Attributes tab
change the radio button
to Custom.

Edit % Ref Line: 3100, ., CEEHT

|

I apply same attributes ko all reference lines

Help ] (=] 4 ] Zancel ]
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18. Select red as the colour and
5 as the size.
19. Click OK.

We will add the mean values of
the data onto the graph together
with a symbol which denotes the
position of the mean.
20. Right click on the graph
panel.
21. Click on Add <<Data Labels.

22. Click onto the Means tab.

[ =)

Akkributes | Show |

Lines

7 Aukomnatic

f* Cuskamn

Tvpe: | ﬂ
Color: | NN ~ |

Size: |5 |

[ Apply same attributes to all reference lines

Help ] 4 Zancel

Edit Daka Region... Chrl+T
Select Ikem k
Panel. .. Reference Lines. ..

S
)

[ata Labels. ..

Title. ..

Cutliers | Individual Data ] Medians | Means

Label Twpe
= Flone!

O Use y-walue labels
" Use row numbers
7 Use labels Fram column: |

Help ] [a]4 Cancel




23. Click on ‘Use y-value
labels'.
24. Click OK.

25. Right click onto the graph.
26. Select Add <<Data Display.

The Add Data Display menu
box opens. It shows all the
items that can be added onto
the graph. The default items
for this chart are already ticked.
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Cakliers ] Individual Daka ] Medians Means

Label Twpe
T Mone

L ] ]

T Use labels From column: J

Panel...

Lpdate Graph Sutomatically

Copy Graph

Help (=] I Zancel I
Gridines..

Reference Lines. ..

Daka Labels, .,
Title. ..
Subkikle, ..

Footnoke., ..

Data Display...
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27. Select Mean symbol.
28. Click OK.

The graph should look like
this. Notice that boxplots dis-
play the median symbol auto-
matically but not the mean.

2.12 Bar Charts

Let's now have a look at Minitab’s Bar Charts. They are especially useful when we start to use the inbuilt
functions. Let's say that we wanted to produce a basic Pareto chart showing the standard deviation
(I will abbreviate this to StDev) of total gas usage from each of the operators. Let’s have a look how we
would do this in Minitab and see why it is probably easier than producing the same graph in a spread-
sheet program.

1. Click on Graph <<Bar

Graph
Chart Sk

(W Ear Chatt...
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. Change the selector that appears

1 . "' {
to A function of a variable. Counks of unigue values .

Zounks af unique walues

A Function of a wariable
Values From a table

. The bar graph that we will

be producing will be a One Y, Cluster Stack
Simple.
. Click OK. %
BT o1z P -
Mulkiple v's
Simnple Clusker Stack
N1 W2 . 1‘1"12 1"1"12‘ N1 W2
Help | O |

. From the Function selector box
select StDev.

. Select Total Gas as the Graph
variables.

. Select the column heading
Person for Categorical variable.

. Then Click on chart options.
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9. In order to make this Order Main ¥ Groups By
a Pareto chart, where " Defaulk
the value of the bars

Increasing ¥
decreases as you read o e

from left to right,
we need to select
Decreasing Y.

10. Click OK and OK again
in order to produce
the Pareto Chart.

Chart of Stdev( Total Gas )

Note that Minitab has a
specialised Pareto chart
which is listed under Stat
<<Quality Tools.

200 4

130 4

The Pareto chart of Total
Gas standard deviation by
operator is displayed. It
can be seen that Woody
has the highest StDev and
Pilch had the lowest for
this period of operation.

100 4

30 1

Standard Deviation of Total Gas

T T T T T
Woody Miff Chappo Ormer Filch
Person

2.13 The Layout Tool

We have produced a lot of graphs within the same worksheet. Minitab gives a tool to display and print
multiple graphs on the same sheet. It is called the Layout Tool. It is a very useful tool for the collation
of graphs.

1. Click on the Show Graphs Folder icon.

2. Select any graph by double clicking it within the Project
Manager. Then left click onto the graph within the Graph
Window to select it.

= g | & E

x) [Show Graphs Folder (Ctrl+-al+G) |




3. Select Editor
<<Layout Tool.

Note: if the graph is not
selected the Layout Tool
will not be selectable.

The layout tool will
appear. It already con-
tains the graph that you
just selected.

In the top left is the grid
selection for the layout.

Below that is a list of
graphs that can be
selected for the layout.

4, Select three other
graphs for the
Layout.

5. Then click on
Finish.

A new graph appears
with our four selected
graphs as panels. It
should be noted that
the graphs can still be
edited but they cannot
be updated.

The name of the graph
appears as Layout in the
Project Manager. It can
be renamed by right
clicking on Layout within
the Project Manager.

Rows: [2 —

vww .allitebooks.cond

Columns:
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2.14 Producing Graphs with the Assistant

In this section we are going to have a quick look at using the Assistant to produce graphs. As stated earlier
this is an M16 feature. If you have M15 don't feel too left out as all of the graphs and procedures accessed
via the Assistant have their equivalents which are available via the dropdown menus. The Assistant offers
a very graphical method of selection which also gives a lot of guidance about the selection.

1. Click on Assistant Assistant

<<Graphical Analysis Measurement Svstems Analysis (MSAJ. .,

Capability Analysis. ..

The selector menu for Graphical
Analysis opens. There are three [ EiEEiEtimEiEEs
sections and so far we have only
looked at graphs within the
Distribution of Data section. We
will be covering Variables over
Time and Relationships between
Variables in later chapters. If you
know the type of graph that you
want, you can click on the graph
type and open the data entry
menu box straight away. Let's
pretend we need help to decide.

2. Click on Help me choose
within the Distribution of
Data section.

We are presented with a decision
tree to help us choose the type of
graph that we want. However, if
we don’t understand the terms
being used within the decision
tree the Assistant will give us fur-
ther help by explaining the terms
and taking us through the deci-
sion tree.

3. Click on Click to start above
the Data type decision icon.



In the previous figure, the
first decision that had to
be made was whether the
data that we were going
to graph was Continuous
Data or whether it was
Count of Summary Data.
The Assistant explains both
choices within the decision.
We must click Next below
the appropriate choice.

4. Follow the decisions
through to get to Bar
Chart. You will need to
select Count/Summary
Data, Compare data
across categories and
then Bars.

5. Note: even at this
point we can press the
cross icons to get addi-
tional information if
we don’t understand
any of the terms or
requirements.  Press
the icon to create the

graph.

Minitab Navigation 45



46 Problem Solving and Data Analysis using Minitab

Using this menu we will pro-
duce a Pareto chart of Total
Gas. Note that our selection
in Bar Charts does not include
the options that we used pre-
viously, that is Functions of a
variable.

6. Complete the menu box
as shown and click OK.

A Pareto chart of Total Gas is
produced.

Chart of Total Gas

S0000

40000

20000

Total Gas

20000

10000 H

Chalppo M;F’F F'ihl:h Orr;er Wolody
Person

2.15 Producing Reports

In this section we are going to see how information can be exported to a Word Processing program such
as Microsoft Word in order to produce reports and increase accessibility for others. You will need to have
the appropriate program available on your PC.
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1. Select any graph and
right click on the graph
panel.

2. Click on Append Graph
to Report. We can then
start selecting other
items for the Report Pad.
Data/calculations from
the Session window can
also be appended to
the Report pad by right
clicking.

3. When you have fin-
ished sending items to =7 EE B I
the Report Pad click the
Show Report Pad icon.

W{Show ReportPad (Chri+al-+R) [

4. Right click onto the
Report Pad folder icon
and then select Copy to
Word Processor or Save
Report As...
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5. The contents of the Report
Pad can now be copied into
a word processer in .rtf for-
mat and subsequently con-
verted to .doc format for
Microsoft Word.

If you are lucky enough to have Minitab 16 you can export directly to Microsoft Word or PowerPoint.
You will need to have the appropriate program available on your PC.

6. Select any graph and right
click on the graph panel.

7. Click on Send Graph
to Microsoft Word or
PowerPoint. This action
will export the graph or
data immediately.

| have put some data into the
Session Window and shown
how that is exported as well.
If you have not got Word or
Powerpoint open, Minitab will
open it for you.
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2.16 Creating a New Project/Worksheet Button

Finally, after every example and exercise you will need to start afresh and open a new project. | am not
going to tell you how to save your work because that is the same as in any other work based program.
However, to make things easier we will install the New Project/Worksheet button into our toolbars.

1. Click Tools <<Customize Tools ‘Window  Help

J Microsoft Calculator
_-.a'_;j'_'. Motepad

Windows Explorer

Toolbars

<

Skakus Bar

Customize. ..

2. On the Commands tab ensure File is
selected in Categories. Find the New
icon and simply drag it into your toolbar.
| have placed it next to the Open Project
icon on my copy of Minitab.

3. Click on the New icon and select Minitab File Edit Dat
Project. If you have not already saved =
your work you will be prompted to do DEHE ¢
so. After which you will begin afresh [

Thew curm]
with a blank project.

|Miritab Worksheet

Minitab Project




CHAPTER 3
Basic Statistics

3.1 Types of Data

When we start looking at any system we need to get a quick grasp of the data that the system is work-
ing with, as this dictates the tools and techniques that we will use to analyse the system. We may even
decide that the quality of the data is too low to understand process behaviour and then the initial step
would be to change how we monitor the process.

Integer, e.g. 3
Discrete Binary, e.g. Pass or Falil
Categorical or
Attribute >2 Categories, e.g. Strong,
Medium, Weak.
Continuous ) Real Number, e.g. 3.14

Continuous data gives us the most value and that is why most modern measuring systems will produce
continuous data to the highest possible resolution. We will only focus on integers and real numbers for
that reason.

3.2 Central Location

In order to demonstrate the next two concepts, Measures of Central Location and Measures of Dispersion,
we are going to use the following continuous data set:

7.2, 3.0, 3.0, 9.1, 4.0, 5.0, 9.0, 6.3, 2.0
There are N = 9 numbers within our data set. The data set is our complete set of values so we call it
our population. We say that we are using descriptive statistics because we have the values of the entire
population within our calculations.

Mean, Median and Mode are three very common measures of central location that you will know already.

Mean: The mean, y, is the result when all of the values are added together and then divided by the
number of values within the data set, N.

Problem Solving and Data Analysis using Minitab: A clear and easy guide to Six Sigma methodology, First Edition. Rehman M. Khan.
© 2013 John Wiley & Sons, Ltd. Published 2013 by John Wiley & Sons, Ltd.
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"= 7.2+3.0+3+9.1+4.0+5.0+9.0+6.3+2.0 _
= 5 =

Equation (3.1)

5.4

Median: The midpoint in a string of sorted data. If we sort our data in ascending order we get:

2.0, 3.0, 3.0, 4.0, 5.0, 6.3, 7.2, 9.0, 9.1

)

5.0 is the median as it is at the midpoint of the ordered data. If there is an even number of elements
within the data set then the mean of the middle two numbers is taken to be the median.

Mode: The most frequently occurring value. The mode is 3.0 as it occurs twice within the data set and all
the other numbers only occur once.

Depending upon which measure of central location that we decide to use, our value for central location
could be 5.4, 5.0 or 3.0.

3.3 Dispersion

Moving onto Measures of Dispersion. The easiest of these is Range.

Range is the difference between the largest and the smallest of the elements within the data set.

Data Set=7.2, 3.0, 3.0, 9.1, 4.0, 5.0, 9.0, 6.3, 2.0
Range = Max Value - Min Value =9.1-2.0=17.1
Equation (3.2)
Let’s have a look at how data is distributed about the mean, p.

5.4 The deviation is the distance

from each point to the mean.
M By definition the sum of the
U deviations is zero.

Deviation = (X - )

@ S Equation (3.3)
@9 Sum of "

Deviations — "(xi —p)?
% Squared x=1

a
WV Equation (3.4)
2

D D

D
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The Sum of Deviations Squared may also be called the sum of squares. Note that we are using the sum
of squares procedure on the deviations.

N
> (xi—py
x=1
N
Equation (3.5)

Variance = ¢° =

211 (x; - w’

N

StDev.P =0 =

Equation (3.6)

Remember these are equations for population parameters. StDev.P stands for population standard
deviation.

The table below shows how the StDev.P for our data set is derived manually.

Data Set Mean Deviation Deviation Sum of Sqrs Variance StDev.P
Sqr of
Deviations
7.2 5.4 1.8 3.24 55.9 6.21 2.49
3.0 -2.4 5.76
3.0 2.4 5.76
9.1 3.7 13.69
4.0 -1.4 1.96
5.0 -0.4 0.16
9.0 3.6 12.96
6.3 0.9 0.81
2.0 -3.4 11.56

3.4 Descriptive Statistics

Finite Describe
population Analyse population

Descriptive statistics are for the case where we have data on a complete population. We analyse that
complete data set which then gives us information to describe the population. Let’s have a look at
descriptive statistics within Minitab.
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This is a short exercise on Descriptive Statistics. We
are going to import some data into Minitab and
then demonstrate how to use Descriptive Statistics.
We will be using this data for the remainder of the
chapter so you do not need to start a new project
after every example/exercise.

1. Open the Excel file ‘03 Basic Stats.xls" and go
to sheet 1.

2. Import the four columns into Minitab by copy-
ing and pasting.

3. Check that the data has been correctly trans- c1 2 3 ci
ferred into Minitab. All columns should be
numeric.

Normal |Exercisel Exercise? Exercise3
957031 1135817 5.644 93,199
106441 115210 4301 105738
87.851 100761 142761 83227
95,773 105563 309320 10723

4. Click on the column information button.

5. The data type for all four columns is numeric,
as indicated by the N under Type.

B3 Project Manager

Caunk | Missing | Type | Description
1 500 0 !

2 500 0 i
Exercises 3 200 0 i
Exercised 4 20 0 i

vww .allitebooks.cond
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6. Click Stat <<Basic Statistics

<<Display Descriptive
Statistics.

7. Complete the menu box as

shown.

8. Click on Statistics

9.

10.

The menu box shows the
range of statistics that are
available. The default sta-
tistics are already ticked.
Change the selection to the
one shown.

Click OK and then click on
Graphs.

Stat Graph Editor

Basic Skatistics

Reqgression

ANOYA

Tools

Window Help

| Display Descriptive Statistics. ..

RS Store Descriptive Statistics. ..
g; Graphical Summary...



11.

12.

13.

The menu box shows
the four graphs that
are available. On this
occasion we are not
going to produce a
graph.

Then click OK and OK
again.

The results for the
selected statistics are
shown in the Session
Window which opens
automatically.

Notice that the data is
too wide for the Session
Window and Minitab has
to start a new table. We

can

change the default

session window width.

14. Click on Tools

15.

<<Options.

Double click on
‘Session Window'.

Basic Statistics

55
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16. Then double click on ‘Output’.

17. Change the Line width from 79
to 132, where 132 is the maxi-
mum. Then click OK.

18. Click on the Edit Last Dialog icon.

19. Then click OK to display the same
selection of Descriptive Statistics.

Notice that Minitab can now display
all the data in a single table.

1]
i ll

=



Descriptive Statistics: Normal, Exercisel, Exercise2, Exercised

Variahle Mean 3E Mean TrMean 5tDev Variamce S S of Seuares
5046393, 58
507504066

lornal 100,35 0,218 100,34 4.7 83,72 50174.97
Exercizel 100,13  0.435 100.11 1L.14 1242l 50065.26
Exercize 5338 2,34 410 5241 746,99 Z6R94.25
Exercized 10168  0.981 10L.94 425 18,07 2033.54

Now that we know how to use Descriptive Statistics within Minitab
we will use this procedure on the data set that we used when learn-
ing about measures of dispersion and central location.

1. Open the Excel file ‘03 Basic Stats.xls’ and go to sheet2.

2. Import the single columns into Minitab. Instead of opening a
new project just put it into column 5 of the current worksheet.

3. Click on the Edit Last Dialog icon.
4. Press F3 to clear the previous input. Then select Data Set as the
required Variables.

Basic Statistics

Minimm
47,55
75,28

279591478

207106, 81

1
2
3
a
5
]
7
g
3

10

310

al.31

A

Data 5et

c5

Data Set

7.2
3.0
3.0
94
4.0
2.0
9.0
B3
20

1]

i [

Yariables:

i.2
3
3
9.1
a
5
9
6.3

Maximm  Range
118,06 30,50
121,81 4.5
7380 3,71
Wy 159

57

' Data Set|
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5. Click on Statistics.

6. Change the selection to that
shown. This will calculate
the items that we manually
calculated for our Data Set.

7. Then click OK and OK again.

8. Look atthe results produced
within the Session Window
and compare those with the

Descriptive Statistics: Data Set

numbers that we calculated Sum of
earlier. Variable Mean StDev Variance 3Squares
Data Set 5.400 2.643 6.937 318.340

We see that the mean isthe same;
however, all the other terms that
were calculated are different. It is

. Mean Sum of Sqrs Variance StDev.P
wc.)rt_h trying to understand wh.y of Deviations
this is. The sum of squares (SS) is
different because initially we cal- >.4 55.9 6.21 2.49

culated SS for the deviations and
now we have just calculated the
SS of the data set, not the devia-
tions. The variance and StDev
are different because we initially
calculated them as population
parameters; however, Minitab
has calculated them as Sample
parameters. This leads us on
nicely to look at the difference
between population and sample
statistics and also descriptive and
inferential statistics.
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3.5 Inferential Statistics

Population Take sample
data ‘ of population

Use results to infer

' Analyse
something about _
population sample data

Imagine that we have a factory where we are monitoring parameters like weight, flow, concentration
and so on. When we start to capture data we will probably not take the complete data set but only take
a small fraction of it. We will then analyse our captured data and then we will want to infer something
about the population. This is where sample or inferential statistics come in. For example, let’s say that
our factory is making 100 000 widgets every day. We take a sample of 500 widgets in the day. We weigh
all the widgets and find that the average weight is 25 g. The average weight of the 500 samples widgets
is 25 g; and that's descriptive statistics. We then say that all the widgets weighed by the factory have an
average weight of 25 g; and that’s inferential statistics because we have not checked the weight of the
complete population.

Usually it helps us to randomly select our sample from our population. However, when you use sample
statistics to infer something about the population there is a chance that you will be wrong. Therefore,
we use confidence intervals to let us know how likely we are to be correct.
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3.6 Confidence Intervals

~— Statistical data

Data with
L confidence
Mean and Median confidence intervals intervals

If you worked your way through Chapter 2 you will have seen confidence intervals within the Graphical
Summaries that were produced. In the figure above, Minitab is showing us confidence intervals for the
Mean, Median and Standard Deviation. This means that from the 37 data points provided Minitab is
calculating that the population will have a Mean between 6300.6 and 6407.9. It is 95% confident that
this estimate for the population is correct. The mean for the 37 data points is 6354.2.

Confidence Interval for Mean = Mean + Confidence Factor x Variability
Equation (3.7)

Minitab will calculate all the required confidence intervals for you. It is useful to know how a confidence
interval is put together so you can appreciate the factors that affect the size of the confidence interval,
see Equation (3.7).

The Confidence Factor is based on our initial statement of how confident we want to be in our estimate.
The default for Minitab is 95% (there will be a lot more on this in the next chapter) but the Confidence
Factor is also based on sample size. The greater the sample size the lower the value of the Confidence
Factor.

The Variability is based on the sample standard deviation divided by the number of samples square
rooted.

Assuming we keep our confidence level at 95%, you can see that a large sample size and low standard
deviation within the sample will make the confidence interval smaller.

Increasing the confidence level, to say 99%, and keeping everything else the same will result in a larger
confidence interval.
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Example of Confidence Intervals

At the S Todd Beans factory they fill beans into cans so that the average amount of beans per can is
nearly 100 g. They decide to weigh a random sample of 20 cans, in order to determine what the aver-
age of all beans produced might be. Let’s say that the data for 20 randomly selected cans is listed in the
column called Exercise3 in the data that you previously imported into Minitab earlier this chapter.

What is a 95% confidence interval for the true mean fill using the data provided?

1. Click Stat <<Basic Statistics <<Graphical Stat Graph Edtor Tooks Window  Help

Summary. I = =
2. Select Exercise3 as the variable, then | g Display Descriptive Statistics.
press OK. . Regression » %5 Store Descriptive Statistics.

ANOYA y

IfEs

FETE

iaraphical Sur
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Summary for Exercise3

Anderson-Darling Mormality Test

A-Squared 0.4
P-ralue 0.ze0
Mean 101.68
Sthew 4.25
Wariance 1=2.07
Skewness -0.573802
Kurtosis 0022257
™ 20
/ Plirirnrm 91.21
1=t Quartile 92,21
[——— rMedian 101.75
= T T T . r Zrd Quartile 105.46
oz 95 100 104 105 [ 107.23

95% Confidence Interval for Mean
{ — EENE 103.67

95%% Confidence Interval for Median
=t= R 104,94

295% Confidence Interval far StDeav
952 Confidence Interwvals 25 21

Mean | |
Median - I |

L 100 101 10z 103 104 105

The 20 data points have a mean of 101.68. The 95% confidence interval for the mean is between 99.69
and 103.67. This means that we can be 95% confident that the mean for all cans of beans will be
between 99.69 and 103.67 g.

Before learning about inferential statistics the incorrect procedure would have been to sample 20 cans
and then state that the mean of the population was 101.68 g.

3.7 Normal Distribution

One of the fundamentals within
statistics is to consider the type
of distribution that we get from
our data. Distribution means the
shape of the histogram we would
get where the y axis is frequency.

The Normal Distribution (or
Gaussian distribution) is particu-
larly important because it forms
the basis for a number of test
procedures, it shows up in the
natural world and manmade
world and it is an outcome of the
Central Limit Theorem. Another
important point to remember is
that the Normal Distribution is
not the only type of distribution.

1
1 I r 1 I I I I I

140 150 160 170 180 190 200 210 220 230 240 250 26
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Slight departures from the normal distribution, like skewness and kurtosis, can give us important
information about why our process is not preforming as expected.

The normal distribution shown in the figure has a mean of 200 and a standard deviation of 10.

Additionally, the normal distribu-
tion can be described by a num-
ber of generic rules.

P It is described by its mean
and standard deviation.

P The tails extend to = infinity.

P All observations will appear
under the curve.

P The curve is symmetrical.

» The mean, mode and
median are almost equal.

68.27% of the data is within one
standard deviation of the mean.

o | 95.45% )
95.45% of the data is within two < ; >
standard deviations of the mean. I
99.73% of the data is within 99.73% !
three standard deviations of the 1 T . . T } 1 T 1 1 T 1
mean. 140 150 160 170 180 190 200 210 220 230 240 230 26

3.8 Deviations from Normality

Left or Negative skewed data. Right or Positive skewed data.
The mean will be to the left of the Median. The mean will be to the right of the Median.

Above, two distributions are shown where there have been slight departures from normality, for what-
ever reason. One of the distributions is left skewed and the other right skewed. If we wanted to improve
the process one of the first steps might be to find out what is causing the skewed distributions if a nor-
mal distribution was expected.

vww .allitebooks.cond
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Another departure from normality that we sometimes see is the bimodal distribution. This is actually two
normal distributions joined together. It could be that during the data collection a change has occurred
that resulted in two different processes. The data should only contain one distribution. Sometimes this
can be hard to see if the two separate distributions are close together.

Kurtosis is also a measure of how

. . . . bired stribution
a distribution can deviate from Kurtosis =@
normality.
Kurtosis is a measure of how flat or e

peaked a distribution is. We previ-
ously said that a normal distribu-
tion has 68.27% of the population

within 1 standard deviation of the #
mean. A flat distribution will have 40 44 48 52 A 60

less than 68.0% and a peaked distri-
bution will have more.

A normal distribution will have a /\

kurtosis of 0. A totally flat distribu-
tion will have a kurtosis of —1.2.

Flat Distrigution
Kuntosis =1+1.22

40 44 43 52 56 &0
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Peaked Distribution
Kurtosis =3.83

It is important for us to be able to recognise a normal distribution as it tells us how to advance with a
number of test procedures. There are two main ways of doing this; one is to use a Normal Probability
Plot and the other is to use the Anderson-Darling (AD) Normality Test. Both the Normal Probability Plot
and the AD test result are given in Minitab’s Normality Test Procedure. Additionally, the result of the AD
test is given in the top left corner of the Graphical Summary.

The normal probability plot is a graphical technique. In order to establish if the distribution is normally
distributed, check the straightness of the line in the plot by applying ‘the Fat Pencil Test'. If you can cover
all of the points on the line using a fat pencil then the distribution is deemed to be normal.

As stated earlier the results of the AD Normality Test are given on the Graphical Summary, which again
highlights the usefulness of the Graphical Summary. If the P value from the Anderson-Darling test is
greater than our significance level (usually 0.05 by default), then the data can be treated as normal.

There are some rules:
The Anderson-Darling test is not robust for small sample sizes. For samples less than 20, use ‘the Fat

Pencil’ test. If a fat pencil can cover all of the points on the normal probability plot, the data can be
treated as normal; but be wary of the results. Remember always protect the customer.
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We are now going to run through a few normality
tests and apply the rules that we have just learnt.
Check that you have still got the data shown overleaf
loaded in the project window. If not, open Excel file
03 Basic Stats.xIs and import the data into Minitab.
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1. Click Stat <<Basic Statistics S
<<Normality Test. -/

2. Select Normal as the P Variable: |Hornal
Variable to be tested.

3. Then click OK. Percentile Lines
* None
" AtY values: |

" At data values: |

Tests for Normality
i* Anderson-Darling

" Ryan-Joiner [Similar to Shapiro-\Wilk]

" Kolmogorov-Smirnowv

Title: |
Help 0K | Cancel

The data looks reasonably
straight and we are happy that
we can cover all the points
with a ‘Fat Pencil’. Therefore,
we conclude that data within
the column labelled Normal is
likely to have come from a nor-
mally distributed population.

The AD P value is also greater
than 0.05, also indicating nor-
mality. As an exercise test the
other columns. Carry out the
normality test for the remain-
ing three columns, then pro-
duce a graphical summary for
all four columns. Are they nor-
mally distributed? Does the
assumption of normality carry
any risk?
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Non Normal
Distribution

Non Normal
Distribution

Passe F at Pait &
AgsonDar ling
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Bda
Distributions

Positive Skewed
Distributions
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Normal but carries small risk.

3.9 Central Limit Theorem

The Central Limit Theorem (CLT) is the foundation of Hypothesis Testing. The CLT states that, if you have
a non normal distribution and you take the mean of a set number of samples and keep repeating this
process to build up a distribution of means, the resultant distribution of means will be more normally
distributed and have a narrower distribution than the parent.

c
§=_2
JN

Equation (3.8)

Where S = sample StDev, ¢ = population StDev and N = the number of samples taken each time. We are
not going to be using the CLT directly but it is worth knowing of its existence.



CHAPTER 4
Hypothesis Testing

Hypothesis Testing is one of the foundational chapters of the statistical procedures that we are going
to be using.

In the last chapter we learnt how we could take a sample from a population, analyse that sample, apply
confidence intervals and then infer some properties of the population from our sample data. Hypothesis
Testing builds on this by helping us make specific decisions about our population from the sample data.

Hypothesis Testing is vital because in the real world we should be much more interested in the popula-
tion even though it is the sample data that helps us understand the population. It is essential in problem
solving to know what the population is doing. Imagine claiming a major breakthrough in a project
based on sample data without having made any checks on the population. What if the conclusions you
made about the sample data did not apply to the population data. You would then have to explain to
the Boss why the project was not delivering as you claimed.

Using the Hypothesis Testing procedure we are going to learn how to test a population is performing
against a specific mean. Then we are going to start comparing variances and means for two populations

in the same manner.

All the data files for this chapter are in file ‘04 Hypothesis Testing.xls’

1. Define the 2. State a 3. Establish 4. Conduct 5. DECIDE:
problem and Null and risks, then test and Reject H, or
state Alternate conduct calculate Fail to reject
objectives. Hypothesis. Power and » P value. Ho.

Sample Size

procedure.

Hypothesis Testing follows the procedure shown above. We will start by looking at the main steps in the
procedure to build our knowledge before we go into the examples. When we start looking at the exam-
ples our journey within the procedure will be highlighted. After a couple of goes it will become second
nature and we will stop using the flowchart. For Minitab 16 users the Assistant feature instantly does it
all for you, including the power and sample size procedure, but it is still worth knowing the traditional
way or Classic Method. We need to be aware that sometimes the Assistant will use a slightly different
test procedure to the one used within the Classic Method and we need to be aware that our assump-
tions and test limitations may be slightly different in each case.

Problem Solving and Data Analysis using Minitab: A clear and easy guide to Six Sigma methodology, First Edition. Rehman M. Khan.
© 2013 John Wiley & Sons, Ltd. Published 2013 by John Wiley & Sons, Ltd.
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Steps 1 and 2 are fairly straightforward and will become second nature once practiced a few times.

It was stated in the last chapter that there is a risk of being wrong about the decision you make because
the sample you took was not representative of the population. We will be developing the risk model in
more detail by looking at a procedure called Power and Sample Size (P&SS) in Step 3.

Step 4 is the actual test procedure. This will vary slightly from test to test and you will even need to use
a test within a test when comparing the means of two populations. Don’t worry though, by then it will
be second nature.

Finally, Step 5 is making the decision with regard to the result. You will learn the phrase ‘If the P is low,
the null must go.’ You will use this mantra throughout your statistical career, so it is worth mentioning
early within the text.

4.1 The Problem Statement

This is a statement of the problem that you are looking to solve and it will have only two possible out-
comes. It will show that you have knowledge of the test procedure that you are going to apply and the
type of data that you have. A succinct sentence is sufficient. Examples are:

e |sthe mean of Group 1 equal to that of Group 2, or is it different?
e Could the variance of Group 1 be the same as that of Group 2, or is it different?

e Could the mean of this population be equal to 230, or is it different?

1. Define the 2. State a 3. Establish 4. Conduct 5. DECIDE:
problem and Null and risks, then test and Reject H, or
state Alternate conduct calculate Fail to reject
objectives. » Hypothesis. »‘ Power and »1 P value. »‘ Ho.

Sample Size

procedure.

All the problem statements shown are for two sided tests. If we take the top example, we want to know
if the means are the same or different. To be different, the mean of Group 2 has to be either greater
than or less than that of Group 1. An example of a one sided test would be: is the mean of Group 1 less
than or equal to that of Group 2, or is it greater than the mean of Group 2? The advantage of a one
sided test is that it will have a greater power than the equivalent two sided test.

4.2 Null and Alternate Hypotheses

There are two possible outcomes to our Problem Statement and at this point we don’t know which is
correct. From our Problem Statement we must decide which of the outcomes is the Null Hypothesis and
which is the Alternate Hypothesis. The Null Hypothesis (H ) states that either there is no difference, or
the parameters being investigated are equal. The Alternate Hypothesis (H ) states that there is a differ-
ence, or the parameters being investigated are not equal. Previously, one of the examples of a problem
statement was ‘Is the mean of Group 1 equal to that of Group 2, or different?’
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1. Define the 2. State a 3. Establish 4. Conduct 5. DECIDE:
problem and Null and risks, then test and Reject H, or
state Alternate conduct calculate Fail to reject
objectives. »l Hypothesis. »‘ Power and »1 P value. »‘ Ho.

Sample Size

procedure.

The Null Hypothesis would be the means of Group 1 and Group 2 are equal.

Or H

o" pGroup1 = I‘JGroupz

The Alternate Hypothesis would be the means of Group 1 and Group 2 are not equal.

Or Ha : pGroup1 * pGroupZ
Consider a one sided test with the following problem statement: ‘Is the mean of Group 1 less than or
equal to that of Group 2, or is it greater than that of Group 2?7’

The Null Hypothesis would be the mean of Group 1 is less than or equal to that of Group 2.

Or Ho : HGroup1 <

“Groupz

The Alternate Hypothesis would be the mean of Group 1 is greater than that of Group 2.

Or Ha : IJGroup1

> pGroupZ

4.3 Establishing the Risks

Let’s say the two possible outcomes to our Problem Statement are: (1) no difference (aligned to H)
and (2) difference (H)). We need to assign a risk, a, of incorrectly saying there was a difference when
there was none. a is called the significance and 1 — «a is called the confidence. The default value used in
Minitab for a is 0.05 and this is where we get our 95% confidence as a default. There will be an option
within the test menus for you to change this value. Put another way, the a risk is the risk of the instance
when the data supports the rejection of the H , but it is wrong. This risk of a false positive or Type | error
is also sometimes called the ‘Producer’s Risk'.

1. Define the 2. State a Null 3. Establish 4. Conduct test 5. DECIDE:
problem and and Alternate risks, then and calculate Reject H, or
state Hypothesis. conduct Power |\ | P value. Fail to reject
objectives. » »l and Sample * »‘ Ho.

Size

procedure.
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The B risk relates to the instance when there really is a difference. The B risk is the chance of the test
incorrectly concluding that there was not a difference when there actually was a difference. The risk of
a false negative or Type Il error is also sometimes called the ‘Consumer’s Risk’. Statistically speaking, the
data states that we should not reject the H , but in reality we should reject the Ho. The term ‘Power’
is given by 1 — B. Typically, we want a power of around 80-90% for our test procedures. The power of
the test is the probability of correctly concluding there was a difference when in reality there was a

difference.

The Significance, a risk, will be set within the test procedure. Changing the a risk will change the confi-
dence intervals of the test statistic.

The B risk or Power is calculated prior to testing within the Power and Sample Size Procedure.

It is easier to see how the o and B risks are derived in the following matrix.

The decision you make, or your opinion

Type Il Error
B risk or Consumers risk

There is not a There is a
difference difference
There is /\
not a Right
- difference
E
= Correct Decision Type | Error
< Confidence =1 —-a |43 risk or Producers risk
: /\
£ | Thereis a
g difference Right

Correct Decision
Power=1-J3

Just to reinforce a couple of the terms from the matrix above:

e o risk: Risk of finding a difference when there really isn't one (false positive).

e Brisk: Risk of not finding a difference when there really is one (false negative).
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e Unless we test the complete population we will never know the truth. Therefore, we try and stack
the odds in our favour by having high values of confidence and power.

The figure below shows the same matrix with the axis now referring to the null hypothesis versus our
decision.

The decision you make, or your opinion

Fail to Reject Reject
True /\
Right
D
m . .
.GC, COI’I’?Ct Decision Type | Error
e Confidence =1 —-a | g risk or Producers risk
Q.
3 /\
—_ False
2 Right
Type Il Error Correct Decision
B risk or Consumers risk Power=1-

Remember the a. and B risk are set by you. The default or recommended values need to be changed if the
consequence of the risk is unacceptable. If injury was the consequence | would hope that a confidence
level of 95% was too low.

We will now go into an example showing the Power and Sample Size Procedure. Prior to showing the
test procedures for the first time there will be a generic table detailing what the procedure is used for
and its assumptions and limitations.
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4.4 Power and Sample Size

4 N
Procedure * Power & Sample Size Testing for a 1 sample t test.
. %
4 N
- e Given the standard deviation and another two out of the three
Wh at's It following factors; the number of samples required, the power
2 of the test or the detectable difference the procedure is used to
Used fOf ) calculate the third missing factor.
. %
4 N
: e The standard deviation is required for this procedure. Use
Assum pthﬂS historical data to calculate the StDev. If that is not available it can
a nd be calculated from test data. Failing that an estimate will have to
L. . . be made which would then be checked against the test data when
Imitations that is available.
. J

Example 1. Power and Sample Size for a 1 sample t test.

Prawn video games want to establish the mean time to finish the first level in one of their games. They
will use a 1 sample t test but initially they want to calculate the power of the test.

At a significance level of 5% they want a power of 80% and want to be able to detect a difference of +5
min. They have resources to conduct 14 independent tests. And they know that the historical standard
deviation is 7 min.

No file required. Note: for the purposes of demonstrating P&SS we will not define the problem state-
ment and will not list the null and alternate hypothesis for this problem.

1. Click Stat <<P&SS << 1-Sample t... Chat

Power and Sample Size #

1t L-Samplet...



2. Complete the menu box
as shown. Note that
‘Differences’ refers to
detectable difference.
Also note that, as long
as StDev is available,
only two out of the
other three factors are
required and the third is
calculated. In this exam-
ple we will be calculat-
ing power so we leave
it blank.

3. Then click OK.

Minitab gives us a graphical
output and also has the same
information reflected within
the session window.

Power is on the y axis and
the detectable difference
is on the x axis. The curve
shows how the power would
change if we specified a dif-
ferent ‘difference’, that is a
difference of 6 or -6 would
give a power greater than
80%. It can also be seen that
the power curve is two sided
as it caters for both a positive
difference and a negative
difference.

Hovering the mouse over the
red dot, which represents our
point of interest, displays the
actual power with a differ-
ence of %5.
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Example 1 continued. Power and Sample size for a 1 sample t-test.

Prawn video games realise that only a power of 70% can be achieved with the 14 tests but they don't
have the resources to conduct more tests. Someone from the team then suggests that they are only
really interested if the level is taking longer to complete. Therefore, they should look at using a one

sided test.
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They decide that they are only really interested in looking at a difference of +5 min.

Under the same conditions what power can they achieve now?

1. Click on the Edit Last icon. It should open
the menu box for P&SS for 1 Sample t. 0

2. Complete the menu box as shown. 7
Remember to change the selection for
difference.

3. Then click Options.

4. For the Alternative Hypothesis select
Greater than. It is by using these radio
buttons that we make our choice for a
one sided test. The default selection is

‘Not equal’ (two sided). ‘

5. Then click OK and OK again.
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Over 802 =)

Note - this
iS a one
sided test.

Prawn video games can achieve a power of over 80% using 14 tests with a one sided test. This means
that if there is a difference there is an 80% chance of detecting it correctly. As we did not change the
confidence of the test, that remains at the default level of 95%. Which means that if the null hypothesis
is correct and there is no difference we will have a 95% chance of detecting it correctly.

The power of a test is as important as the significance and should be stated as a part of the results.

It is worth having an understanding of the parameters that affect the power.
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The interaction chart shows the effects on Power of changing a number of the key parameters available
within test procedures.

4.5 Conducting the Test and Evaluating the Results

Now that we understand about power and sample size we are going to look at how to conduct the tests.
We will learn:

e 1 Sample t Test for comparing the mean of a population to a target value.
e Paired t Test for comparing the means of two dependent populations.
e 2 Variances Test for comparing the levels of variation of two independent populations.

e 2 Sample t Test for comparing the means of two independent populations.

1. Define the 2. State a 3. Establish 4. Conduct 5. DECIDE:
problem and Null and risks, then test and Reject H, or
state Alternate conduct calculate Fail to reject
objectives. » Hypothesis »‘ Power and * P value. »l Ho.

Sample Size

procedure.
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We will use examples to consider each of the tests using the standard procedure shown above. Then for
M16 users we will show how the Assistant would tackle the example. There will of course also be some
exercises along the way.

Prior to conducting the hypothesis tests it is always wise to take the opportunity to view the data using
the Graphical Summary. It's good to get a feel for the numbers and the shape of the distribution and the
impact that these will have on the accuracy of the test that you are about to conduct.

The result of the test will be shown in the session window. The result will take the form of a value again.

In statistical terms:

e If the P value is greater than our significance level (usually 0.05) we conclude that there is insuf-
ficient evidence to reject the null hypothesis.

e If the P value is less than our significance level (usually 0.05) we conclude that there is sufficient
evidence to reject the null hypothesis and accept the alternate hypothesis.

| was taught ‘If the P is low, the null must go’ and this works well in the practical world.

Now that we know how to evaluate the test results let's go back to our example of the video game
manufacturer.

4.6 One Sample t Test

4 )

Procedure e 1 Sample t Test

Y
\

What's it
used for?

e This test is used to assess a population against a target mean.

Yo
AN

* The following assumptions must be true about our sample data
* The sample data must be randomly selected from the

Assumptions population.

d e Data must be continuous and uni model (a single distribution)
an e Sample data is likely to be from a normally distributed
Limitations population

e This test is fairly robust to non normal data as long as the sample
size is greater than 20.

J
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Example 2. 1 Sample t-test.

Prawn video games want to establish if the mean time to finish the first level from one of their games
is greater than 200 min. They have already conducted the power and sample size procedure and were
satisfied that the power of the 1 sample t test was going to be 80%. That is with a one sided test, sample
size of 14, detectable difference of 5 min and standard deviation of 7 min.

The manufacturer conducts the 14 independent play tests and records the results. Establish if the mean
completion time of the population is likely to be more than 200 min from the results of the 14 play tests?

Worksheet: Level Time.

Problem Statement

Establish if the mean completion time of the population is likely to be more than 200 min from the 14
play test results?

Null Hypothesis: Population Mean < 200 min
Alternate Hypothesis: Population Mean > 200 min

We have already established «and

Prior to conducting the test procedure we must ensure that c1 ‘
the sample data meets the requirements for the test. The Level Comp time
best way of doing this is to look at the Graphical Summary. 1987
204.0
1. Open worksheet Level Times and transfer the data into 204 6
Minitab. 209.2
207.0
206.9
206.3
207.0
2048
2149
200.6
208.5
2177
205.0

2. Examine the Graphical Summary by clicking Stat <<Basic
Statistics <<Graphical Summary.

akat
Basic Statistics 4
-

fI3FZE

Graphical Summary...



3. Select C1 and then click
OK.

The mean for the sample is
206.8 and we can see the 95%
Cl for the mean.

The AD P value is 0.137 but we
should be wary as the sample
size is small so we will carry out
a normality test.

4, Click Stat <<Basic Statistics
<<Normality Test.

5. Select C1 as the Variable.
6. Then click OK.
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[(Eo ]

C1  Level Camp time '.u_'.?rial:-les_:. o
| 'Level Comp time]

Summary for Level Comp time

Andersor-Darling Mormality Test

A-Squared 054
P-alue 0.137

IMean 206,80
’\ StDey 4,04

‘ariance 24.41
Skewness  0.76346

Kurtosis 115980
M 14

Iinimum 193,70
1st Quartile 204,45
Median 206,60

T T r : - 3rd Quartile 20868
200 204 208 212 26 Maximum  217.70

95% Confidence Interval for Mean

* 203.95 209,65
95% Confidence Interval for Median

204,57 208,54
95% Confidence Interval for StDev

95% Confidence Intervals 15 70

Meand | |
Median - } {
20‘4 20‘5 20‘6 26? 268 269 21‘0
Stat
Basic Statistics 4
sey Mormalicy Test. .,
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The dots can just be cov-
ered with a Fat Pencil so we

will

accept that the sam-

ple came from a normal
distribution.

Finally we can now start
the actual test procedure.

7. Click Stat <<Basic

Statistics <<1-Sample t.

8. Select C1 as the data

10.

column.

. Enter 200 as the

Hypothesized mean,
this is the value that
we are testing against,
200 min.

Then click Graphs to
specify the output
graph that we would
like. If we don't select
a graph then the out-
put will only be in the
session window.

otat

Basic Statistics

b
1t 1-Samplet...



11. Select Boxplot of data.

12. Then click OK.

13. Click Options.

14. Usethe dropdown menutoselect
‘greater than' as the Alternative
hypothesis. The default is always
‘not equal’.

15. Then click OK and OK again.

16. To have a look at the result
of the test click on the Show
Session Folder icon.

= IEEO 5%

[ Show Session Folder (Chrl+alk+01)]
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17. Locate our test result and
look at the P value. If it
is less than the o (0.05)
then we can reject the
null hypothesis. Our P
value is 0.00 so we reject
the null hypothesis that
the mean completion
time is 200 min or less (if
the P is low the null must
go!). Note that mean of
the samples was 206.8
and the lower 95% inter-
val is 204.46.

18. In order to see this result
graphically go to the
graph folder and look at
the boxplot.

Graphically it can be see that
H, is not within the confidence
interval for the mean. It is for
this reason we have rejected
the null hypothesis. We can
state that the mean comple-
tion time will be greater than
200 min.

As we requested a one sided
test, which tested whether the
mean of the population was
greater than 200 min, only a
lower bound confidence inter-
val is shown on the graph.

1/28/2011 45158 PM

Summary for Level Comp time

One-Sample T: Level Comp time

Test of wi = 200 w3 > 200

Vatishle

Level Comp time 14 206,80 4.%4 132

454 Lower
Hean 5thev 5E Mean Bound T I3
204,46 5,15 0,000

Boxplot of Level Comp time

Boxplot of Level Comp time
(with Ho and 95% t-conficlence interval for the mean)

Ho

+ <!

W

200

205 210 215
Level Comp time

70
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We are going to have a look at using the Assistant to repeat the 1 Sample t Test. As stated earlier the
Assistant is an M16 feature. The Assistant offers a graphical selection for the appropriate hypothesis
test. The Assistant will also give guidance on interpreting the result of the test and additional relevant
information such as P&SS, normality and outliers within the data.

1. Clickon Assistant<<Hypothesis b

Tests. =
Hypothesis Tests,.,

The tests within the Assistant are

broken down into three groups: (1)

tests relating to a single sample, (2)

tests which have two samples and

(3) the comparison of more than

two samples.

2. Click on ’'Help me choose’
within the ‘Compare one sam-
ple with a target’ group.



88 Problem Solving and Data Analysis using Minitab

We are presented with a decision
tree to help us choose the type of
test that we want. We can click on
the diamonds in order to get more
information about our selection.

As a reminder, this book does
not deal with Attribute data as
Continuous data is far more com-
mon and useful.

3. Click on the button for the 1
Sample t Test.



4. Complete  the
menu box as
shown and click
OK.

The menu box takes
the same inputs as the
previous menus for
the 1 sample t test.

Note that there is not
a selection menu for
the type of graphical
output that we will
get. Also, the Power
and Sample Size selec-
tion only takes in a
single parameter. This
is because StDev will
be calculated from
the sample data and
so will sample size.

The Assistant gives
three output pages:
the Summary Report,
the Diagnostic Report
and the Report Card.
For the purposes of
navigation each of
these pages can be
handled as a graph.

Hypothesis Testing 89
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On the top left quarter of the summary report the P value is compared to the significance level. There is
an orange marker on a sliding scale indicating the actual P value.

Below this we see a dotplot of the actual sample data. Graphically we see that 200 is not greater than the
95% lower bound confidence level for the population mean, 204.46. If 200 had been greater than the 95%
lower bound confidence level we would not have rejected the null hypothesis.

On the top right we see the statistics from the test. Note that the StDev of the sample data was 4.94. As
we are conducting a one sided test Minitab uses a 90% confidence interval to describe the population
mean. If we conducted a two sided test Minitab would use a 95% Cl.

On the bottom right, within the comments section, you can read the conclusion of the test procedure
and edit the text.
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On the top of the Diagnostic Report we are presented with an SPC chart. The data point that is coloured
red is deemed to be unusual and may have occurred under unusual circumstances. Minitab is warning us
that these kinds of events could affect our conclusion. We will be covering SPC in detail within Chapter 7.

The bottom left and right sections of this panel deal with Power and Sample Size. If you relied only upon
the Assistant you would get these results after you had potentially conducted test runs and had taken
samples. That could be wasteful if you then found your power to be inadequate.

As we previously stated that a difference of five was of interest to us, we are told that our power is
97.3%. This is much higher than the menu driven test because originally we used a historical StDev of
7.0. Here, the Assistant is calculating the StDev from the samples and using a value of 4.94. To make
the correct decision about which figure to quote and use always think about the application and think
about protecting the stakeholders.
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Finally, we have the Report Card. We are again told that we had one unusual data point. In the real

world we would investigate if there were any unusual circumstances behind that point.

We get a warning due to our small sample size as it could lead to an inaccurate assessment of normality.

Finally, we get a satisfactory indicator relating to Power and Sample Size. This is because there is a suf-

ficient difference between the mean and the target.

Let's move onto the next example. We are going to go through that from beginning to end using the
hypothesis testing procedure. Initially we will use the classic menus. We will then analyse the data with

the Assistant.

Example 3. 1 Sample t Test.

Parky Bakery wants to know if the mean weight of the buns that they bake is 99 g. They take 50 samples
and weigh them. If the difference they want to detect is 1.0 g and the historical standard deviation is

1.5 g what is the power of the 1 sample t test?

Establish if the mean weight of the buns is 99 g?

Worksheet: Buns.

1. Define the
problem and
state
objectives.

f

2. State a
Null and
Alternate
Hypothesis

"

3. Establish
risks, then
conduct
Power and
Sample Size
procedure.

)

4. Conduct
test and
calculate
P value.

)

5. DECIDE:
Reject H, or
Fail to reject
Ho.
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The figure above shows the Hypothesis Testing procedure again. We will be using the steps to guide

ourselves through the test procedure.

Problem Statement
Establish if the mean weight of the buns is 99 g.

(We can see that this is a two sided test.)
Null Hypothesis

Population Mean =99 g

Alternate Hypothesis

Population Mean =99 g

Calculating the Power

1. Start a new project.

2. Click Stat <<P&SS << 1-Sample t. tat

3. Complete the menu box as shown. Power and Sample Size ¥

4. Then click OK.

1t L-Samplet...
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We have a power of 0.996.
This means that if there is a
difference there is a 99.6%
chance of detecting it cor-
rectly. As we did not change
the confidence of the test
that remains at the default
level of 95%. Which means
that if the null hypothesis is
correct and there is no dif-
ference we will have a 95%
chance of detecting that
correctly.

Calculating the Test Statistic

5. Open worksheet Buns
and transfer the data
into Minitab.

6. Examine the Graphical
Summary by clicking
Stat <<Basic Statistics
<<Graphical Summary.

7. Select C1 and then
click OK.

Power Curve for 1-Sample t Test

1.0

0.8+

0.6+

Power

04+

0.2+

0.0 ‘

| ‘ Sample
[Symbal: Difference = 1, Fawer = 0996032

— 0

AssUmptions
Apha 0.05
Sthey 15
Aternative Mot =

c1
Bun Weights
95 552
101.342
100,311
101.674
101.922
100615
95 559
101.722
100,309
100,176
100.075
101.711
100.915
97 502

Stat

Basic Statistics

T
0.5 0.0
Difference

[

Graphical Summary...

0.5

1.0



The mean for the samples is
100.38 and we can see the 95%
Cl for the mean.

The AD P value is 0.103 which
indicates this data is from a nor-
mally distributed population

As the sample size is sufficiently
large we do not need to use a
separate normality test.

We can now conduct the test
procedure.

8. Click Stat <<Basic Statistics
<<1-Sample t.

9. Select C1 asthe data column.
10. Enter 99 as the Hypothesized
Mean.
11. Then click Graphs.

Stat

Basic Statistics

»
1t 1-Samplet...
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12. Select Boxplot of Data.
13. Then click OK and OK
again.

Decision Time

14. Click on the Show
Session Folder icon.

15. Locate our test result
and look at the P
value. If it is less than
the o (0.05) then we
can reject the null
hypothesis.

16. Go to the graph
folder and look at the
boxplot.

Graphically it can be see
that H_ is not within the
confidence interval for the
mean.

Since we have rejected the
null hypothesis we can state
that the mean bun weight
is not 99 g. We can say it is
higher.

We will now run this
example again using the
Assistant.

e 4= =R OB

-|Shn:|w Session Folder (Crel+al4-m) |

Boxplot of Bun Weights
{with Ho and 85% t-confidence interval for the mean)

Ho

I I I
a3 100 101 102
Bun Weights

I
103




1. Click on Assistant
<<Hypothesis Tests.

2. Click on 1-Sample t within
the ‘Compare one sample
with a target’ group.

3. Complete the menu box
as shown and click OK.
The menu box takes the
same inputs as the previ-
ous menus for the 1 sam-
ple t test.

Assiskant

Hypothesis Tests. ..

Compare one sample
with a target

Hypothesis Testing 97
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From the P value indicator in the top left quarter of the Summary Report we see that the P value = 0.
Therefore the real mean will differ from our target value.

Below this we see the histogram of the actual sample data. Graphically we see that 99 is outside the
95% confidence interval for the population mean. You get a histogram rather than a dotplot when you
have 20 or more data points.

On the top right we see the statistics from the test. Note that the StDev of the sample data was 1.16
compared to the 1.5 we used in the Classic Method.

On the bottom right, within the comments section, you can read the conclusion of the test procedure.
The comments can be edited to add additional information.
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On the top of the Diagnostic Report we are presented with the SPC chart. There are three data points
that Minitab deems to be outliers.

The power achieved using the Assistant is again higher than previously calculated. It is again due to the
fact that a lower StDev was used in the calculation.
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Finally, we have the Report Card. We are again told that we had some unusual data points.

We don’t get any further warnings.

It's time for an exercise. Complete the question using the classic method. Use the full procedure for
hypothesis testing. Then if you have M16 use the Assistant and compare the answer.

Exercise 1. 1 Sample t test.

Bear is a keen cyclist and likes to buy all the latest equipment. He wants to buy the latest lights for his
bike and therefore must show that his current lights are failing. He keeps a spreadsheet showing the
recharge time for his lights. If the time becomes different to the recharge time stated by the manufac-
turer he will have the excuse he needs to buy new lights.

Bear has 75 data points. If the difference he wants to detect is 0.5 h and the historical standard deviation
is 0.8 h what is the power of the 1 sample t test?

Use the graphical summary to check the sample data. Establish if the mean recharge time of the lights is
different to 17 h? Display the comparison of the null hypothesis to the 95% Cl for the population mean
using a boxplot.

The data is in Worksheet: Lights.

Problem Statement
Establish if the mean recharge time of the lights is different to 17 h.

(As we are only checking to see if there is a difference a two sided test is required.)



Null Hypothesis
Population Mean =17 h
Alternate Hypothesis

Population Mean = 17 h

Based on the historical
StDev the power for
the test is very high.
The default signifi-
cance level will be used
for the test.
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The graphical sum-
mary shows that the
sample distribution
is uni modal and nor-
mally distributed.

The boxplot shows
that the estimated
mean lies within the
95% ClI for the pop-
ulation mean.

Boxplot of Lights

(with Ho and 95% t-confidence interval for the mean)

%%

15 16 {7
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As the P value is above the alpha value we cannot reject the null hypothesis. We cannot say the mean
recharge time of the lights is different to 17 h.

Bear didn't like the result and bought some new lights anyway.

Exercise 1. Using the Assistant.

The P value = 0.354. Therefore the target is not significantly different from the real mean.

Within the histogram we see how the target mean is within the 95% confidence interval for the popula-
tion mean.

On the top right we see the statistics from the test. Note that the StDev of the sample data was 0.76
compared to the 0.8 we used in the Classic Method.
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On the top of the Diagnostic Report we are presented with the SPC chart. There are two data points that
Minitab deems to be outliers.

The power achieved using the Assistant is again higher than previously calculated. It is again due to the
fact that a lower StDev was used in the calculation.
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Finally, we have the Report Card. We are again told that we had some unusual data points.

We don’t get any further warnings.

4.7 Paired t Test

/

Procedure

Y

What's it
used for?

Y

Assumptions
and
Limitations

\
e Paired t Test
J
\
e A paired t test is used to test the mean difference between two
sets of dependent samples.
e They usually involve a human element that gives the dependency
between the two sets of data.
/
\
\
¢ The difference of the data sets should form a normally distributed
population, the test is fairly robust to non normal data when the
sample size is large (>20).
e M15 users can use Power and Sample Size for the 1 Sample t test.
J
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The Paired t Test

The Paired t Test is used to check the mean difference between two sets of dependent data. To help
understand what is meant by dependent data think of using a set of people to test two types of running
shoe. The test will be to see if 100 m times are different using each type of shoe. There are two obvious
ways of arranging the test

1. Split the runners into two groups, one group uses shoe A and the other shoe B. Then compare the
times.

2. Have all the runners run with shoe A and then repeat the run with shoe B. Look at the difference
in time for each person.

For method 1, if the ability of the runners was to vary greatly between the groups the difference
between the shoes might get lost within the difference of the groups. Method 2 seems a better choice
because we can filter out the variation from our system by using the system twice and then looking at
the difference.

In fact, the Paired t Test is the same as conducting a 1 Sample t Test on the difference of the two data
sets and using 0 as the hypothesised mean.

We will learn more about the Paired t Test by going straight into the examples. We will use the same
procedure as we have used previously for hypothesis testing.

1. Define the 2. State a 3. Establish 4, Conduct 5. DECIDE:
problem and Null & risks, then test and Reject H, or
state Alternate conduct calculate P- Fail to reject
objectives. »‘ Hypothesis » Power & » value. »‘ Ho.

Sample Size

procedure.

Example 4. Paired t Test.

An archery equipment manufacturer has developed a new arrow release, the Sureshot2. They want to
know if it performs differently to the Sureshotl1. The company gets 50 archers of varying ability and
measures their average score with both types of release. With a historical StDev of 5, what is the power
of the test?

Is the Sureshot2 an improvement over the previous model by an average score of 2?

Worksheet: Archery.

Problem Statement
Establish if the Sureshot2 gives a better archery score than the Sureshot1.

Null Hypothesis

Score with Sureshot2 < Score with Sureshot1.
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Alternate Hypothesis
Score with Sureshot2 > Score with Sureshot1.
(If the Sureshot2 is better it will give a higher score.)
We will now establish the power.

1. Click Stat <<P&SS << Paired t (M15 users can Stat
use P&SS for the 1 Sample t test). 21a

Power and Sample Size » $t Pairedt..,

2. Complete the menu box as shown.

3. Click on Options.

4. Select the radio button for setting the alter-
nate hypothesis to Greater than. As we are
using Greater than, this is a one sided test.

5. Click OK and OK again.
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Two power curves are
shown here; the one spe-
cifically for the Paired t
Test and the one for the
1 Sample t Test. It can be
seen that they are iden-
tical and both give the
same result for a Power
of 87.3%.

For our test, this means
that if there is a differ-
ence we have an 87.3%
chance of correctly stat-
ing that there was a
difference.

6. Go to Worksheet:
Archery and trans-
fer the data into
Minitab.

7. Click Stat <<Basic
Statistics <<Paired t

Biasic Statistics

b $t Paredt...




8. Select the columns as shown. Ensure
the order is correctly entered.
9. Then click on Graphs.

10. Select the Boxplot of data and then
click on OK.
11. Click on Options.

12. Change the Alternative drop down
menu to ‘greater than'.
13. Click on OK and OK again.
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Graphically it can be seen
that H  exceeds the lower
end of the confidence inter-
val for the mean.

From the session window
we see that the mean dif-
ference was -1.924. This
indicates that the Sureshot2
actually produced a lower
score than the Sureshotl.
However, we cannot say
if it is statistically signifi-
cant. With the test which
we have just done we can
only say that the Sureshot2
was not better than the
Sureshot1 as the P value
was 0.994.

We will now use the
Assistant to conduct the
same test (M16 only).

1. Click on Assistant
<<Hypothesis Tests.

2. Click on Paired t
within the ‘Compare
two samples with each
other’ group.

3. Complete the menu
box as shown and click
OK.

Boxplot of Differences

{(with Ho and 95% t-confidence interval for the mean)

-13

Differences

Assistant

Hypothesis Tests, ..

Compare two samples
with each other

Helg me choose

Faired t
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From the Pvalue indicator in the top left quarter of the Summary Report we see that the Pvalue = 0.994.
Therefore we cannot say that the Sureshot2 is better than the Sureshot1.

The histogram gives us our first indication that the Sureshot2 was actually worse than the Surehot1. It
can be seen that the zero is actually outside the 90% Cl. (Minitab uses a 90% Cl because it was a one
sided test).

On the top right we see the statistics from the test. Note that the StDev of the sample data was 5.16
compared to the 5.0 we used in the Classic Method.

On the top of the Diagnostic Report we are presented with the SPC chart which is now based on the
difference of the points. None of our points are deemed to be unusual.

This is the first time that the Assistant has calculated a lower power than the initial check. Again this is
due to the StDev.
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On the Report Card we are told that we did not have any unusual points within the data and that nor-
mality is not an issue.

We are given a warning that we may have the data sets the wrong way round, but we haven't.
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It's time for another exercise. Complete the exercise using the Classic Method. Use the full procedure for

hypothesis testing. Then if you have M16 use the Assistant and compare the answer.

Exercise 2. Paired t test.

A motoring magazine wants to know if parking sensors have an effect on parking time. The magazine
gets 50 drivers of varying ability and measures parking time (seconds) with and without sensors on the

same car.

If they want a power >90% and the historical standard deviation is 8, what is the maximum difference
that can be measured (as an integer)?

Do parking sensors change parking time?

Display the comparison of the data to the null hypothesis using a boxplot.

Worksheet: Parking Times.

Problem Statement

Establish if parking sensors change the parking time.

Null Hypothesis

Parking time With Sensors = Without Sensors

Alternate Hypothesis

Parking time With Sensors =
Without Sensors

(This is a two sided test.)

In order to find the values of
difference to give us a power
of >90% we must guess a cou-
ple of values. | have chosen 3
and 4. As long as | put a space
between the two numbers they
will both be displayed on the
graph together.

A difference of 4 s gives us a
power of 93.3%.

Power

1.0

0.8

06

044

0.2

0.0

Specify values far any twa of the Fallowing:

Sample sizes: |50

Power values:

Differences: | a4] est

Standard deviation: | 8

Options... Graph...

Help Cancel

Sample
Size

rence = 4, Power = 0,9333%8

/Symbul: Diffe

Llpha
StDey

AesUmptions

0.03
3

Alterative Mot =

Difference



Graphically it can
be seen that H_
sits within the
confidence inter-
val for the mean.
This means that
there is not a dif-
ference in park-
ing times with or
without sensors.

From the Session
window we see
that we have P
value of 0.822.
‘As the P is not
low the null can-
not go’. Meaning
that we cannot
reject the null
hypothesis.

We will now use
the Assistant
to conduct the
same test (M16
only).

Hypothesis Testing 115
Boxplot of Differences
{with Ho and 95% t-confidence interval for the mean)
¥
it
Ho
-20 -10 0 10 20
Differences
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From the P value indicator in the top left quarter of the summary report we see that the P value = 0.882.
Again, this means that we cannot reject the null hypothesis.

The histogram shows us that the zero target clearly lies within the confidence interval.

On the top right we see the statistics from the test. Note that the StDev of the sample data was 8.7 com-
pared to the 8.0 we used in the Classic Method.

On the top of the Diagnostic Report we are presented with the SPC chart which is now based on the
difference of the points. None of our points are deemed to be unusual.

The Assistant has calculated a lower power than the initial check. Again this is due to the StDev.



Hypothesis Testing 117

On the report card we are told that we did not have any unusual points within the data and that nor-
mality is not an issue.

We are given a warning as the power is calculated to be 88.8% with the Assistant.
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We have looked at comparing a single population to a mean and we have looked at comparing the
means of two dependent populations using the Paired t Test. We are now going to move on and look
at comparing two independent populations. We will start by comparing the variance of the populations
and then move on to comparing the means.

4.8 Two Variance Test

4 )
Procedure e 2 Variance Test
\ %
4 )
N
What's it * The 2 Variance test is used to determine whether the variances or
Used for') StDevs of two populations are different.
. /
4 )
e Power and Sample Size for this test was introduced in M16.
e There are two procedures used within Minitab. These are the F
. test, for data that is likely to have come from a normally distrib-
ASSU mp‘tlons uted population, and the Levene (Levene/Brown-Forsythe) Test, is
d for all continuous distributions.
an e The Assistant uses the Levene test for all distributions.
Limitations e The recommendation for the Assistant is to have a sample size of
at least 20 within the smallest group to ensure the test performs
well.
e Sample sizes can be unequal. )
- J

It is worth spending a bit of time and effort understanding the options available to different Minitab
users for this test.

M15 users do not have the option of conducting Power and Sample Size for this test. M15 users have
slightly different input menus for the 2 Variances Test. The options for the output graph are fixed but
the graph contains the P values for the F test and Levene’s test.

M16 users have the option of conducting Power and Sample Size and have the option of selecting one
or more of four output graphs using the Classic Method during the test procedure. The P values for the
F test and Levene’s test are presented in the session window.

For both Classic Methods it is recommended the data be checked for normality using the Graphical
Summary as M15 and M16 users are always presented with the results of both the F test and Levene's
test. The user can then use the appropriate P value when making the decision regarding equal variances.
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The Classic Method for checking two variances can be used in the Classic Method of the 2 Sample t Test,
which we will be looking at later in this section.

M16 users also have the option of using the Assistant, which will always use Levene’s test.

We will now go through the same example using the M16 Classic Method and using the Assistant. M15
users should be able to work through the latter half of the first example as the differences in the menus
are minor.

Exercise 5. 2 Variances Test.

Scotty, the maintenance engineer, has repaired worn parts on a feeder system that regulates the amount
of additives to a process. The control system on the feeder will try and maintain the same mean but
there is always some variation from the feeder. Scotty understands the process metrics and he wants to
know if he has changed the variation of the feeder with the work that he has done.

Before conducting the test procedure, help Scotty understand the power that he can expect from the
test. He thinks that 75 data points before and after the work will be sufficient. Scotty feels that if the
StDev decreased by a ratio (Before/After) of less than 0.75 he would be concerned.

Worksheet: Feeder.

Problem Statement

Establish if the StDev from the feeder increased after maintenance

Null Hypothesis Stevtbefore) _ q

StDev (After)

ic StDev(before)
Alternate Hypothesis 322009 < 1

We need to maintain a consistent system of how we arrange our data between the numerator and the
denominator. We will put the before data as the numerator and the after data as the denominator. This
means that an increase in post maintenance StDev from the feeder will result in ratio of less than 1. As
we are only interested in a worsening StDev we can employ a one sided test to increase the power.

The P&SS Test for 2 Variances is available in M16 only.

1. Click Stat <<P&SS << 2 Variances.
Stat

Power and Sample Size ¥ f’fug 2 Variances. ..
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2. Complete the menu box
as shown. Ensure the
uppermost selection box
is set to StDevs and not
Variances.

3. Then click on Options to
set the type of test.

4. Set the Alternate
Hypothesis to Less n
Than. Note that the Mot equal
method has been set for Greater Than
Levene’s Test.

5. Click OK and OK again.

6. Look at the graph that  methad
is produced. We see that * Levene's Test
we would have a power E Test
of 73% with Levene's
test. We will repeat the HaE
Power and Sample Size
procedure but select the

Alternative Hypothesis

Significance level: 0.05

F test. e
Power Curve for Two Standard Deviations
1.0
Zample
Size
_— 75
0.2 1 Agzurnptions
Alpha 0,05
Altemnative =
i [Symbol: Ratio = 0.75, Pawer = 0.738043 Metbod: leVeies
Lo
a
S
=]
o
0.4
0.2
I:I.D T T T T
0.6 0.7 0.8 0.9 1.0

Ratio



7. Click on the Edit Last
icon.

8. Click on Options and
set the Method to
the F Test.

9. Click OK and OK
again.

From the graph that was
produced we see that we
get a higher power if our
data was applicable for
use with the F test.

Usually we would conduct
P&SS prior to conduct-
ing the test and collect-
ing data. Therefore we
would not know whether
our data was likely to
come from a normally dis-
tributed population and
we would not know if
the F test was applicable.
However, after collecting
the data it is worth check-
ing due to the increased
power of the F test.

10. Open worksheet
Feeder and trans-
fer the data into
Minitab. It's not rele-
vant but notice that
Scotty has provided
more data than orig-
inally planned.

11. Examine the
Graphical Summary
by selecting Stat
<<Basic Statistics
<<Graphical
Summary. We want
to establish if we
can apply the F test
or whether we have
to use Levene’s test.

=
viill
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Method
Levene's Test
€/ E Test
Power Curve for Two Standard Deviations
1.0
Sample
Size
— 5
0.8+ Assumptions
Alpha 0.05
[Symbal: Ratio = 0,75, Power = 0, 792718 Allemative =
Mathaod F Test
0.6
g
=
[=
=8
0.4
0.2 H
D.D T T T T T T T
0es 070 075 080 085 090 095 100
Ratio
C1 2
Before After
1020 872
1121 1144
921 11488
951 BEA
Stat
Basic Statistics 4

g : Graphical Summary. .
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12. Select both columns of
data and then click OK.

It can be seen that both the
P values are below 0.05 and
therefore the samples are
not likely to have come from
normal distributions. This
means that we need to use
Levene's test results. Also,
note the StDev’'s. The ratio of
the Before to After StDev is
112.86/105.8 = 1.067

c1
oz

Before
After

Yariables:

Before After|




13.

14.

15.

16.

Click Stat <<Basic Statistics
<< 2 Variances.

Complete the menu box as
shown. Ensure the upper-
most selection box is set to
Samples in different col-
umns. Click on Graphs.

M16 allows the selection of
any of the graphs shown.
M15 will always display two
plots on a single page which
also displays the P values.

Click OK and then click
onto Options. Change the
Alternative hypothesis to
less than. Click OK and OK
again.

Basic Statistics

v Inkerval plok

Hiskogram

v Individual walue plak

Eoxplot

Hypothesis Testing 123

4 ”g,-,g 2 Mariances., ..
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From the dotplot it can be
seen that there is slightly
less variation in the After
group. It can also be seen
that the variation is almost
equal on either side of the
mean symbol, although the
before group appears to be
slightly more loaded on the
tails.

The interval plot shows
the 95% Cls for the StDevs
of both groups. Note that
Minitab has swapped the
order of the groups. The
interval for the After group
does appear to be lower.

Individual Value Plot of Before, After

1200 ?
1100 ® ;
E L
% 10001 ?
$
900 4 i
800 4 Y
Before After
Interval Plot of Before, After
130
2]
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2
§ 120
]
1]
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-?:l L]
B 1104
=
o
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2
-
S 1004
£
"
(=]
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M15 users will be able to see the Pvalues
from both tests on the output graph.
M16 users need to go to the session
window.

As our data was not normally distrib-
uted we need to use the results of the
Levene’s test. The P value for Levene's
test is 0.676 so we cannot reject the null
hypothesis. This means that the StDev is
not greater after the maintenance.

Scotty can be satisfied that his mainte-
nance work has not adversely affected
the feeder variation.

We will now conduct the same proce-
dure using the Assistant.

Hypothesis Testing

Test and Cl for Two Variances: Before, After
Method

Mull hypothesiz
Alternative hypothezis
dimmificance lewvel

Alpha = 0.05

atatistics

Variahle N 3thev  Wariance
Before 09 112,857 12736.794
Lfter 76 105,804 11194, 439
Ratio of standard deviations = 1.0&87
Fatio of wvariances = 1.138

95% One-3ided Confidence Intervals

Upper Bound
for Sthew
Fatio

1.273

1.221

Upper Bound
for Variance
Fatio
1621
1.490

Diztribution
of Data
Normal
Continuous

Teats

Test
DFl DFZ &Htatistic
1.14
0.z21

Method
F Test inormal) 93 7%
Lewene's Test [any continuous) 1 173

125

Sigma(Before) S Sigmalifter) =1
digma(Before) f 3idqma(ifter) 1

P-Value

0.7z0
0.676
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1. Click on Assistant
<<Hypothesis Tests.

2. Click on 2-Sample Hypothesis Tests...
Standard Deviation
within the ‘Compare
two samples with
each other’ group.

3. Complete the menu

Assistant

Compare two samples

box as shown and with each other
click OK. Ensure the Help me choose
Test Setup is done e
|-@—I 2-hample
correctly. We want . Standard Deviation

to test if the StDev
of before is less than
After. With a bit of
simple maths we can
work out that we
need to check the
power for a 25%
difference.
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The test delivers a P value = 0.676, which is the same as the results for Levene’s test we calculated using
the Classic Method.

We are given an additional chart which shows the Cls for StDev. We can see that they clearly overlap
indicating that there isn't a difference.

The histogram shows the spread of the data. Again we can see that After data actually has less spread.

In the comments we are told that we cannot reject the null hypothesis.
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The SPC charts show that none of our points are deemed to be unusual because none of the points are
marked in red.

The power reported for the test is 79.3% using the actual sample sizes of 99 and 76.
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On the report card we are told that we did not have any unusual points within the data and that nor-
mality is not an issue.

We are given a warning regarding the power of the test. We would need both sample sizes to be 123 to
obtain a power of 90% or 89 to get a power of 80%.

The last procedure that we are going to look at in this chapter is the 2 Sample t Test. This is used to
compare the mean of two populations. As such it is widely used to understand the effects of changes
on processes.

We will go straight into looking at worked examples to learn the test procedure. When using the Classic
Method we need to know if our two groups have equal variances prior to conducting the 2 Sample t
Test. Again, M16 users can also use the Assistant for the 2 Sample t Test.
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4.9 Two Sample t Test
4 )

Procedure e 2Sample t Test

Y
AN

Wh at's it e A 2sample t test is used to determine whether the means of two
Used for') populations are different.

Y
AN

~

¢ The Classic Method performs well with non normal data as long
as the data is continuous, reasonably symmetrical and uni modal.
We check these assumptions prior to the procedure using the

: graphical summary.

Assum ptlons e Checking for equal variances within the Classic Method increases

and test reliability. The Graphical Summaries can also be used to make

.. . conclusions as to whether the populations have equal variances.

Limitations ¢ The method used by the Assistant does not require the user to test
for equal variances prior to the test.

e For both methods sample size is important for test validation and
power.

J

- J

Example 6. 2 Sample t test.

Two CPU manufacturers both make chips that are rated at 2200 MHz. Overclocking is running the CPU
at higher speed than its rated speed in order to get more performance from the computer. A sample of
CPUs is taken from each manufacturer. Each chip is overclocked to run at its highest possible speed. The
maximum speed and manufacturer for each chip is recorded.

The historical StDev is known to be 20 and 50 samples are to be tested from each manufacturer. If we
want a power of 90% from the 2 sample t test what is the maximum difference that can be detected?

Using the data provided in Worksheet: CPU Speed, establish if there is a difference between the chips
in terms of overclocking to the highest speed. Then establish which manufacturer’s chips can be over-
clocked to the highest speed.

Problem Statement
Establish which chips can be overclocked to the highest speeds.

Null Hypothesis
Pintel Speed = AMB Speed
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Alternate Hypothesis
Pintel Speed # AMB Speed

(This will be a two sided test. If we detect a difference we will use the graphical outputs to establish
which chips are faster.)

1. Click Stat <<P&SS Stat
<<2-Sample t.

Power and Sample Size » 2% Z2-Sample ...

2. Complete the - ~ _ |
menu box as Ml : S i : '
shown. There are Specify values For any bwo of the Following:

a couple of points Sample sizes: | 5]

to note here. The
sample size listed
should be for the Power values: | .0
smallest group as
this will give us
a safety margin.
The estimate for
StDev should be eI, Graph...

for the pooled
value.

3. Then click OK.

Differences:

Standard deviation: zZ0

It can be seen that Power Curve for 2-Sample t Test
under the test condi-
tions stated we would 1.0 Sampe
be able to detect a dif- Size
ference of about 13 —
with a power of 90%. 0.8- Symbal: Difference=13.03?50&;%?%;5 0.9F
Alpha 0.05
This is acceptable so StDev a0
we can continue with Alternative Mot =
the test procedure. & 0.6
0
:
04 -
0.2
0:0 T T T T T T T

Difference
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4. Open worksheet CPU
Speed and transfer the
data into Minitab.

5. We need to check the
underlying  assump-
tions about the data
by using the Graphical
summary. It is also a
good idea to get a feel
for the data by check-
ing the Graphical sum-
mary before the test
procedure is started.

Click Stat <<Basic
Statistics <<Graphical
Summary.

6. Select Pintel and AMB.
Then click OK.

From the graphical sum-
maries it can be seen that
our data is reasonably sym-
metrical and unimodal. The
P values indicate normal-
ity. The StDevs are 21.9 and
18.2 and the 95% Cls for
StDevs overlap. Using our
knowledge and experience
we could assume equal
variances with this data.
However we could also use
the 2 Variances Test, the
session window results are
shown below.

atat

Basic Statiskics

b}

=i

4

Graphical Summary, .

Summary for Pintel

pEaT] pEe] )

95%; Confidence Intervals

Mexdhan o
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M Ed

231007
ZIECE
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953 Confidence Interval For StDweny
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Summary for AMB
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Anderson-Crading Morrnality Test

N\

A-Squared 0.2z
P-Walus 0212
Mean 23870
StDew 1.2
\arance 2306
Skewness  -0,148454
Kurtaszis 0.071037
M ]

34 350 7 240 240
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1st Cuartile 23754
Median 23853
2rd Quartile 2400.7

M axirnurn 24286
95% Confidence Interval For Mean
23618 2392.2
959 Confidence Interval for Median
23820 23920
95% Confidence Interwal For StDev
9525 Confidence Intervals 52 w27
Mand | - !
Medan{ | . !
P 7304 2305 3 239 e
Test
Method DF1 DF: 3tatistic P-WValue
F Tezt [(normal) 449 49 1.45 0.199
Lewvene's Tezt [any continuous) 1 98 l.60 0,209
Now that we know the
. : Skat
assumptions are valid re- =
garding the sample data Basic Statistics b

and we can assume equal
variances let's conduct the
actual test.

7. Click Stat <<Basic
Statistics << 2-Sample t.

8. Complete the menu
box as shown. Make
sure Assume equal var-
iances is ticked.

2T 2-Samplet...

Samples in one column

» Samples in different columns

Firsk: Pirkel

Second: AME

Summarized data

v Assume equal variances

Garaphs...

Options. ..

Cancel
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9. Then click on Graphs
and select Boxplots.
10. Click OK and OK again. Individusl value plok

v EBoxploks of data

From the test results in the  Two-Sample T-Test and CI: Pintel, AMB
session window we can see

that the P value is zero and Tuo-sauple T for Fintel vs AMB
the mean speed for AMB
chips is faster. Therefore, we
can say AMB chips can be
overclocked to higher speeds
than Pintel chips. The esti-

mate for the difference was Difference = mu (Pintel) - ua (AMEB)

actually 17. Eatimate for difference: -17.09

95% CI for difference: (-25.07, -9.11)

T-Test of difference = 0 (wz not =): T-Value = -4.25 P-Value = 0,000 DF = 93
Both use Pooled 3tDev = 20.1144

N Mean 5tDev 5E Hean
Pintel 50 2369.9  Z21.9 3.1
LME 50 2387.0  l14.2 2.6

The boxplot confirms that the
AMB chips were faster than
Pintel. However, we would
not know from the boxplot

alone if the difference was Boxplot of Pintel, AMB

significant. 24401
2420 H
We will now conduct the
equivalent procedure with 2400
the Assistant. o
o 23801 /
| o
= 2360
2340 H
2320+
2300

Fintel AMB
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1. Click on Assistant
<<Hypothesis Tests.

2. Click on 2-Sample t Hypothesis Tests. ..
within the ‘Compare
two samples with
each other’ group.

3. For Test Setup we

Assistant

Compare two samples

want to check if the with each other

mean of Pintel is dif- Help me choose
ferent to AMB. For iR

P&SS we will enter Pl J-Sample 1

a Difference of 13.
Complete the menu
box as shown and
click OK.
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The test delivers a P value = 0.0, telling us that the populations have different means.

We are given an additional chart which shows the 95% CI for the difference. If the interval had gone
through the zero point we would have had to conclude that there was not a difference between the
means of the populations. The difference is negative only due to the order that we entered the columns
into the input menu box. Under Statistics in the top left we are told that ‘The difference is defined as
Pintel-AMB'.

Within the histograms we see the 95% | for the means. Again they do not overlap.

In the comments we are told that we can conclude that the means differ at the 5% significance level.
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The SPC charts show that none of our points are deemed to be unusual because none of the points are
marked in red.

The power reported using the pooled StDev for the sample data was 89.2% in order to be able to detect
a difference of 13.
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On the Report Card we are told that we did not have any unusual points within the data and that nor-
mality is not an issue and we had sufficient data points.

We are given information stating that the test method used within the Assistant does not require equal
variances to be confirmed.

Example 7. 2 Sample t Test.

A city has two driving test centres. They both conduct a large number of tests every month and the pass
rate is recorded for each of the sites every month.

It has already been established that to detect a difference of 2% with the pooled standard deviation of
3%, then 49 samples are required to achieve a power of 90%.

Use the data provided to establish if the mean pass rates from the two centres are different. Use the
Classic Method and the Assistant to carry out the analysis.

Worksheet: Test Centre.

1. Open worksheet Test Centre and transfer the C1 2
data into Minitab. SiteA SiteB
8E.27 82.60
8o.80 B5.32
a7.38 95.98
a7 .92 g93.32

2. We need to check the underlying assumptions Shat
about the data by using the Graphical summary. 24
Click Stat <<Basic Statistics <<Graphical Summary. Basic Statistics b

2 Graphical Summary. .



3. Select SiteA and SiteB.
Then click OK.

The distribution for SiteA is
normal, contains continu-
ous data and is uni modal.
Unfortunately, SiteB has a
bi modal distribution. This
means that the test results
will be unreliable and we
should not proceed. We
could take this as an oppor-
tunity to explore why there
is a bi modal distribution
and see if this can increase
our understanding of
how SiteB is working. The
problem solver within you
should feel some excite-
ment at this opportunity.
Let's see how the Assistant
gets on with this problem.
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1. Click on Assistant
<<Hypothesis Tests.
2. Click on 2-Sample t Hypothesis Tests...
withinthe ‘Compare
two samples with
each other’ group.

3. Complete the menu Compare two samples

b9x as shown and with each other
click OK. For P&SS = |
S M CRoose

we have entered a

Difference of 3. — e
U, —a—

Assistant

2Samplet
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The Assistant has carried out the full test and reported that we cannot reject the null hypothesis due to
a Pvalue of 0.265.

As we did using the Classic Method it would be up to the user to recognise that the data did not meet
the test criteria by looking at the histograms. On this occasion the Assistant does not warn us regarding
the betrayal of our data.

Lo the means differ?
B (EHEEaEk =EERE

ves No

P =0.265
The mean of Sited is mot significantly different from the
mean of Sitel (p = 0.05],

9504 CI for the Difference
Coes the interval include zera?

Distribution of Data
Compare the data and means of the samples.

Siteh
| = —

— | [ 1]

SiteB

@

=0 =4 =3 = = 100



142 Problem Solving and Data Analysis using Minitab

The Assistant does provide further investigative information in the form of the SPC charts. On this
occasion the chart is not highlighting any unusual data points but having been presented with a bi
modal distribution it would be the next logical step in the investigation to use SPC charts.

Even the report card does not show any warnings.

This example has not been used to underline weaknesses of the Assistant. It has been used to remind the
problem solver that diligence is required when assessing the test data. With the Classic Method there
are more checks as you work through the procedure. The Assistant makes the procedure very easy and
this might make it harder for the problem solver to remain diligent. Remember, problems missed could
actually be opportunities.

To finish off the chapter there are a couple of exercises for you to do.
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Exercise 3. 2 Sample t Test.

Hawk, the process engineer, works on a plant where they manufacture plasterboard. Hawk is involved
with improving dryer efficiency. He believes that by adjusting inlet pressure he can improve the dryer
efficiency. He intends to run the inlet pressure at two levels and then compare the dryer efficiency at
those two levels. The levels are the normal setting of 10 mbar and the proposed new setting of 8 mbar.

If he wants to be able to detect a difference of 15 kWh/te and if the pooled StDev is 17, what power can
be achieved with 30 samples in each group?

Calculate the power and then establish if the efficiency has changed between the two levels of inlet
pressure used. Use both the Classic Method and the Assistant.

Worksheet: Efficiency.

A power of

about 92% can Power Curve for 2-Sample t Test
be achieved. 10
Sample
/u/ Size
Symbal: Difference = 15, Pawer = IJ:l.n9192i33|
0.8 AssUrnptions
Alpha 0.0s
StDey 17
Alternative Mot =
0.6
o
3
[=]
=N
04
0.2
0.0 T T T T T T T

Difference
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The data is reasonably
symmetrical and uni-
modal and the P values
indicate normality. The
StDevsare 11 and 21 and
the 95% Cls for StDevs
do not overlap, indicat-
ing unequal variances.
The 2 Variances Test con-
firms unequal variances
(results shown below),
which means that the
tick box for ‘Assume
Equal Variances' in the
2 Sample t Test input
menu box must be left
blank.

Summary for 10mbar

Anderson-Duaring Mormnality Test
A-Squared 037
—_| P-4alus 0,399
Mean JE3 .43
StDew 11,00
\ariance 12108
\ Skewness 002430
Kurtosiz -1,11806
M 20
/ \ Minimnurm 746,00
| A 1st CQuartle 752,50
Median 7E4.50
. - . 3 Quamile 77225
i 2 £ o Maxirnuri 78300
9556 Confidence Interval for Mean
— f———— 759,32 767 54
953 Confidence Intetwal For Median
TR 23 FrL09
95% Confidence Intetval for StDey
9532 Confidence Intervals a7 14,79
Mg o I o |
Mada4 | & |
75 %60 %2 764 66 %6 7
Summary for 8mbar
Anderson-Dading Mormality Test
A-Squared 0.50
P-4 alue 0,195
Mean 77
Sty 21.28
arance 452,90
Skewress  -0.08182
Kuttosis -1,21864
M 20
.| Minirnurn F35.00
1 fst Quartile  FEE.00
IMedian 7EE.50
. - - : : nd Quartile 79175
o = 0 L o 2 Marimurn 80400
95% Confidence Interwal For Mean
— — 763.22 779
959% Confidence Interval for Median
Th1.23 EEER
955 Confidence Interval For StDew
95% Confidence Intervals 1695 3861
[ o I & |
ka4 ; s |
%0 765 a s 0 s 0
Tezst
Method IFl DF2 3Statistic P-Value
F Test [(normal) 29 29 o.z7v o.00l
Lewvene's Test [any continuous) 1 53 14,37 o.ooo



As the higher mean
value indicates a poorer
efficiency, it appears the
change has made the
dryer more inefficient.
However we need to
check the P value in the
session window.

The P value is 0.084 and
the 95% CI for the dif-
ference contains the
zero value. Therefore
we cannot say that the
populations are differ-
ent. The dryer did not
change its efficiency
when the inlet pressure
was changed from 10 to
8 mbar.

Next we will look at the
solution obtained using
the Assistant.
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Boxplot of 10mbar, 8mbar

2104
2004
7304
780 ‘
o
B 770 |
0
—
7804
7501 ‘
7404
7304 : :
10rmbar Brrbar
Two-sample T-Test and CI: 10mbar, 8mbar
Twro-zample T for lOmbar va Sumbar
N Mean 35tDew ZE Mean
10mbar 30 763.4 11.0 2.0
Swbar 30 771.Z2  Z1.3 3.9
Difference = mu [(l0mbar) - ou (Smbar)
Eztimate for difference: -7.73
95% CI for difference: (-lg.53;, 1.09)
T-Tezt of difference = 0 (vz not =): T-Value = -1.77 P-Value = 0,084 DF = 43
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Within the Summary Report the Assistant
also delivers a P value of 0.084 and we see
that zero is within the 95% Cl for the differ-
ence between the groups.

Within the Diagnostic Report we see that
we would have a power of 91.8% using
the sample data StDev. Also, there are no
outliers.

The Report Card also confirms that there
were no problems with Normality, Unusual
Data and Sample size/Power.
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Exercise 4. 2 Sample t Test.

Beefy buys chips (fries) from two different chip shops. The chips at the two different shops cost the same
but Beefy believes he gets a bigger portion at Chappo's chips. Over the next two weeks Beefy buys and
eats a lot of chips so he can collect data for a 2 sample t test.

Beefy knows that he can achieve a power about 98% with 25 samples in each group, a pooled StDev of
13 g if the difference he wants to be able to detect is 15 g.

Establish which chip shop gives the biggest portion of chips.

Worksheet: Chips.
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From the graphical summaries it can be seen that the data is reasonably symmetrical and uni modal and
the P values indicate normality. The StDevs are 11.2 and 10.7 and the 95% Cls for StDevs overlap indicat-
ing equal variances. The 2 Variances Test confirms equal variances (results shown below), which means
that the tick box for ‘Assume Equal Variances' in the 2 Sample t Test input menu box must be ticked.

Tezt
Method DF1 DFZ &tatistic P-WValue
F Test [normal) 24 Z8 1.09 0.817
Levene's Test [any continuous) 1 L2 0.01 0.904

The boxplot indicates

that Chappo’s Chips Boxplot of OK Haddock, Chappos

provide a bigger por- 430 1
tion than the OK
Haddock. 4204
The P value is 0.00 and a0
the 95% ClI for the dif- ‘
ference does not con- S
.,-o-'-""'d_m
tain zero. Therefore, *E 400
we can conclude that e
the populations are 200 4 "]
different and that
Chappo’s Chips gives a
. . 3804
bigger portion. ‘
We will look at the 370+
solution obtained from Ok Haddock Cha[_llpos

using the Assistant.
Two-zanple T for 0K Haddock w2 Chappos

N HMean 3tDhev 3E Mean
0 Haddock 25 389.1 1l1.2 2.2
Chappos 29 403.5 10,7 2.0

Difference = mi (0K Haddock) - mu (Chappos)

Estimate for difference: -14.41

Q5% CI for difference: (-20.41, -8.41)

T-Test of difference = 0 (w3 not =): T-Value = -4.82 P-Value = 0.000 DF = 52
Both use Pooled 5tDew = 10.9500



Within the Summary Report the Assistant
also delivers a P value of 0.00 and we see
that zero is not within the 95% Cl for the
difference between the groups.

Within the Diagnostic Report we see that
we would have a power of 99.8% using
the sample data StDev. Also, there are no
outliers.

The Report Card also confirms that
there were no problems with Normality,
Unusual Data and Sample size/Power.
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CHAPTER 5
Analysis of Variance

In the last chapter we used the 2 Sample t Test to analyse if there was a
difference between two population means. In this chapter we are going
to be using predominately the ANOVA procedure to test if there is a
difference between two or more population means. ANOVA stands for
ANalysis Of VAriance. We will start by looking at how ANOVA works.
Then we will look at the One Way ANOVA procedure and look at how
that is handled in the Classic menus and then within the Assistant.
Amongst the examples we will also look at how to check for differences
in Variances between multiple groups.

We will then move onto the ANOVA General Linear Model which allows
the comparison of multiple factors at two or more levels.

All of the data sets for this chapter are in the spreadsheet 05 ANOVA xs.

5.1 How ANOVA Works

In order to understand how ANOVA works let’s pretend that we are investigating how yield responds
to varying levels of concentration. We feel that yield is a function of concentration. We have looked at
four levels of concentration and taken three samples at each level.

We will split this data into two parts as this will help us understand if there is going to be a difference
in the populations of the response, Yield, as we alter the factor, Concentration.

o) e U
o) o)
o) o)
ge] Overall
;__) o) o o o) Variation
(@) o o) @
o o) 8
o o _______VY__._
Concentration

Problem Solving and Data Analysis using Minitab: A clear and easy guide to Six Sigma methodology, First Edition. Rehman M. Khan.
© 2013 John Wiley & Sons, Ltd. Published 2013 by John Wiley & Sons, Ltd.
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Within
Group Variation

First, we will quantify the amount of variation at each level of concentration. This is usually called the

Within Group Variation.

We then take the aver-
age value of each group.

The variation of the aver- o
ages is called the Between o) )
Group Variation ©
;._J ) o Average of
h
o o o< | eachguoup
[ ]
o
Concentration
@
k) Between
2 Group Variation
>
)
@
Concentration
Overall — Within Between
Variation — Group Variation '£|j|:' Group Variation
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We say that Overall Variation is the sum of the Within Group and the Between Group Variation. ANOVA

looks at the ratio of the Between/Within variation.

Between
Group Variation

Within
Group Variation

If the ratio is small then the Within Group Variation is larger and a differ-
ence between the group means does not exist.

If the ratio is large then the Between Group Variation is larger and a differ-
ence between the group means exists.

This ratio is called the F Statistic and within ANOVA the P value tells us if
the ratio is significant.

Let's see how this works within the ANOVA procedure.

5.2 One Way ANOVA (Classic)

/

Procedure

~

One Way ANOVA (Classic)

Y

What's it
used for?

AN

It is used directly to assess the significance of one factor or
variable at two or more levels.

Y

Assumptions
and
Limitations

I\

The underlying assumption for the procedure is that the data
within the groups will come from a normally distributed popula-
tion. The procedure is robust to slight departures from normality
when the design is balanced (same number of samples at each
level).

ANOVA is not robust to unequal variances when the design is
balanced.

As a guide a balanced design with a large number of samples at
each level (>20) will protect the validity of the results.

At the end of the procedure the residuals are analysed. They will
show if the normality assumption and equal variance assumption
were suitably met. Patterns in the residuals will point to problems
with the analysis and any conclusions that were made.

The residuals must show Independence, a reasonably normally
distribution and equal variance.
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Example 1. One Way ANOVA (Classic).

Parky’s crayon factory has seven machines making crayons. The ultimate aim of the exercise is to see
if any of the machines are producing crayons with differing diameters and then to compare the mean
diameters to a tolerance. We also want to check if the machines are delivering products with the same
variance.

Initially, we will calculate the power of the test. The max difference of mean diameter that we want to
be able to detect between any two machines is 0.25 mm, the estimated StDev is 0.3 mm and the inten-
tion is to take 40 samples.

After calculating the power, open Worksheet: Crayon and use this data to check the underlying assump-
tions required for the One Way ANOVA test. Then use One Way ANOVA to assess whether any of the
machines are producing crayons with a different diameter.

The final part of the exercise is to check each of the machines against the tolerance for diameter. The
required crayon diameter is actually 6.0 mm with a tolerance of +0.25 mm. Any machine outside of this
tolerance value should be targeted for improvement activities.

1. Click Stat <<P&SS << One Way ANOVA
2. Complete the menu box as shown. There otat
are a couple of points to note here. :
The sample size listed should be for il and 5-3IT|D|E! Sy j One-Way ANCYA. ..
the smallest group as this will give us a
safety margin. The StDev should be esti-
mated from knowledge of the process,
typically, the average value expected
within one of the groups. The number
of levels is seven due to the number of
machines.
3. Then click OK.
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It can be seen that with a
sample size of 40, a StDev of
0.3 and being able to detect
a difference of about 0.25
between groups the power
that we would achieve is
79.83%.

This is acceptable so we
can continue with the test
procedure.

As we said in the last chap- | + ¢ 2 a x4 (6] b a
ter it is always a good idea ‘ Machine! Machine2 Machined Machined Machineb Machine6 Machine?

to see the data beime you |4 551 5% 53 608 681 BH 57

start any kind of anmaly- [ oo es e g Bm BW 61D

sis. We are going to use | -

an Individual Value Plot in | 3 551 B0 5 B 6E BN 572

order to see the levels of the | 4 b.86 b8 501 B.57 7.0 B.57 .41

data and their distribution. | & R 579 589 RO7 R R R77 573
4. Import the data from Multiple ¥'s

Worksheet: Crayon into

Minitab. Jple

5. Click Graph . ®

<<Individual Value T e
Plot. Select Multiple

il o

Ys, Simple.

6. Then Click OK.

7. Select Machine1l to
Machine7 as the Graph Graph variables:
variables. Then click | Machine1-Machine?
OK.
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From the plot we can see how the sample data is distributed. It would appear that Machine3 is pro-
ducing crayons of the smallest diameter and Machines 5 and 6 are producing crayons with the largest

diameter.

We now need to check the underlying assumptions of normality and equal variance for the test.
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8. Produce a Graphical Summary
for each of the Machines.

The graphical summary for Machine1
is shown and we can see that the dis-
tribution is deemed to be normal as
the AD P value is >0.05. The StDev is
0.29. The table below summarises P
values and StDevs.

From the table we see that Machine?7
is not normally distributed. However,
as the remaining groups are normal
we will continue with the analysis.
The StDevs vary from 0.21 to 0.31.
We will need to test whether these
groups have significantly differing
variances.

Machine P-value StDev
1 0.178 0.29
2 0.225 0.27
3 0.594 0.28
4 0.392 0.21
5 0.318 0.22
6 0.070 0.25
7 0.039 0.31




The worksheet that was copied
into Minitab was in the unstacked
format. This means that the labels
or subscripts were at the top of
each column of data. Minitab will
also handle data in the stacked
format. This is where the labels or
subscripts are in one column and
the data is in the adjacent column.
When using the Classic Method to
test for Equal Variances amongst
groups the data needs to be in the
stacked format so we must convert
it.

9. Click Data <<Stack <<Columns.

10. Complete the menu box as
shown and click OK. We had
the option of putting the
stacked data into a new work-
sheet but we will put it into
C9 and C10 of the existing
worksheet.

Notice how Minitab stacks all the
data. C9 contains the labels C10
contains all the data.

11. Enter new labels for columns
C9 and C10 as shown.

12. Click Stat <<ANOVA <<Test
for Equal Variances

13. Complete the menu box as
shown and click OK.

Data

SLEIEk £ Columms...
T  Cfo

Subscripts Diameter

Machinel 551

tdachined 580

htaching] 5451

Machinel 5.8k

ttachined .02

Skat

ANCOYA "§;§ Tesk For Equal Yariances. ..

Response:; .:u'ia'mr_'

Fackaors: ’-'5|:|.|55cr-i.p-fs
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Minitab carries out a
standard hypothesis
test and also gives a
graphical display.

Bartlett’s Test result
is for normally dis-
tributed data and
Levene’s for non nor-
mal data. As our data
was mostly normally
distributed we will
use Bartlett's P value
to say that the groups
have equal variances.

The fact that the con-
fidence intervals are
all overlapping does
not always indicate
equal variances with
this test.

We will now conduct the One Way ANOVA test. There are two options for using One Way ANOVA, one
for stacked data and one for unstacked. In this example we will use the stacked version

14. Click Stat <<ANOVA << One Way. Stat

15. Complete the menu box as shown. ANOVA g One-Way..
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16. Then click Graphs and select Residual Plots
the Four in one residual plots. ("~ Individual plats
If the Unstacked version of the I
test had been selected then we
would not get the option of
selecting the Residuals versus
order plot and we would have f Four in one
a three in one plot.

17. Click OK and OK again.

18. Go to the session window to
check the results.

Subscripts is the Between Group var-
iation. The Fvalue is our Between to
Within ratio. The P value tells us if
the F value is significant. In this case
it is significant and we can reject the
null hypothesis. This means that one
or more of the groups are different.

Error is the Within Group variation.

The R-Sq(adj) tells us that 64.5% of
the variation in diameter is due to
changes in machine.

We can find out which groups are different by looking at the interval plot within the session window.

The interval plot shows the 95% Cl for the mean crayon diameter. If any of the intervals do not overlap
then we can definitely say that those groups are different, the converse is not always true. We can see
that Machine3 is producing crayons with the lowest diameter. Machine5 and Machine6 are producing
crayons with the highest diameter and because their Cls significantly overlap we cannot say that the
mean diameter of these machines is different. It can also be seen that Machine1 and Machine7 could be
paired. Also Machine2 and Machine4 can be paired. Occasionally, the Cls can be overlapping only very
slightly but the P value indicates a difference. In these instances we go with the P value.

The original question asked us which of the machines were making crayons within a particular toler-
ance. To obtain this information we need to produce an Interval plot of our own.
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There are two methods of
navigating to the Interval
plot.

19.

Or:

20.

21.

22.

23.

Graph

11! Interval Plot, ..

Click Stat <<ANOVA
<<Interval Plot. Multiple Y's

Simple
Click Graph <<lInterval I
Plot. i
Select Multiple Ys
<<Simple. Click OK. ¥ w2
Select all the machines

as the Graph variables.
Click OK.

Stat

AMOVA 1" Inkerval Plat...

Interval Plot of Machinel, Machine2, Machine3, Machined, Machine5, ...

a5% CI for the Mean

6.75 4 __i
£.50 1 1
6.25 + l E
c'u L
z
.00 - E
Add Reference Lines...
5.75 4 Show reference lines at Y values:
[s.756.25|

5.50 - i

E

Machinel Machine2 Machine2 Machined MachineSs Machines Machine?

We get the same interval plot as previously produced within the session window, however, on this occa-
sion the response data is on the y axis.

24. Right click onto the graph area.
25. Click on Add <<Reference Lines.
26. Enter the required tolerance values for the crayons.

As the Cls for machines 3, 5 and 6 are outside of the reference lines we know that their mean crayon diam-
eter is not between 5.75 and 6.25 mm. Machines 3, 5 and 6 should be targeted for improvement activities.
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We will now check the residual plot and establish whether it validates our test procedure.

As shown earlier, as a part of the ANOVA calculation the mean of each group is calculated. The residual
is the distance from a data point to the mean value. The residual for each point is calculated.

If our original data was not suitable for the One Way ANOVA test in terms of normality and equal vari-
ance this would show up as unusual patterns within the residuals. We need to check for patterns within
the residuals to decide if the test is valid. If you look back we have requested the four in one residual
plot from the Graphs menu when we conducted the One Way ANOVA test.

27. From the Graphs window find the four in one residual plot.

Average of each
group.

Residual.

Yield
®
O
© O
A(-J

®)

Concentration

Within the test Assumptions and Limitations we said ‘At the end of the procedure the residuals are
analysed. They will show if the normality assumption and equal variance assumption were suitably met.
Patterns in the residuals will point to problems with the analysis and any conclusions that were made.

The residuals must show Independence, a reasonably normally distribution and equal variance.’
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We will now examine the residual plots in greater detail.

We are only looking for departures from nor-
mality from the residuals within the Normal
Probability plot. In this case the residuals
would pass the ‘fat pencil’ test so there are
no issues.

From the histogram we are looking to see if Histogram

there is extreme skewness. Our distribution —
for the residuals looks quite good so there 201 = 171

are no issues.

Frequency
=

-045 -0.30 -0.15 0.00 015 030 045
Residual
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Within the Versus Fits plot we are looking
to see if the residuals are equally spaced
around the zero line. The residuals for
our study are equally distant from the
centre line.

Within the Versus Order we are looking
for unusual patterns or lack of random-
ness within the residuals. No patterns can
be seen within the residuals from our
study.

Honesty and discipline are required when checking the residuals. Don’t ignore issues within the residuals
which indicate that the results are flawed. Asking yourself why issues are occurring and then resolving
the issues will probably lead to a more robust solution.

Now that we are satisfied that the residuals do not indicate any problems within our study and our
objectives have been met we will repeat this problem using the Assistant.
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5.3 One Way ANOVA with the Assistant

/

Procedure

~

e One Way ANOVA (Assistant)

Y

What's it
used for?

AN

e It is used directly to asses the significance of one factor or variable

at two or more levels.

Y

Assumptions
and
Limitations

I\

¢ The One Way ANOVA test within the Assistant uses a different

method of calculation to the Classic Method.

e |tis robust to unequal variances but has a slightly lower power

than the Classic Method when variances are equal.

e After carrying out the test, if the null hypothesis was not rejected

the Assistant will state whether the power was adequate. If the
power was not sufficient the Assistant will recommend a sample
size. The information provided by the Assistant will be more useful
if you provide a value for the difference under investigation.

* The test is robust to the normality assumption when the sample

size is greater than 15 samples per group.

e Residuals are not relied upon to validate the test results.
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1. Click on Assistant

<<Hypothesis Tests. Assistant

Hypothesis Tests.,.
2. Click on One Way

ANOVA within the
‘Compare more than
two samples’ group. Compare more than
two samples
3. The Assistant caters Help me choose
for stacked and
unstacked data, this W @i One-Way ANOVA
is set within the first = HeH
drop down menu. |
have opted to use
the unstacked data.
We will not change
the significance level
and we enter 0.25
as the difference
between means that
we are interested in.
Then Click OK.
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A number of graphical report pages are produced. Go to the Summary Report as shown in the figure
below.

The P value indicator in the top left indicates that there are differences between at least two of the
groups.

The Means Comparison Chart shows the mean confidence intervals of the groups. Again, intervals that
do not overlap indicate a difference between groups. However, on occasion intervals that do slightly
overlap can also be different.

On the top right the Assistant provides a comparison table which makes it very easy to see which groups
actually differ.

On the bottom right, within the comments section, you can read the conclusion of the test procedure.
This can be edited.
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The next report page that we are going to look at is the Power Report. The power indicator on the top
left gives a confidence interval for the power value. We have 78.44-98.3% chance of detecting a differ-
ence of 0.25 mm. This compares to a power of 79.83% obtained when using the Classic Method.

The bottom of the screen shows a table which breaks down the individual data based on each group.
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On the left of the Diagnostic Report we are presented with a histogram for each of the groups so that
we can see spread, shape and location of each group.

On the right hand side we are given SPC charts. Unusual data points are marked as red dots. These could
influence the results of the test so we are given the opportunity to locate the data points and then
investigate them.
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Finally, we have the Report Card. We are told that we had no unusual data points.
We are told that the test managed to detect a difference even though the power was low.

Finally, we are told that normality was not an issue as the sample size within each group was above 15.

We are going to move onto another example which will help to reinforce our learning.

Example 2. One Way ANOVA.

A tyre manufacturer wants to investigate how the sulfur content of rubber affects the shear strength of
the rubber. They vary the sulfur concentration at four different levels and check the shear strength of a
number of samples at each level.

Initially calculate the power of the test. The max difference of mean strength that we want to be able to
detect between any two levels is 2.5 kN, the estimated StDev is 3.2 kN and we intend to take 40 samples
at each level.

After calculating the power, open Worksheet: Tyre and use this data to check the underlying assump-
tions required for the One Way ANOVA test. Then use One Way ANOVA within the Classic Method and
the Assistant to assess whether changing the concentration has a statistically significant effect upon the
shear strength of the rubber.
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1. Click Stat <<P&SS <<
One Way ANOVA.

2. Complete the menu
box as shown. The
sample size listed
should be for the
smallest group as this
will give us a safety
margin. The StDev
should be estimated
from knowledge of
the process, typically,
the average value
expected within one
of the groups.

3. Then click OK.

It can be seen that with a
sample size of 40, a StDev
of 3.2 and being able to
detect a difference of
about 2.5 between groups
the power that we would
achieve is 83.7%.

This is acceptable so we
can continue with the test
procedure.

Stat
Power and Sample Size P b One-Way ANOVA, .,




We want to see the data before we
start the analysis. Last time we used
an Individual Value Plot but this time
we are going to use a boxplot for a
change.

4. Importthe datafromWorksheet:
Tyre into Minitab.

5. Click Graph <<Boxplot. Select
Multiple Ys, Simple.

6. Click OK.

7. Select 10-40 ppm as the Graph
variables. Then click OK.

From the plot we can see how the
sample data is distributed. It would
appear that there is a positive cor-
relation between concentration and
shear strength. However, we don't
know if there is actually a significant
change within the populations.

Before we carry out the One-Way
ANOVA we need to check the under-
lying assumptions of normality and
equal variance for the test.
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Multiple 's
Simple

!

Graph variables:

‘10ppri'-'40ppr]|

Boxplot of 10ppm, 20ppm, 30ppm, 40ppm

90

85

Data

154

10-

{0ppm 2o 30ppn Hoppm
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8. Produce a Graphical
Summary for each of
the concentrations.

The table below summa-
rises the P values for the
Anderson-Darling Normality
Test and StDeuvs.

The data clearly meets the
normality requirement. The
StDevs vary from 2.93 to 3.94,
which appears to be a signif-
icant difference. However,
we need to check using the
equal variances test.

Concentration P-value StDev
10 ppm 0.74 3.94
20 ppm 0.91 294
30 ppm 0.63 2.93
40 ppm 0.95 33
As our original data is in the el

unstacked format we need
to stack the data to use the  Skack £ Columns...
Equal Variances test.
9. Click Data <<Stack
<<Columns.

10. Complete the menu
box as shown. On this
occasion we are going
to name the columns
within the menu box
and we will let Minitab
locate them on the
worksheet.

11. Click OK.

12. Check the location of
the stacked data it
should be in columns
C5 and Cé6.
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13. Click Stat
Skat
<<ANOVA
<<Test for Equal AMOVA 75 Test For Equal Variances...
Variances.

14. Enter Strength as
the Response and
Concentration as
the Factors.

15. Click OK.

Response: Strength

Factors: Cnncentratic-nl

From the output graph
we see that the P
value for Barlett's Test
(which is for normal
data) is 0.193, indicat-
ing that we cannot
reject the null hypoth-
esis and we cannot say
that the groups have
unequal variances.
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Last time we used the stacked
version of One Way ANOVA. This
time we will use the unstacked
version just for a change.

16. Click Stat <<ANOVA<< One
Way (Unstacked).

17. Complete the menu box as
shown.

18. Then click Graphs and select
the Three in one residual
plots.

19. Click OK and OK again.

20. Go to the session window
to check the results.

The P value for the test is low so
the null must go, meaning that
we can reject the null hypoth-
esis. A difference has been
detected between at least two
of the groups.

The interval plot tells us that
the 10 ppm level is definitely
different to all the other levels.
The 20 and 30 ppm levels signifi-
cantly overlap so they must be
the same. There is a bit of doubt
about the 30 and 40 ppm levels
as they could be slightly over-
lapping. We will repeat the One
Way ANOVA in order to demon-
strate a slightly different com-
parison method.

Stat

AMOY A ﬁ, One-way (Unstacked), .,

Source DF
Factor 3
Error 156
Total 159

5 = 3.303

35 M5
447.5 14%.:2
1702.2 10,9
2149.3

R-53gq = 20.82%

F

P

13.67 0.000

R-%g(ad])

19.

30%




21. Click on the Edit Last
icon.
22. Click on Comparisons.

23. Select Tukey’s.

24. Click OK and OK again.

25. Go to the session win-
dow to interpret the test
results.

The Grouping Information
table gives us an efficient
summary of the results, it is
an M16 enhancement.

As the 40 ppm level is the
only member of Group A it is
different to all other levels.
Similarly the 10 ppm level is
the only member of Group
C. The 20 and 30 ppm levels,
as stated earlier, are the same
and are both in group B.
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Tukey's method of comparison is a step wise method. One of the levels is subtracted from the group and
the remainders are compared to the subtracted level. Initially, the 10 ppm level is removed the remain-
ing levels are compared to the 10 ppm level. If their Cl does not include zero then they are different to
10 ppm.

After that 20 ppm is removed and the remaining two levels are compared to 20 ppm. 20 ppm and 30
ppm are deemed to be the same as the Cl contains zero, whereas 20 ppm and 40 ppm are different.

In the last comparison it can be seen that 30 ppm and 40 ppm are different.

l0ppm subtracted from:

Lower Center Upper ----- Fommmm d========= f=mmm===== o
20ppm  0.165 2.084 4.001 [==—=- T e )
S0ppm  0.802 2.719 4,635 [-==-- | . j
40ppm  2.770 4.687 6.604 [=====a £ __ i
_—— - Fmmm—————- Fmm - e
-3.0 0.0 3.0 6.0

Z0ppuw subtracted from:

Lower Center Upper ----- e o o m————
J0ppm  -1.283 0.634 2.551 [-===-= L ]
40ppm 0.686 Z.603 4.5z0 [=mm——— | —— i
—_———— Fmm o o E it
-3.0 0.0 3.0 6.0

J0ppm subtracted from:

Lower Center Upper ----- o ————— Fommm e tmmm - o
40ppm  0.052 1.9656 3.885 [====—- T )
———— e - +-———————- +-===
-3.0 0.0 3.0 6.0
Before checking the residuals, let’s have a quick look at the other com- Tukey's, Family error rate:

parison methods we could have used.

Fisher's, individual erraor rate:
Family and Individual error rate relate to Type | Errors when multiple
comparisons are involved, which is incorrectly rejecting the null hypoth- Dunnett's, Family errar rake:
esis. A family significance level of 5% for 20 elements is equivalent to
5/20 or 0.25% individual error rate. As family error rates take less alpha
risk their confidence intervals are wider. The error rate that you select
should be appropriate for the risk that you are willing to take.

Hsu's MCE, Family error rake:

The remaining comparison methods will be demonstrated. This is done only to show how they work not
to help us with the example.



Tukey’s and Fisher’s com-
parison methods are
both pairwise methods.
The difference is that
Tukey's uses a family
error rate and Fisher’s
uses an individual error
rate. As Tukey’s method
uses a lower alpha risk
the confidence intervals
are wider. For example,
when comparing the
10 ppm level to the 20
ppm level using Tukey’s
method the Cl was 0.168
to 4.001 whereas using
Fisher's method we have
0.625 to 3.543. However,
for this example the
findings are identical
using either of these
two methods, that is the
Grouping Information
tables are the same
using either method.

Analysis of Variance

Grouping Information Using Fisher Hechod

40ppm
SF0ppm
Z0ppm
10ppm

Means=s

" HMean Grouping
40 81.149 A

40 Ta.lsl E

40 TE. 546 E

40 76.462 C
rthat

do not share a lecter are significantly different.

Fisher 95% Individual Confidence Interwvals
ALl Pairwise Comparisons

Zimul taneous confidence level

1 Oppa

20ppm

F0ppm

A0ppm

Z0ppm

S0ppm

40ppm

S0ppm

40ppm

subtracted Lro:

Lower Center Upper
0.625 2.084 3.543
1.260 Z.719 4.178
3.228 4.687 6.146
subtracted Lfrom:

Lower Center Tpper
-0.525 0.634 2.093

1l.144 Z.603 4.062

subrtracted Crom:

Centcer
1l.363

Lower
0. 509

Upper
3.427

177

= 79.82%
B e Fommmmmme Fooomn
(————"———)
(=== ® =]
[====F===]
———— e e S e e e e —————
-3.0 0.0 3.0 £.0
e e Fmmmmm e Fmm——
(====F====]
[==m=F====]
e S e e Fommmm
-3.0 0.0 3.0 6.0
————t————————— g F———————— =
[====Fem—]
e +ommm——— - +o——m——— - +-———-
-3.0 0.0 3.0 6.0
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When using Dunnett’s
comparison method
we are first required to Control group level: o
select a control group.
For the figure shown the
20 ppm level has been
selected as the control

v Dunnett's, Family error rate: g

Grouping Information Uzing Dumnett Method

group and this means 1eue] N Hean Crouping
that all other levels will  zoppn (contrel) 40 78.546 A
be compared to 20 ppm.  0prn 40 8l1.149
The Group Information  CPPE 40 79.181 A
P 10ppn 40 76,452

table only tells us which
groups are the same as  Means not labeled with letter A are sigmificantly different from control level mean.
the control and which

are not. ) ,
Dunnett's comparisons with a control

Family error rate = 0,05

Even the Interval plot
Individual error rate = 0.0189

only allows us to com-

pare to the 20 ppm  tritical value = 2.37
level. We cannot see

that the 30 and 40 ppm  fontrol = 20ppu

groups are different. .
Intervals for treatment mean ninus control mean

Lewel Lower Center Upper -----t4---------f-—-----mofommmmmmomdomme
10ppn -3.837 -2.084 -0.332 (------ Fommmem )]
J0ppm -1.118  0.634 2,386 [====== L ]
d0ppm  0.850  2.603 4,335 (==mm-- L T ]
----- e H--mmm--- Fommmmmm oo ===
-2.5 0.0 2.5 5.0
When using Hsu’s MCB v Hsu's MCB, Family error rate: |5

comparison method
we are first required to
select the best group. * Smallest is best
There is a radio but-

ton for stating whether

this has the Largest or

Smallest of the values.

+ Largest is best

For the example ‘Largest
isbest’ has been selected.
This means that the 40
ppm is selected as the
control group and all
other groups are com-
pared to it. For this case,
we can confirm that all
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the other groups are different to the control group because none of the other intervals extend into positive
values.

We can now complete the example using the Classic Method by reviewing the residuals and checking
whether our test assumptions were met.

The residuals follow a fairly straight line
so they can confidently be said to follow
a normal distribution.

The histogram does not appear to show
any skewness.

The Versus Fits plots shows that the resid-
uals are equally distributed about the
zero line. The residuals do not show any
departures from normality that would
lead us to question the validity of the
test.

Let's now look at using the Assistant to
solve this problem.
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Example 2 with the Assistant

1. Click on Assistant
<<Hypothesis Tests.
2. Click on One Way  Hypothesis Tests..,
ANOVA within the
‘Compare more than
two samples’ group.
3. Complete the menu Compare more than
box as shown and
then Click OK. Note two samples

Assiskankt

that we have again Help me choose
used the unstacked e

u L One-Way ANOYA
data and entered : o ¥

2.5 as the difference
that we are inter-
ested in detecting.
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The Summary Report is shown below. The P value indicator in the top left indicates that there are differ-
ences between at least two of the groups.

The Means Comparison Chart and the Group Comparison Table both show the same results for the
groups as previously calculated using the Classic Method.

On the bottom right, within the comments section, you can read the conclusion of the test procedure.
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On the Power Report shown below, the power indicator on the top left gives a confidence interval for
the power value. We have 71.39-89.26% chance of detecting a difference of 2.5. This compares to a
power of 83.7% obtained when using the Classic Method.

The bottom of the screen shows a table which breaks down the individual data based on each group.

On the left of the Diagnostic Report we are presented with a histogram for each of the groups so that
we can see spread, shape and location of each group.

The SPC charts on the right hand side do not show any outliers.
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Finally, we have the Report Card. We are told that we had no unusual data points.
We are told that the test managed to detect a difference even though the power was low.

Finally, we are told that Normality is not an issue as the sample size within each group was above 15.
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There is a short exercise for you to try. Initially use the Classic Method and then use the Assistant. Check
the assumptions for the Classic Method prior to conducting the test. When both test methods have been
completed check the answers against each other.

Exercise 1. One Way ANOVA.

At the plasterboard plant, Beefy has been varying the starch level within the plasterboard and monitor-
ing board strength as his response. Beefy wants to know if the strength of the plasterboard has changed
whilst he has been carrying out his starch alterations.

Initially calculate the power of the test. The max difference of mean strength that we want to be able
to detect between any two levels is 8 N, the estimated StDev is 17.5 N, there are four levels and Beefy
intends to take 81 samples.

After calculating the power, open Worksheet: Starch and use this data to check the underlying assump-
tions required for the One Way ANOVA test. Check the spread of all groups together using an Individual
Value Plot. Then use One Way ANOVA to assess whether any of the levels of Starch used have a different
mean strength. Use Tukey’s comparison method to check how the levels differ. Don't forget to check the
residuals to see if the test results are valid.

Use the Assistant to repeat the test if using M16.

It can be seen that
with a sample size of
81,aStDevof17.5and
being able to detect a
difference of about 8
between groups the
power that we would
achieve is67.6%. Even
though the power is
low Beefy wants to
go ahead with the
analysis.



From the Individual Value
Plot we can see how the
sample data is distrib-
uted. It looks like starch
at the 40 ppm level gives
the highest strength but
itis not clear which group
has the lowest strength.
It could be 50 or 20 ppm.

We produce all the graph-
ical summaries. The table
below shows the P values
for the Anderson-Darling
Test and the StDevs.

The data clearly meets
the normality require-
ment. The StDev varies
from 15.56 to 20.24.
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Concentration P-value StDev
20 ppm 0.959 17.52
30 ppm 0.317 17.50
40 ppm 0.918 20.24
50 ppm 0.71 15.56
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The levels have equal

variances as the P value Test for Equal Variances for C7

for Barlett's Test is 0.133.
Starch 20 ppm 4 i < |
The normality and the
equal variance assump-
tions have both been Starch 30 ppm - | ° |
met.
o
(-
Starch 40 ppm i o I
Starch S0 ppm+ | o }
12 14 16 18 20 22 24 26
95% Bonferroni Confidence Intervals for StDevs
The P value for the One Source DF 85 HS F 4

Way ANOVA test is zero.  Factor 3 gl20 2040 £.45 0.000

This means that a differ-  Errer 320 101205 316

ence has been detected ~ 1°0%81 &3 107328

between at least two of 5 - 17,73 R-sq = 5.705 R-Sq(adi) = 4.82%
the groups. The inter-

val plot shows that the

Individual 95% CIs For
20 and 40 ppm groups ¥

Fooled ItDevw

Erartlett's Test

Tezt Statistic S0

P-4 alue 0.132
Levene's Test

Test Statistic 172

P-tabue 0163

Mean Based on

and the 50 and 40 ppm Level N Mean 3Sthev ----- Fommm - Fommmmm Fommm +----
groups are definitely Srtarch 50 ppm 81 559.31 15.56 Cr— L )
different. Starch 40 ppm 81 567.67 20.24 (====== | }
Srarch 30 ppm 81 563.83 17.50 [-====== L ]
Starch 20 ppm 81 556.18 17.52 (------ L )
————- Hommmmm o e ommmmmmeo o=
555.0 560.0 565.0 570.0

Pooled StDew = 17.78
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In addition to what we
have already established
from the Interval Plot
from Tukey's method
we see that the 20 and
30 ppm groups are also
different. This can be
seen from the Grouping
Information table.

The last section of the Starch 50 ppm subtracted frou:
pairwise comparison

also shows that the 30 Lower Center Upper --------- e $mmmmmmme- e +
Starch 40 ppn 1,18 g.36 15.53 [====== Tomom——— |

and 20 ppm groups are  graycn 30 ppu -2.85  4.32 11,50 (==mmn- Fommmee )

different as the confi- starch 20 ppn -10.31  -3.13  4.04 R PO )

dence interval doesnot ~ =mmmmeeee e fmmmmmmmmn ST +

include zero. -10 0 10 20

Gtarch 40 ppm subtracted from:

Lower Center TUpper --------- Fomm Fmm————— Fmmmm————— +
Starch 30 ppm -11.21 -4.03 3,14 [====== Fem==== J
Starch 20 ppm -18.66 -11.49 -4.32 ([-=------ Fmmmmm— )
————————— e e it 1
=10 0 10 20

Starch 30 ppm subtracted from:

Lower Center Upper --------- o= femmmm——— Fommmmmm== +
starch 20 ppm -14.63 -7.46 -0.28 (======- Fommmes )|
————————— o e e e e e e
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The residuals follow a fairly straight line so
they can confidently be said to follow a nor-
mal distribution.

The histogram does not appear to show any
skewness.

The Versus Fits plots shows that the residuals
are equally distributed about the zero line.
The residuals do not show any departures
from normality that would lead us to ques-
tion the validity for the test.

Let's now look at using the Assistant to solve
this problem.
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The P value indicator in the top left indicates that there are differences in at least two of the groups.
The Means Comparison Chart and the Group Comparison Table both show the same results for the
groups as previously calculated using the Classic Method. Although, be careful as Minitab has reordered

our groups.

On the bottom right, within the comments section, you can read the conclusion of the test procedure.
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The power indicator on the top left gives a confidence interval for the power value. We have 59.62—
72.54% chance of detecting a difference of eight.

The bottom of the screen shows a table which breaks down the individual data based on each group.

On the left of the Diagnostic Report we are presented with a histogram for each of the groups so that
we can see spread, shape and location of each group.

The SPC charts on the right hand side show a couple of outliers. However, two outliers, which are not
extreme, in all this data is nothing to worry about.
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Finally, we have the Report Card and we are informed about unusual data points.

We are told that the test managed to detect a difference even though the power was low. On this occa-
sion, Beefy's gamble of using a low power paid off.

Finally, we are told that normality is not an issue as the sample size within each group was above 15.
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We are going on to look at the ANOVA General Linear Model for the remainder of this chapter.

5.4 ANOVA General Linear Model

4 )
Procedure e ANOVA General Linear Model (GLM)
\ %
4 )
.
What's it e It is used directly to assess the significance of multiple factors at
used for') two or more levels.
\ %
4 )
\
: e There must always be continuous response data.
Assum ptlons e For our purposes the ANOVA GLM replaces the Two Way ANOVA
and and the Balanced ANOVA.
L. . . e The ANOVA GLM is only available via the Classic Method.
Imitations e Residuals are used to validate the study.
J
- J

The Terminology of ANOVA GLM

The GLM can handle both balanced and unbalanced designs. A balanced design has the same number
of runs for each combination of factors.

The GLM can handle multiple comparisons.

Predictors can be fixed factors or random factors. Fixed factors are discrete variables (e.g. low, medium,
high). The GLM will check whether the means of the response data is different at these levels. Random
factors are also discrete variables but they are selected from a larger population.

Continuous predictors can be entered as covariates. Covariate predictors can either be items that are
controllable or items that are not controllable. The addition of a covariate can change the results of a
study, as seen within the Rotary Kiln example.

Example 3. ANOVA GLM.

Aman wants to buy a new car stereo. He decides to carry out some research into prices of stereo systems.
He varies three factors that he is interested in and then records the price of the systems. The factors are
number of speakers, number of CDs the CD player can hold and whether or not the stereo has an MP3
input. Study the data in Worksheet: Car and decide which of the factors are significant to Cost. Do any
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of the factors interact with each other? Are the levels of each of the factors significantly different from
each other? Finally, check the residuals from the study to establish if there are any problems with the

validity of the study.

The discrete levels for these factors are as follows:

Speakers: 4, 8, 12
CD: Single, Double, Multi
MP3 Input: Yes, No

Previously, it was said that it always

C1 2T C3.T c4
a good idea to view the data prior Speakers  CD MP3 Input  Cost
to conducting the test procedure 4 Single Yes 123.075
and we used the Graphical Summary 4 Single Ma g6.075
to do this. For the ANOVA GLM we 4 Double  Yes 103.425
A Mokl [ BT o8

use the Main Effects & Interactions

plots to look at our data before we

conduct the GLM procedure. Skat
amova ] Main Effects Plt...
1. Transfer the data from
Worksheet: Car into Minitab.
2. Click Stat <<ANOVA <<Main Responses;

| Cost

Effects Plot.

3. Enter Cost as the response and
Speaker, CD and MP3 Input as
the Factors. Click on OK.

Factors:
| Speakers CO MP3 Input|

The Main Effects Plot isolates each

Main Effects Plot for Cost
of the factors and shows how the

; Data Means
response varla.ble changes due.to Sedas —
only changes in the factor being 200
studied. The steeper the line the 1804 A /\
greater the effect of the change. 160 / N
However, we do not knOYV if _the 1404 //‘/ .
factors are significant at this point. - —
= 1= T T T T T T
g 4 8 12 Double Ml snge
< o MP3 Input
1801
16014 ,H--"'J
1404 -
120 : .
e Yes

4. Click Stat <<ANOVA

) Stat
<<Interactions Plot.

ANV S @ Interactions Plat.. .
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5. Enter Cost as the response and
Speaker, CD and MP3 Input
as the Factors. Click on OK
(the full interaction plot just
reverses the axis of the graphs
and displays them again).

An interaction between the factors
produces a change different to the
level of change we were expecting.
No interaction manifests itself as par-
allel lines. There does not appear to
be an interaction between Speakers
and CD because the lines are almost
parallel. The same can be said for
Speakers and MP3 Input. However,
there does appear to be an interac-
tion between CD and MP3 Input and
we will find out if this is significant
when we carry out the analysis.

Now that we have had a look at the
data we will carry out the ANOVA
GLM procedure.

6. Click Stat <<ANOVA <<General
Linear Model

7. Complete the menu box as
shown. Note there are two
ways of adding the factors. The
vertical bar indicates the main
effect as well as all the interac-
tions and using it saves a lot of
typing. If typing out in full we
use a * to indicate an interac-
tion term.

8. Click OK.

Stat
AMOWA  BLR General Linear Model. .

Model:

Speakers D 'MP3 Input’ Speakers® CDCD* MPS
Input’ Speakers® MP3 Input’ Speakers™® (0% 'MP3
Input!|



Within the Session Window we see
the factors and interactions listed
down the left hand side. Reading
along the table we see the P value
for each factor. The factors with a
P value below our significance level
of 0.05 are significant. The R-Sq(adj)
value means that 86.88% of the
changes within our response can be
explained by changes within our fac-
tors. R-Sq(adj) is a value that shows
the fit and allows equal comparison
of models with different numbers
of terms. We will now reduce our
model which means remove the
terms that are not significant.

Aswe will only reduce the model once
we will produce our residual plot and
also the Grouping Information Table
with the reduced model.

9. Click the Edit last Dialog icon.

10. Complete the menu box as
shown, on this occasion it is
not worth using the vertical
bar shortcut.

11. Click on Comparisons.

We are going to use pairwise com-
parisons to see how the levels within
our factors differ. We are going to
look at the Grouping Information
Tables to check the comparison. M15
users will have to use Confidence
Intervals for the comparisons.

12. Select Speakers, CD and MP3
Input as the factors for which
we are going to display tables.
Click OK and then click on
graphs.

0=
Responses: | Cost

Model:
Speakers CD 'MP3 Input’ CO* 'MP3 Input’
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13. Click Four in One for Residual Residual Plots
plots. " Individual plots

14. Click OK and OK again.

From the session window we can

confirm that the remaining factors * Fourin one
and single interaction are signifi-

cant. Notice that the R-Sq(adj) has

increased as we now have a better

model.

Each of our factors is

. . . Speakers N Mean Grouping
givenitsown Grouping

Inf . Tabl 12 1z 187.0 A
n ormatlon_ able so g 12 143.2 .
we can see if the lev- 4 12 127.0 -

els within the factors

are actually different

from each other. The

Main Effects plot for

each factor has been

placed next to its rel-

evant table. All the

levels within the CD CD N  HMean Grouping
and MP3 Input factor Multi 12 194.0 A

are different. For the Double 12 140,86 B
speaker group, the Single 12 12Z.6 C
factors that cannot be

said to be different

have been grouped.

Now that we have
seen which factors and
levels are different we  pp3
will have a look at the

. Input N  Mean Grouping
residuals.

Tes 18 169.4 A
Mo 18 135.4 E

Speakers

7
|
~ 7
e —

=4

)
DoLble Mt Single
MP3 Input

-
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We check the validity of the model by looking for patterns in the 4 in 1 Residual Plot. Starting from the
top and going from left to right:

e The Normal Probability Plot shows that the Residuals are normally distributed.

e The Versus Fits Plot shows that the Residuals are equally distributed about the centre line.

e The Histogram Plot shows that the Residuals do not show extreme skewness.

e The Versus Order Plot shows that the Residuals do not display any patterns or ordered behaviour.

In summary, there are no issues with the residuals within this study.
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Aman can conclude that Speakers, CD and MP3 Input are all significant factors when it comes to stereo
system cost. The cost of a system with both Multi CD and MP3 Input goes up considerably, this comes
from the interaction term.

There is not a significant cost difference if you buy a system with four or eight speakers whereas there
is a difference if you buy a system with 12 speakers.

Main Effects Plot for Cost
Data Means

Speakers D

200~
180 +
150+

140 / < \

120 -

g 12 Double MLt Single
MP 3 Input

Mean
I

200 4

180+

160 - /

140 +

120

Example 4. ANOVA GLM.

Within the nuclear industry UF6 gas is converted to UO2 powder inside a rotary kiln. The UF6 is reacted
with steam at high temperature and pressure. The UO2 produced is a powder but other non uranic
impurities are present. The quality of the UO2 is measured by checking for residual fluorides within the
product. Using the factors of steam pressure, kiln temperature and revolutions per minute (rpm) assess
which factors are significant in the production of fluorides. Are there any interactions present?

Worksheet: Kiln.

We will look at the data before we carry out
the GLM procedure by producing Main Effects

and Interactions plots. We will not be using the G £ L L £
RoomTemp data immediately. S:eamPress_l RPM KilnTemp Fluorides RoomTemp
Loy 50 200 183.07 14
o Low 50 200 202.40 21
1. Transfer the data from Worksheet: Kiln into Low 50 00 19089 18
Minitab. 0o £ aEn 100 20 21
2. Click Stat <<ANOVA <<Main Effects Plot. Stat

anovas P4 Main EFfects Plot...



3. Enter Fluorides as
the response and
SteamPress, RPM
and KilnTemp as the
Factors. Click on OK.

The Main Effects Plot shows
that all the factors appear
to be having an effect
upon the response variable.
KilnTemp appears to be
having the greatest effect
and then SteamPress.

4, Click Stat <<ANOVA
<<Interactions Plot.

5. Enter Fluorides as
the response and
SteamPress, RPM
and KilnTemp as the
Factors. Click on OK.

Analysis of Variance

Responses:
| Fluorides

Factors:
SteamPress RPM KilnTemp

Main Effects Plot for Fluorides
Data Means

199

SteamPress RPM

N \ /

300 4 \ /

: 2% h T T T T
i High Low 50 60
3 KinTermp

350 1

- /

25[' E T T T

200 250 300

Stat

BMOYA @ Interactions Plat. ..

Responses:
Fluorides

Factors:
SkeamPress RPM KilnTemp
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On the Interaction Plot lines
that are not parallel indicate an
interaction. There only appears
to be a slight interaction pre-
sent for the interactions involv-
ing KilnTemp.

Now that we have had a look at
the data we will carry out the
ANOVA GLM procedure.

6. Click Stat <<ANOVA
<<General Linear Model

7. Complete the menu box as
shown.

8. Click OK. Then go to the
Session window to look at
the results table.

All of the factors and all of the
two way interactions are sig-
nificant. The three way interac-
tion is not significant.

We will now reduce the model
and remove the nonsignificant
three way interaction.

Stat

AMOVA @ General Linear Maodel, ..

Responses: | Fluarides

Model:
| SkeamPress| RPM| KilnTemp
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9. Click the Edit Last Dialog icon.

10. Complete the menu box as shown. Note, that we can use the minus sign to remove the three way
interaction.

Responses: | Fluorides Responses: | Fluorides

Model; Model:
SkeamPress RPM KilnTemp SteamPress* RPM OF SkeamPress| RPM| KilnTemp- SteamPress® RPM*
SkeamPress* KinTemp RPM* KilnTemp KilnTemp

11. Click on. Graphs fand select Residual Plots
the Four in one residual plots. Individual plots

12. Click OK and OK again. Then
go to the session window.

¢ Fourin one

Make a note of the significant fac-
tors and interactions because in
the next exercise we are going to
look at the effects of adding in a
continuous factor as a covariate.

For now we still need to check the
residuals.



202 Problem Solving and Data Analysis using Minitab

As in the earlier example we check the validity of the model by looking for patterns in the Four in one
Residual Plot.

Starting from the top and going from left to right:

e The Normal Probability Plot shows that the Residuals are normally distributed.

* The Versus Fits Plot shows that the Residuals are equally distributed about the centre line.

e The Histogram Plot shows that the Residuals do not show extreme skewness.

e The Versus Order Plot shows that the Residuals are not displaying any patterns or ordered behaviour.

In summary, there are no issues with the residuals within this study.

Example 4a. ANOVA GLM.

We have assessed factors, with fixed levels, that affect residual fluorides within UO2 powder. Let's say
for the purposes of illustrating a point that after carrying out this work it becomes apparent that the
room temperature may also be related to the presence of residual fluorides. We will repeat the exer-
cise with the original data but on this occasion we are going to use the continuous data within the
RoomTemp column as a covariate. Will using RoomTemp as a covariate change the results of our study?

Worksheet: Kiln.
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Continuous factors are added to the study as covariates. However, Covariates must have a linear rela-
tionship with the response. We are going to be covering Correlation and Regression in C9.

1. In order to confirm the linear relationship click Stat
<<Regression <<Fitted Line Plot.

2. Enter Fluorides as the Response and RoomTemp as
the Predictor.

3. Click OK.

The graph shows a roughly linear relationship and the
R-sq(adj) value indicates a strong linear fit between the

variables. This confirms that we can use RoomTemp as a
covariate within this study.

4, Click Stat <<ANOVA <<General Linear Model.

5. Complete the menu box as shown.

6. Click on Covariates.

Stat
Regressian b | Eitted Line Plat...

Response (V) | Fluorides

Predictor (X): | RoomTemp

Type of Regression Model
* Linear " Quadratic " Cubic

Stat
AMOVEA  BLA General Linear Model...

Responses: | Fluorides

Model;
| SteamPress| RPM| KilnTemp
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7. Select RoomTemp as the
Covariate.

8. Click OK and OK again.
(We will ignore the resid-
ual plot from this run as
we still need to reduce
the model.)

With the covariate all three of
our factors are still significant.
However, with the covariate
two of our two way interac-
tions are now not significant.

We will remove nonsignificant
items from the model.

9. Click the Edit last Dialog
icon.

10. Complete the menu box
as shown.

11. Click on OK and OK
again. Go to the Session
window to check the
results.

Above is the table from the
study using the RoomTemp
as a covariate and below is
the original study without the
covariate.

It is always important to iden-
tify all the input factors that
are affecting the response.
This exercise has highlighted
how identifying a covariate
will alter the factors that you
might think are significant
and change the results of a
study.

[C2  RPM Covariates:
|C3 KinTemp RoomTemp
|C4  Fluorides |

|CS  RoomTemp

Responses: | Fluorides

Model:

SteamPress RPM KilnTemp SteamPress™® KinTemp
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We need to finish this example
off by checking the residuals.

There are no issues with the residuals within this study.
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Exercise 2. ANOVA GLM.

Bear wants to talk about buying a new digital camera. He wants to discuss start up time and the fac-
tors that affect it. He collects start up time data for different cameras and records the following factors:
Make, Number of Sensors and Cost.

Produce a Main Effects plot and Interaction plot. Use the ANOVA GLM to establish which factors and
interactions are significant. Explore if the levels within the factors are actually different.

Worksheet: Camera.

The Main Effects Plot shows that the number of sensors and cost of the camera appear to have quite a
linear relationship with camera start up time. It would appear that Pony cameras take longer to start
than the other makes.

There appears to be interactions within each pane but it is not yet possible to tell if they are significant.

Main Effects Plot for Start-Up time

Drata Means

Make Senzors

10

9 4
&4 - —
7- .«-”/ - P—__

E -

Fiji Gasio Olyrnpic FPory 1 2 3
Cost

Mean

10
ER /
24
74
6

100 200 200




The top results table is
produced on the initial
run and the table below is
the reduced model show-
ing only significant items.

The bottom table shows
that only the factors of
Make and Cost were sig-
nificant. None of the inter-
actions were significant.

The Grouping Information
Table for Make confirms
that Pony cameras are dif-
ferent to the other makes
in terms of start up speed.

For Cost we see that each
of the levels is different.
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Make
Make N HMean Grouping
Pony 1a 3.8 A
Fasziao 15 7.8 E
o /. Olympic 18 7.5 B C
'///-" T ——a Fiji 15 f.8 C
1 1 1 1
Fiji 3asio Olympic Pary
st
Cost N Mean Grouping
300 24 0.7 A
200 24 7.9 B
100 24 5.6 C
T T T
100 200 200
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The four in one residual plot validates the study. We don’t see anything within any of the plots that
indicates a problem with the GLM procedure.

We have successfully explored the factors that affect camera start up speed and given Bear plenty to
talk about.



CHAPTER 6
Measurement System Analysis

6.1 The Importance of Measurement Systems

Whatever our process, our measurement systems are the equivalent of our senses. They measure the
process and bring us data.

At the start of every project you should check and verify the measurement systems related to your key
output. If you do this it will create a solid foundation for the project which you can then build upon. If
you don’t do this you will always be on shaky ground.
Here are a couple of predictions for you.

1. At the start of every project your measurement systems will be inadequate, most of the time.

2. Even if the measurement system is deemed to be acceptable at some point in the project you will

go back and question the measurement system again.

Even though you probably won't heed my warning, until it has happened to you a couple of times, do
not rush into a project without first having checked the measurement system as thoroughly as possible.
Rushing in is usually a false economy.

6.2 How Measurement Systems Affect Data

The variation within the measurement system is usually incorporated within process variation.
Consider the following two processes;

P One has a small part to part variance with a higher measurement system variance.

P The other has a high part to part variance but a low measurement system variance.
If we look at the output measurements of the processes they both appear to be identical. Without

Measurement System Analysis (MSA) we won't know whether we should be trying to reduce the meas-
urement system variation or the process variation.

Problem Solving and Data Analysis using Minitab: A clear and easy guide to Six Sigma methodology, First Edition. Rehman M. Khan.
© 2013 John Wiley & Sons, Ltd. Published 2013 by John Wiley & Sons, Ltd.
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Process A
Variation in Part Variation in N
e : Measurement Total Variation
+ =
02 (52 62
et MS Total
Process B

6.3 Analysing the Appropriate Systems

Inputs Output
Flow |
Pressure ‘ Process ‘ Weight
Temperature

Earlier it was said that, at the start of the project, you should confirm that your measurement systems
are adequate. At the start of the project it should be easy enough to find the systems that are measur-
ing the output that you are interested in. However, at that point in the project you may not know which
inputs affect the output. | would suggest that you only confirm the input measurement systems later in
the project when you have established which inputs are significant to the output.

Let's have a deeper look at the types of measurement system error and learn some of the terminology.
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6.4 Types of Measurement Systems Error

. 2. Precise but not 3. Not Precise but 4. Not Precise and not
1. Precise and accurate accurate accurate ) accurate

Traditionally the terms accuracy and precision are explained by showing shots fired at the centre of a
target. Precision relates to the spread of the shots and accuracy relates to how well the mean of the
shots aligns to the centre of the target. The first four shots are accurate and precise because the spread
is low and the mean is aligned to the centre. The second four shots have a tight spread so they are
described as precise but the mean value is not aligned to the centre so the shots are not accurate.

Let’s have a look how precision and accuracy relate to measurement systems.

Precision errors can be fur-
ther broken down into the
categories of repeatability
and reproducibility.

Repeatability errors relate

to the measurement varia-

tion generated by the same Repeatability (same person)
person repeatedly measur-

ing the same item.

Reproducibility errors relate
to the measurement varia-
tion generated by different
people measuring the same

part. Reproducibility (different people)

If you are learning the terms a good way of remembering the terms is that ‘it takes more than one to
reproduce’.
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Accuracy errors can be further broken down
into the categories of linearity, bias and
stability.

A linearity error displays an offset between
the measured value and the real value.
However, it does not have a constant offset
or bias. -~ Rag

Linearity

A bias error has a constant offset between
the measured value and the real value over
the range of the measurement. It could be
argued that bias is a special type of linearity
error.

Bias

Stability errors manifest themselves as an off-
set; however, they appear over time rather
than range. The time that stability errors take
to appear will obviously vary depending on
the process and type of measurement system.

Stability

RealValue @ —emmmeee--
Measured Value

Resolution or Discrimination is also a type of measurement error. On occasions it is overlooked in sta-
tistical texts as it is something that should have been considered when setting up or purchasing the
measurement system.

Imagine that you have to time an event. You could employ the following techniques:
1. Use a clock.
2. Use an analogue stopwatch with a second hand.

3. Use a digital stopwatch which gives times to one 100th of a second.

Each successive method gives a better resolution.
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There is a rule of thumb for deciding what the resolution for your measurement system should be. It
brings in another term that we must learn: Tolerance.

To explain tolerance, let’s pretend that we are making ring doughnuts and there is a specification for
the size of the hole. The specification for the minimum diameter of the hole is 20 mm and the maximum
diameter is 30 mm. We say that the Tolerance or Tolerance Width is 30 - 20 = 10 mm.

The rule of thumb is that the resolution of the measurement system should be a tenth of the tolerance.

In this case 1 mm. The measurement system should be able to measure clearly between every 1 mm
change. We say it should have a resolution of 1 mm.

6.5 Measurement Systems Toolbox

Type 1 Gage Study = Repeatability & Bias
Gage R&R ) Repeatability & Reproducibility
Gage Linearity & Bias Study P  Linearity & Bias

Underneath toolbox you can see the techniques that are available in Minitab and that we will be going
through within this chapter. You might notice that Stability is not present. This is because, if all other
sources of error had been eliminated and stability was thought to be an issue, it would be investigated
by using observational techniques.

People familiar with U.K. English will have noticed that Minitab uses the U.S. spelling of gage. Even
though this course is written in U.K. English we will spell ‘Gauge’ as ‘Gage’.

In the next section we will begin to work through MSA examples and exercises. All of the example data
is within separate worksheets in the file 06 MSA.xls.
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6.6 Type 1 Gage Study

e Type 1 Gage Study

e A reference part is measured repeatedly to make an initial assess-
ment of Repeatability and Bias Error of a measurement system.

s A
Procedure

\ J

s A
What's it
used for?

\ J
s N
Assumptions
and
Limitations
\ J

* The term reference part means that parameter being measured
within the part has been confirmed using highly precise and accu-
rate methods.

e The test runs should be conducted by a single person as no distinc-
tion is made for the Reproducibility term.

~

J

Example 1. Type 1 Gage Study.

Bear decides to buy a new digital vernier gauge. He wants to confirm how well his new vernier measures
objects so he takes two metal blocks and measures their lengths on his CPU controlled laser profiling
equipment. The first object has a length of 50 mm and Bear gives himself a tolerance width of 0.5 mm
for measuring this block in the future. Bear measures the length of this object 50 times and records the
results in Worksheet: Type 1GS. The results are in the Block 1 column.

Use the results and carry out a Type 1 Gage Study to establish if the measurement system is repeatable

and if a bias is present.

1. Copy the data from column A of theExcel file and copy it into Block 1

Minitab.

48 963
50.004
48 958
A=

2. Click on Stat <<Quality Tools <<Gage Study <<Type 1 Gage Study. St

Quality Tools

Gage Study
T1

r1 T¥pe 1 Gage Study...



3. Within the menu box select Block 1 as the measure-
ment data. Bear has accurately measured the part
and knows the reference length is 50. The tolerance
width that he is using is 0.5. Therefore, acceptable
parts in the future will be within 50 = 0.25 mm.

4. Click on Gage Info. It is always a good idea to enter
relevant information about the study. It will prob-
ably prove useful at some point in the future. Click
OK and OK again.

Measurement System Analysis

Measurement daka: 'Block 1"
Reference: 50
Tolerance

* Lpper spec - lower spec: 0.5

Lower spec only:

Upper spec only:

215
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The output of the Type 1 Gage Study is given wholly within the graph shown.
The Run chart shows the 50 measurements that were recorded. The control limits are calculated by add-
ing and subtracting 10% of the tolerance to the reference value (not the mean of the measurements).

The percentage used can be adjusted within the options menu of the test.

We gave the reference measurement for the part as 50. It turns out that the mean of the 50 measure-
ments with the vernier is also 50.001 mm.

The StDev of the 50 measurements is 0.0308.
The tolerance width, which was stated by Bear, for this part being measured was 0.5mm.
The Bias is given as 0.001. The P value of 0.841 confirms that the bias is not significant.

We will discuss process capability in a later chapter, where the terms Cp and Cpk will be discussed and
defined. Cp and Cpk are analogous to Cg and Cgk.

Cg relates to 20% of the tolerance divided by 6*StDev (0.1847). Its value would be >1 if the gage preci-
sion was suitable for the given tolerance.

Cgk relates to the distance to the closest control limit divided by 3*StDev. Its value would be >1 if the
gage precision and accuracy was suitable for the given tolerance.

The %Var values tells us how much of the tolerance is wasted by Repeatability and then by Repeatability
and Bias. This value should be less than 10%, ideally.

Exercise 1. Type 1 Gage Study.

The second object has a length of 64.5 mm and Bear gives himself a tolerance width of 0.8 mm for meas-
uring this block in the future. Bear measures the length of this object 75 times and records the results in
Worksheet: Type 1GS. The results are in the Block 2 column.

Use the results and carry out a Type 1 Gage study to establish if the measurement system is repeatable
and if a bias is present. Is the measurement system suitable?
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We see that there is a significant Bias within this study of 0.063 mm. The Repeatability takes up 35.95%
of the tolerance. What really makes this measurement system a failure is the Bias which contributes an

additional 133% to the %Variation.

We can conclude that, although Bear’s new vernier was poor at measuring Block 1, it is absolutely dire

at measuring Block 2.

Next, we are going to move on to look at Gage R&R studies.

6.7 Gage Repeatability and Reproducibility Studies

Gage Precision

Errors

Reproducibility

Repeatability

b

Operator

7

e

Operator*Part
Interaction

-
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As we are now going to concentrate on Gage Repeatability and Reproducibility (Gage R&R) studies
we need to understand a bit more about the two types of study. Initially we will look at the Gage R&R
Crossed Study. The diagram above shows how the total gage error is broken down into its components
for a crossed study. The other type of study is the Nested Study. It has almost the same breakdown of
components as a Crossed Study but we don’t get the Operator*Part Interaction term. You will get to see
why later in the section.

In order to understand the difference between
the Crossed and the Nested Study take a look at
the figure on the right. The diagram shown is for A B
illustrative purposes and the number of parts and

operators shown are not as they would be in a real

study. However, what it does show is that each

operator measures each part. That is why this is a

Crossed Study.

On occasion the testing is destructive and the part A A

being measured is altered or destroyed by the
measuring process, as in breaking strength tests,
for example. For these types of tests we still need
to be able to estimate repeatability.

Operator Operator

We do this by making batches of parts that are identical. If they are identical then all the measurement
variation can be attributed to repeatability. In order to use the Crossed Study for destructive testing the
batch of parts has to be big enough so that different operators can measure from the same batch and
essentially repeat measurements can be made.

On occasion it is not possible to produce a batch
where there are enough samples or pieces for Operator Operator
every operator to be able to measure the sample. A B

On these occasions we use a Nested Study.

The diagram shows that the parts are nested
within the operators. Operator A will measure the
two parts from the first batch and Operator B two
parts from the second batch.

If batches, with the same properties, cannot be
produced a Gage R&R study cannot be carried out.

The parts that you select for the study can have
a massive impact on the results of the study. The
parts that you select should be parts that are
deemed to be good parts with respect to your process specification/tolerance. If you use reject parts you
may exaggerate the part to part variation and that will make your study metric better than it should be.

On occasion it may seem like a good idea to make yourself a tester in order to increase the number of
operators you have. If you are not a regular tester/operator you may inadvertently increase both types
of measurement error.
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If you can, keep the part identifications hidden from the operators/testers and randomise the studies.
This is because operators will use their judgement as well as the measurement system.

Apart from the Assistant there are a couple of upgrades under the bonnet of M16 when using the Classic
method. The first is the option of calculating the confidence intervals for the study metrics. Give this a
go when you are carrying out the exercises. You will find the button for using confidence intervals in the
Gage R&R input menu. However, a word of warning you will find the results frightening!

The other addition is the Gage R&R Study (Expanded). This procedure allows you to add additional fac-
tors to the analysis and check if they impact on the measurement system.

The first example that we are going to look at is how to create a simple worksheet which can be used
to collect data for a Gage R&R Crossed Study.

6.8 Create Gage R&R Study Worksheet

Example 2. Gage R&R Study Worksheet.

My three kids are not very good at baking cakes. Before we address the problem we need to ensure the
measurement system is satisfactory.

Create a randomised Study Worksheet so we can collect data for a Gage R&R study; there are four parts.

No Data File
1. Click Stat <<Quality otat
Tools <<Gage Study Quality Toals
<<Create Gage R&R Gage Study
Study Worksheet. B

B Create Gage RER Shudy Warksheet, |,

OHEGE

2. Complete the page as
shown. Note we must
have ‘Replicates’ >1
for the Repeatability
term and more than
one operator for our
Reproducibility term.

3. Then click Options.
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4, Select 'Randomize runs within
operators’.
5. Then Click OK and OK.

Normally, you would randomise the
runs as far as possible but this depends
on the time and effort required to set
up the study.

Minitab creates the study worksheet.
If we were using this worksheet we
would carry out the study as per the
run order.

C1

StdCrder

cz2

10

RunCrder
' 14
22
31
43
a2
B4
7
g3
91
10 2
113
12 4
13 3
141
18 2
16 4
17 1
18 4
19 2
20 3
21 4
223
231
24 2

C3-T C4-T

Parts Operators
lgra
lgra
lgra
lgra
Hurnzah
Hurnzah
Hurnzah
Hurnzah
Haeesa
Haeesa
Haeesa
Haeesa
lgra
lgra
lgra
lgra
Hurnzah
Hurnzah
Hurnzah
Hurnzah
Haeesa
Haeesa
Haeesa
Haeesa
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6.9 Gage R&R (Crossed)

4 )

Procedure e Gage R&R (Crossed)

\ /
4 )
Wh at's |-t e It is used to compare the reproducibility and repeatability
elements of the measurement system with the overall study
used for? variation and, if required, tolerance.
\ %
4 )

e Parts selection for the study can be critical. The parts should not
be deliberately selected to be at the extremes of the process. The
parts should be selected so that they represent normal operations.

Assumptions

and e Human behavior can affect the results. Therefore, it is best if the
L. . . runs can be randomised and the parts kept blind.
Imitations e The crossed study is used to assess systems where all operators can

measure all parts.

J

- J

6.10 Gage R&R Crossed Studies

We have just shown you how to create a study worksheet but that example did not use the recom-
mended number of parts. The Automotive Industry Action Group recommend using 10 parts, two or
three operators and two or three replicates when carrying out a Gage R&R Crossed Study. However, 10
parts may not give a precise representation of the actual part to part variation. Therefore, it is strongly
recommended within the Assistant that a historical standard deviation of the measurement is entered.

We will now start looking at examples of the Gage R&R Crossed Study. The study examples will be cov-
ered using both the Classic Method and the Assistant. The first example will show a simple study and
will introduce the basic analysis. Once we have understood the basic analysis we will move onto a more
in depth example, where we can look in more detail at the metrics that we can choose to evaluate our
measurement system. You can expect some exercises along the way as well.

If you are using the Classic method there are five possible metrics you could use to assess the meas-
urement system. These are %Contribution, %Study Variation, %Tolerance, %Process and Number of
Distinct Categories (NoDC). NoDC should not be used as a metric only as an indicator. %Tolerance will
only be given within the results if a tolerance value is entered. %Process will only be given within the
results if a historical StDev is entered.

If you are using the Assistant there are only two possible metrics: %Process and %Tolerance. The part
to part variation used to calculate the %Process will be calculated from the parts within the study or
a historical StDev of the measurements. Minitab strongly recommends you enter a historical StDev.
%Tolerance will only be given within the results if a tolerance value is entered.
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For both the Assistant and the Classic Methods:
If we wanted to improve parts to a specification we would use %Tolerance as our metric.

If we wanted to reduce part to part variation we would use %Study Variation or %Process as the metric.

6.11 Gage R&R (Crossed) Study
Example 3. Gage R&R Study.

My three kids, Igra, Humzah and Raeesa are not very good at baking cakes. | give them 10 packets of
flour and ask them to weigh the packets as a part of a Gage R&R Study. Each of my kids measures each
packet three times, so there are 10 parts, three operators, three repeats of each measurement making 90
runs in total. My kids have short attention spans so | did not need to randomise the study. The cake bak-
ing process at my house does not have a specification so | choose not to use a tolerance for this analysis.

Using the results table in Worksheet: Cakes carry out a Gage R&R (Crossed) study.
Use the study results to learn if our measurement system is suitable.

1. Copy the data from the Excel file into
Minitab. There were 10 bags of flour and
each is designated a number from 1 to 10,
this can be seen in the part column. The
measurement column is used to record
the value of the measurement operation,
weighing. Person is simply the name for
the person carrying out the measurement.
| always find it easier to use column labels
that Minitab will be expecting within its
menus, it's one less thing to think about.

2. As stated in earlier chapters it is always a atat
good idea to get a feel for your data before Quality Taols
conducting the test procedure. For Gage
R&R studies we are going to use a Gage Run Gage Study
Chart to do this. Click Stat <<Quality Tools RUM
<<Gage Study <<Gage Run Chart. . Gage Run Chart...

3. Complete the menu box as shown.
Part numbers:
4. Click on Gage Info. When carrying out a lot Part

of studies it's worth recording some extra Operators; Person Optians. ..

information for the future.
Measurement data: | Measurement

Trial numbers: (optional)

Historical mean: fopkional)



5. Then click OK and OK again.

2age Name:

Date of skudy:

Reported by

izage Tolerance;

Miscellaneous

Measurement System Analysis

kitchen Weighscale

Kids

Mo tolerance

19kh March 20120

' Dad torturing us again,

223

What we get is a graph showing all the results of the measurements. The measurements are initially split
by part and then by operator. It can be seen that the variability within the operators is low, indicating a
good repeatability. The measurement variability between operators is also low indicting good reproduc-
ibility. The range of the part to part variation appears to be given by parts two and nine. Both types of
operator measurement variability appears much lower than the part to part variation.

To carry out the actual test procedure we are first going to use the Classic Method and then are going
to use the Assistant.

Gage Run Chart of Measurement by Part, Person

Repotted by:  Kids
Gage narme: Kitchen Weighscale Toletance: Mo talerance
Drate of study:  19th March 20120 Misc: Dad torturing us again,
1 z 3 4 Person
P P, 5025 . 'I_::;nzah
—§— Raseza
ey .»'-.“"‘E—EI ___________ — 50,10
- e T et i
g e Y
E e ol
5 & 3 i
§ .25 e Tl
¥ ! ae PO
sased Vool i
295 e T
Person
Pangl wariable: Part
6. Now that we have got a feel for the Stat
measurement data we are going to =
start the test procedure. Click Stat Quality Tools
<<Quality Tools <<Gage Study <<Gage
R&R Study (Crossed). Gage Study

E%ic Gage R&R Study (Crossed). ..
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7. Complete the menu asshown. | have already
gone into Gage Info and entered some
details about this study. We will always use
the ANOVA method for this procedure.

8. Click OK to execute the procedure.

Minitab produces this set of six graphs and also information within the session window. We shall look at
the results in detail and look at how they helps us to understand our measurement system.

Four sets of bar graphs are Components of Variation
within the Components of 100
Variation bar chart. The first set
isthe Gage R&R bar graph. This
is then broken into its separate
components of Reproducibility
and Repeatability. The Part to i A o B s —
Part variation is shown as the Gage RER Fepeat Reprod Part-to-Part
fourth set of bars.

[ % Contribution
% Study Mar

204

Percent

Each Bar graph is broken down into two components %Contribution and %Study Variation. Normally,
we would choose %Study Variation to decide if the measurement system was acceptable by comparing
it to the values shown in the table below.



If we wanted to improve
parts to a specification we
would use %Tolerance as
our metric. In order to dis-
play %Tolerance within
the graph we would have
needed to enter a tolerance
figure within the options
menu. As | did not provide
a tolerance figure for my
kids this is not applicable
within this example.
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Therefore, we will use %Study Variation as our metric in deciding whether our measurement system is

acceptable.

In our study we can see that
the Gage R&R error is prob-
ably acceptable using the
%Study Variation metric.
Hovering over the bars with
the mouse pointer will actu-
ally show the value of each
of the bars.

The repeatability and the
reproducibility errors appear
to be about the same.

The gage error is much
smaller than the part to part
variation. This is good news
as we would want the varia-
tion between the parts to be
much greater than our Gage
R&R error.

Components of Variation

[ =& Contribution
% Shudy Yar

100
!
=
@
£ 504
[*F]
=8
] _!_ll = —
Gage RER Repeat Reprod Part-to-Part
%Contribution | %Study
Variation
Acceptable <1% <10%
Marginal =0% = 30%
Unacceptable | >9% >30%

The R chart shows the range of measurements for each part in turn by each person. This chart highlights

repeatability issues.
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All points should be within the control lines and the pattern of the data should be the same.

A point outside the control lines indicates that a person is having trouble measuring a particular part. If
this occurs, the problems with the measurement system should be studied and then corrected. The study
should then be repeated.

Control lines are calculated using the average range of each part. Essentially, this chart and the next are
an Xbar-R chart of the measurement data. You will learn more about this type of chart within the SPC
module.

The XBar chart shows the
average measurements for
each part in turn for each
person.

The Control lines on this
chart represent the repeat-
ability variation of the
study.

The data points should be

outside the control lines

and the pattern of the data should be the same. Having the points outside the control lines indicates
that the part to part variation is greater than the measurement system repeatability. Minitab suggests
that at least 50% of the data points should be outside the control lines.

The Measure by Part chart Measurement by Part
shows all the measured

values for each part and
the average value for each
part.

0.2 +

50.0 4

From this chart it would be
easy to see if the operators 49,5 4
were having trouble meas- 1 2 3 4 S & 7 = = 10
uring any particular part. Part

The range of values around
that part would be greater
than any other. This prob-
lem does not seem to be
apparent in our study.

Measurement by Person

The Measure by Operator ~ 30.21 | | |
chart shows the spread of | = .
measured values for each 50,0 -
person and the average | | |
value for each person.

r
r
B
r

g
4

49,8 -

Hurnzah Igra Raeesa

From this graph it can be Person

seen if any of my kids are
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getting different results to any of the others. That is, you would be able to tell if one of them was meas-
uring consistently higher or lower than the others or if their spread of measurements was greater.

In our study it can just be seen that Igra is measuring a slightly higher average value than Humzah or

Raeesa.

For the Operator* Part
interaction chart we want
all the lines to be the
same and overlaid on top
of each other.

If one line is consistently
higher or lower than the
rest this indicates that
the person is consistently
over measuring or under
measuring.

If the lines cross this may indicate an operator part interaction i.e. the person’s ability to measure is
dependent upon the part. The ANOVA table within the Session Window would confirm the strength of

the interaction.

Since my kids did such a splendid job of measuring the lines are overlaid and we don’t seem to be seeing

any Operator*Part interaction.

We are now going to look at the out-
put within the Session Window. This is
where we get the numbers to be able
to judge our measurement system.

Minitab uses the ANOVA procedure to
calculate the components of variance
and then uses those components to cal-
culate the percentage variation of the
different components of the measure-
ment system.

In the first table the P value for the
interaction term is calculated at 0.395.
As this is above 0.25, Minitab removes
the interaction term from the ANOVA
calculation and carries out the test
again. In effect, Minitab is saying that
there is no Operator*Part interaction.

As the P value for person is zero it
means that the difference of measure-
ments is statistically significant.

Two Way ANOVA Table With Interaction

hGource LF
Part 9
Perzon 2
Part * Person 18
Fepeatability &0
Total a9

Alpha to remove interaction term =

35
L73911
Lo04zz
.ools0
.00da5
. 74949

= oo o

M5 F P
0.193235 £311.42 0.000
o.o0zlo9 £25.23 0.000
o.oo00os4 l.05 0.395
0.000073

0.25

Two Way ANOVA Table Without Interaction

SJource DF
Part 9
Person z
Fepeatability 78
Total 29

33
1.73911
0.o004z=
0.006l16
1.74549

M3 F F
0.193235 2447.02 0.000
0.00z109 Z6.71 0.000
0.o00073
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As %Contribution is based on Variance Gage R&R
the Part to Part variation and Total

Gage R&R adds up to 100%. When the sContribution
tables are based on StDevs the total #ource VarComp  (of VarComp)
will no longer add up to 100%. Total Gage RsR 0.00014586 0.&8
Repeatability 0. 0000720 n.z7

. Beproducibkility 0.0000877 0.zl

Total Gage R&R is made up of Person 0. 0000877 .31
Repeatability and Reproducibility. Re-  parr-To-part 0.0214615 99,32
producibility is made up of Operator Total ¥ariation 0.0216084 100,00

(Person) and the Operator*Part inter-
action. However, as the P value for
the Operator*Part interaction was
above 0.25 it was removed from the

atudy Var F3tudy Var
Source Grdbew [(3D) (6 * 3D [ %3V
Total Gage EsR L0lz11i O.072655 .24

0
calculations. Repeatability 0.008886  0.053318 .05
Reproducibility 0.008227  0.049361 5.60
Peraon 0.008227  0.049361 5.60
Part-To-Part 0.146495  0.878990 99,66
Total Variation 0.146995  0.&81988 100.00

Mumber of Disztinct Categories = 17

In terms of %Study Variation we see

that the Total Gage R&R is 8.24% which %Contribution %Study
means that our measurement system is Variation
acceptable. The Repeatability compo-
nent is 6.05% and the Reproducibility | Acceptable <1% <10%
component is slightly lower at 5.6%.
Marginal <9% <30%
Unacceptable >9% >30%

Number of Distinct Categories gives an overall grade to the measurement system but lacks detail. This
value should be 6 or above. Sometimes this value is taken to indicate the number of bins that your meas-
urement system can resolve a part into.

So if Number of Distinct Categories was two, the measurement system could only grade the item as a
pass or fail.

Only use this as an indicator not a metric for assessing the measuring system.

Now we will have a look at using the Assistant to handle this analysis.
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1. Click on Assistant <<Measurement Systems Analysis. Assistant

Measurement Syskems Analysis (MSA). .,

2. The selection flowchart appears. We will only be look-

ing at the Measurement side which deals with contin- Gage R&R Study
uous data, which is on the left. Click on the button for (Crossed)
Gage R&R Study Crossed. ' RE=Tr

| 2.

1 ..‘ _'.".r
| | s

3. Complete the menu as shown. Note, that the Assistant strongly recommends that we use a histori-
cal StDev. Also, we will not be entering a tolerance as | did not specify one for my kids. We will rely
on Percentage of Process as our metric for improving the measurement system, in this example.

4. Click OK.
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Starting in the top left, the Summary Report tells us that 8.2% of the observed variation is coming from

the measurement system. Since this is below the 10% level the measurement system is deemed to be
acceptable.

Below that is a bar chart showing the Variation Breakdown. We can see that Repeatability and
Reproducibility are very similar in terms of percentage of process variation.

The comments section gives us a more precise breakdown of the Repeatability and Reproducibility com-
ponents. Remember, the components won't add to 100% as they are based on StDevs.

Within the Variation Report we are given the relevant information presented within the same for-
mat as the Classic method. We see that the XBar Chart, R Chart, Operator*Part Interaction Chart and
Measurement by Person Chart all appear again. On the bottom right we see the breakdown of the com-
ponents of variation. %Process is similar to %Study Variation which we saw within the Classic Method.
Note, the ‘(data)’ below the %Process heading indicates that the Assistant calculated the Process
Variation from the measurement data, that is 10 parts.
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On the Report Card we are given three pieces of key information about this type of study.

The first is regarding our choice to ask the Assistant to calculate the part to part variation from the study
data, 10 parts, and not provide a historical figure based on many more parts. The general advice would
be to enter a historical StDev wherever possible, otherwise the data for 10 parts, three operators and
two or three repeats is the minimum that you should have.

Let's have a look at the next example where we enter a tolerance and calculate the part to part variation
from historical data.
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Example 4. Gage R&R Study.

Bads has set up a study examining the measurement system used when measuring the caliper of plaster-
board. He uses three operators and 10 parts. The parts represent the variation seen within the process
and not the extremes of the process. The tolerance for the caliper is 0.6 mm.This MSA is part of a project
which is intended to reduce process waste when the product goes out of the caliper tolerance required
by the customer. Bads has also collected historical data on these measurements to allow a more precise
calculation of part to part variation. The study data was originally randomised but has been ordered for
our convenience. Incidentally, Minitab does not need the data to be ordered.

Using the results table carry out a Gage R&R Study to learn if the measurement system is suitable. Use
the data within Worksheet: Caliper

1. Copy the data from the Excel file into Part Measurement Operator Historical Data
Minitab. 1 13,607 Aamit 13.449

2 13.613 Aarnir 13.420

3 13.518 Aarmir 13.413

2. We are going to use a Gage Run Chart Stat
to view our data prior to the test proce- =
dure. Click Stat <<Quality Tools <<Gage Quality Tools
Study <<Gage Run Chart.
(Gage Study

E,—'j'fj izage Run Chart. ..

3. Select the following columns into the
appropriate section of the Gage Run
Chart menu. Operators: Operatar

4. Record some appropriate information
into the Gage Info menu and then click
OK and OK again.

Part numbers: Park

Measurement data: | Measurement
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For this example it can be seen that there are both repeatability and reproducibility issues. It is hard to
say which is greater. It is also difficult to say whether any particular operator is consistently having the
same type of problem.

To carry out the actual test procedure we are first going to use the Classic Method and then are going
to use the Assistant.

There are 500 values of measurement data in the col- Stat
umn labeled Historical Data. We need to calculate the o
StDev of this data. Basic Statistics b

% e e
5. Click Stat <<Basic Statistics <<Display Descriptive = Display Descriptive Statistics...

Statistics.

6. Select the Historical Data column.

7. Click on Statistics.

8. Clear the default selection and then select
Standard Deviation.

9. Then click OK and OK again.

10. The result is given within the session window.

This is the value we will use for historical stand- m—
ard deviation.

Yariables:

‘Historical Daka'

SE aof mean

v Standard deviation
Variance
Coefficient of wariation

Variable Sthew
Historical Data 0.0762
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11.

12.

13.

14.

15.

In order to conduct the test procedure
click Stat <<Quality Tools <<Gage
Study <<Gage R&R Study (Crossed).
Complete the menu as shown. | have
already gone into Gage Info and
entered some details about this study.
Click on Options.

Enter the tolerance of the process and
the Historical Standard Deviation.
Note, that from within this menu we
can also change the number of StDevs
that are used within the study, nor-
mally we would leave this at 6. We also
have the option of changing when we
will remove the Operator*Part inter-
action from the ANOVA table.

Click OK and OK again to execute the
procedure.

Stat
Quality Tools
Gage Study
R+R
—c Gage R&R Study (Crossed)...
Part nurnbers: Part @age Infa...
Operatars: Person
Measurement data: | Measurement Conf Ink...
Storage...
Method of Analysis
* ANOYA
®bar and R
Study wariation: g {number of standard deviations)

Process tolerance

Enter at least one specification limik

Lower spec:
Uppet spec:
+ Upper spec - Lower spec; 0.6
Historical standard deviation: 0.0762

Alpha ko remove inkerackion term: 0.725
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Minitab produces this set of six graphs and also information within the session window. We shall look at
the results in detail and look at how it helps us to understand our measurement system.

On this occasion it can be
seen that the components
of variation bar graph has
expanded to include new
metrics. As we entered a
tolerance we get a bar for
%Tolerance so we can see
the components of vari-
ation as a percentage of
the tolerance. We also
entered a historical StDev
and from this we get the
components of variation

as a percentage of the

%Process
On this occasion we want

. %Tolerance
to improve parts to a

specification, therefore, Acceptable <1% <10%
we would use %Tolerance
as our metric. Marginal <9% < 30%

Unacceptable >9% >30%
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We see that %Study Variation, %Process and %Tolerance all use the same scale to grade the measure-
ment system.

The value of the
%Tolerance within the
total Gage R&R chart can
be seen by clicking onto
or hovering over the
relevant bar within the

graph.

The R chart shows the
range of measurements
for each part in turn by
each operator.

All  points should be
within the control lines
and the pattern of the
data should be the same.

All of the points are
within the control lines
so we can say that none
of the operators are hav-
ing a problem measuring
a particular part.

The Xbar chart shows the
average measurements
for each part in turn for
each operator.

It can be seen that the
Xbar values are inside
and outside of the con-
trol lines, which is what
we want. Looking more
closely we can see a trend
in that Aamir appears to
be measuring a higher
average value than the
other two operators. This
looks like the beginnings
of a reproducibility issue.
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The Measure by Part chart shows all the measured values for each part and the average value for each
part.

We can see that Part 2 has the least spread of measurements. To find the part with the greatest spread

of measurements you can hover over the measurements at the extremes for each part and take the dif-
ference as the range for that part.

Measurement by Part

13.64

13.54

13.44

Part
The Measure by Operator Measurement by Operator
chart shows the spread of
measured values for each 1364 | | |
operator and the average
value for each operator. 13.5 e | . -
We can again see that Aamir 13.44 | | |
is on average reporting a — — .
higher value than the other Aarmir Amin Fakher
Operator

two operators. We cannot
say that Aamir has a positive
bias as that would imply we
know the real values for the parts. It is plausible that Aamir is reading the correct value and Amin and
Fakhar have a negative bias but we just don’t know. And that is why we carry out Bias and Linearity
Studies as discussed later.

For the Part * Operator interaction chart we want all the lines to be the same and overlaid on top of
each other.

Again we see that
Aamir has a higher
average reading.

We don’t see many
lines that are not
parallel. This indi-
cates that the Part
* Operator interac-
tion may be low.
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In the Session Window Minitab  Two-Way ANOVA Table With Interaction
uses the ANOVA procedure to

calculate the components of Source DF 53 M3 F P

variance and then uses those Part 9 0.513866 0.0570%952 191.90%9 0,000

components to calculate the per- Operator £ 0.023952 0.0L19760  40.253 0.000

centage variation in the meas- Part * Operator 18 0.005355 0.0002975 1.075 0.395
Fepeatability 60 0.018562 0.0002760

urement system. Total 89 0.558735

In the first table the P value for
the interaction term is calculated Alpha to remowve interaction term = 0.25
at 0.395. As this is above 0.25,
Minitab removes the interac-
tion term from the ANOVA cal-
culation and carries out the test

Two-Way ANOVA Table Without Interaction

) Jource DF 35 Juks] F P
again. Part 9 0.513866 0.0570962 203.1%96 0.000
Operator 2 0.023952 0.01197680 42,621 0.000
Repeatability 75 0.021517 0.0002510
Total 9 0.559735
We are concerned with improv- Gage R&R
ing parts to a tolerance within
this exercise and so we are using sContribution
%Tolerance asthe metric for this ,?EEEEEG&QE eR D_Eggggﬁg {of Varcgl_[q;]l
MSA. The value of %Tolerance Bepeatability 0.0002810 a.02
is 25.9% and therefore our Beproducibility 0.0003695 5.58
measurement system is graded Operator 0.0003598 5.58
as Marginal. The Repeatability Part-To-Fart 0.0063128 20, 39
) Total Variation 0.0069836 loo. oo

component is slightly less than

the Reproducibility component.

All of the Reproducibility is Frocess tolerance = 0.6

made up from the differences Historical standard deviation = 0.0762
between operators and none

of it is made up from the Part *

Operator interaction.

If our ObjeCtiVG had been dtudy Var %3tudy Var %Tolerance  %Proceas
to improve part to part Source StdDes [(3D) (e % 3D) [%5V) [V /Toler) [S¥/Proc)

o Idh Toral Gage ReR 0.0259003  0.15540% 30, 99 25.90 33,99
variation we would have Repeatability 0.0167628  0.100577 20. 06 16.76 22.00
used %Process as our Reproducibility  0.0197442  0.118465 23.63 19.74 25.91
metric. If we had done Iperator 0.0197442 0. 118465 23,63 19.74 25,91
hat d h iq  Part-To-Par: 0.0794532  0.475719 95. 05 79,45 104.27
that we would have sai Total Variation 0.0835681  0.501409 100. 00 83.57 109.67

that the measurement

system was graded as

Hmber of Distinct Categories = 4
bad.

If this was your measurement system would you try and improve it or would you proceed with the pro-
ject? Remember, at best the measurement system has been graded as marginal. Again, it comes down
to the risk that you are willing to take and the potential consequence.
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Let’s have a look at how to handle this study within the Assistant.

1. Click on Assistant
<<Measurement
Systems Analysis.

fssistank

Measurement Systems Analysis (MS4). .

2. Click on the button
for Gage R&R Study Gage R&R Study
(Crossed)

"" FErTTE

| 2.

: 2| 12
M 3 s

Crossed.

3. Complete the menu
as shown. We enter
our historical stand-
ard deviation that
we previously calcu-
lated at 0.0762. We
also enter the toler-
ance of 0.6 mm.

4. Then click OK.
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Starting in the top left, the Summary Report tells us that 34% of the process variation is coming from
the measurement system.

As we entered a tolerance there is also a scale which asks whether we can tell good parts from bad. We
are told that the measurement system variation is 25.9% of the tolerance. This is within the marginal
band.

We see the breakdown of the Total Gage variation in the Variation Breakdown Chart. The comments
section gives us a more precise breakdown of the Repeatability and Reproducibility components.
Remember, the components won't add to 100% as they are based on StDevs.

Within the Variation Report we are given the relevant information presented within the same format as
the Classic Method. We see that the Xbar Chart, R Chart, Operator by Part Interaction Chart and meas-
urement by person (Operator Main Effects) chart all appear again.

In the bottom right we see the Variation Breakdown table. Notice that there are separate columns for
%Process based on the historical StDev we provided and that measured from the 10 parts used within
the study.
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On the Report Card we are given three pieces of key information about this type of study.

We are given information that our estimate of Reproducibility may not be that precise. Our value for
Reproducibility was 25.95% under %Process (hist) which was not particularly large.

It's exercise time again.
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Exercise 2. Gage R&R Study.

Omer is running an improvement project where he wants to improve a metric against specification
levels. He sets up a study examining the measurement system used when measuring the density of fuel
pellets. He uses three operators and 10 parts. The parts represent the variation seen within the process.
The tolerance for the products is (USL-LSL) 0.6 kg/m3. The historical StDev is given as 0.0753.

Check the results using a Gage Run Chart. Then using the results given in Worksheet: Fuel Density
carry out a Gage R&R to establish if the measurement system is deemed to be acceptable for tolerance.
Marginal is not good enough within the nuclear industry. Use the Classic Method and the Assistant, if

available.

From the Gage Run Chart the initial assessment is that the measurement system is displaying repeatabil-
ity and reproducibility issues, a lot of them!

Gage Run Chart of Measurement by Part, Operator

Gage name:

Diate of study:

Measurement

Mean

Densometer 451

14 June 2012

Reported by:  Uzzy
Tolerance: 0.6
Misc:

Pellets feel warm!

F1z.6

F12.5

F12.4

12,54

NN

12.4

-+ Mean

Panel variable: Part

Operator

Operator
—&— Aasim
—— Faroog
—&— Kamran




The Components of Variation
graphtells us that the %Tolerance
is classed as bad if we hover over
the %Tolerance bar relating to
Gage R&R.

Although the Gage Run chart
showed wus issues with both
repeatability and reproducibility
the R chart shows that the repeat-
ability variation is within control.

The Xbar chart shows points both
inside and outside the control
lines. We appear to be on the
50% limit.

Measurement System Analysis
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The Measure by Part chart shows
that Part 5 had the greatest
spread of measurements and Part
1 had the least spread.

The Measurement by Operator
chartshowsthatonaverage Aasim
has the highest measurements.

Interactions in terms of lines
crossing can be seen within the
Part * Operator interaction chart.
However, we don’t know if they
are significant.
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For the first time we see the Part * Operator interaction is significant and has been carried through into

the Gage R&R table.

The %Tolerance for the Total Gage R&R is 31.11%. This means that 31.11% of the tolerance is taken up
by measurement system variation. This means that this measurement system is graded as unacceptable.

Had we used %Process or %Study Variation as the study metric the results would have been even worse.

Gage RE&R

Jource
Total Gage E:R
Fepeatability
Feproducibility
Operator
Operator®Part
Part-To-Part
Total Wariation

Frocesz tolerance

VarComp

L 0009677
00035564
0005813
0003032
LO0002731
0029856
0039533

0.6

Historical standard dewiation

Jource
Total Gage B&R
Repeatabhility
Feproducibility
Operator
Operator®Part
Part-To-Part
Total WVariation

stdDey [SD)

0311080
LO0196571
L0241103
LOL175550
0165267
L 0545405
L6275

L s T e e e e Y o

Humber of Distinct Categories

tContribution
[of WarComp)

24,
9.
14,
7.
a.
75,
oo,

= 0.0753

study Var
(6 % 5D

0.
117942
144862
. 105330
.093160
L 327845
L3TTZEE

[ s O Y s Y o Y

= 2

laoadd

45
X
7o
ao
91
52
oo

atudy Var
[%3V)

49,
31.
3a.
27,
Z6.
go.
100,

45
28
35
9z
Z8
0
oo

(Tolerance
[3¥/Toler)

3l.
19,
24,
17.
la.
4.
6z,

11
1]
11
55
53
o
ga

tProcess
[3¥/Proc)

41.
Z6.
3Z.
23.
Z1.
Tz,
3.

3l
10
0z
3l
95
ae
a0
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The Assistant tells us
that this measure-
ment system is unac-
ceptable for process
improvement or for
improving the parts
to the tolerance.

Again the Variation Report reflects the information presented within the Classic Method. The one dif-
ference being that it is possible to see the difference between %Process(data) and %Process(hist).
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6.12 Gage R&R (Nested)

e Gage R&R (Nested)

e Itis used to compare the reproducibility and repeatability
elements of the measurement system with the overall study
variation and, if required, tolerance.

s A
Procedure

\ J

s A
What's it
used for?

\ J
s N
Assumptions
and
Limitations
\ J

e The Nested study is used to assess measurement systems associated
with destructive testing where large batches of identical parts
cannot be produced. However, small batches must be available to
allow a single operator to make repeated measurements from the
same batch.

e Parts are randomly assigned to operators.

e It is better to have a large number of parts within the study as this
reduces the chance that a particular operator will receive a part at
the extreme of the measurement range.

e There is not an option with the Assistant for Nested Studies.

J

Example 5. Gage R&R Study.

Mahwish has set up a study examining the measurement system used when measuring the fire resist-
ance of plasterboard. The measurement given is time taken for the plasterboard to fail when exposed to
a set flame. She uses three operators and six parts, each part is split into three pieces. The same operator
tests the pieces from the same part. The parts represent typical parts seen within the process.

Using the results table carry out a Gage R&R Nested study to learn if the measurement system is suitable.
The data is in Worksheet: Fire Test.

1. Copy the data into Minitab. Part Operator Measurement
A Maryam 110.8
A Maryam 111.0
A Maryam 1109
B Maryam 109.6
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2. Click Stat <<Quality Tools Stat
<<Gage Study <<Gage R&R 214

Study (Nested). Quality Tools
zage Study
T—‘fy Gzage RA&R Study (Mested). .,

3. Complete the menu box as
shown. | have entered some
relevant information about
the test into Gage Info.

4. Then click OK.

Minitab produces this set of five graphs and also information within the session window. Note: the
Operator * Part graph is not available as all operators do not measure all parts.



The Components of Variation
Chart shows us that the Gage
variation is made up completely
of Repeatability. However, do
not assume that Nested studies
will not show Reproducibility
errors.

We can also see that the Gage
Error is smaller than the Part to
Part error.

As we did not enter a tolerance
we will not see any tolerance
metrics.

The R chart shows that the
measurement data for each
part is under control.

As the parts were distributed
randomly we would expect
the ranges for the operators to
be almost the same. A higher
range from one operator
would indicate a Repeatability
issue.

It can be seen that a number
of the points are outside of
the control lines. This indicates
that the part to part variation
is greater than the repeatabil-
ity variation.

Measurement System Analysis

%Contribution | %Study

Variation
Acceptable <1% <10%
Marginal <9% < 30%
Unacceptable | >9% >30%

249
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This chart shows the individual plots for each part by operator. Minitab compares the between batch
variation to the within batch.

If one operator is meas-
uring values higher than
the others it could be
due to the parts that
they received. We there-
fore need to assign parts
randomly to check if
the differences are due
to operators. The more
parts we have the better.

In our graph Maryam
appears to be measur-
ing a lower value than
the other operators. This
could be just due to parts

A and B. Gage R&R
The %Study Variation =Contribution
is 17.81% for the total source VarCounp (of WarComp)
GR&R. All of this is from Total Fage ERsR 0.03275 3.17
Repeatability Errors. Repeatability  0.03278 3.17
Feproducibilitcy 0.00000 .00
L Part-To-Part 1.00058 95, 53
Number of Distinct Total Variation  L.03333 100. 00
Categories is seven.
We can say that our Adtudy Var %3tudy Var
measurement system is  Source StdDew [SD) (6 * 3D [%5V)
Marginal. Total Gage ReR 0.18105 1.08628 17.81
Bepeatability 0.18105 1.08628 17.81
) Beproducibility 0.00000 0. 00000 0.00
Next, there is an exer- papr Tq_pare 1.00028  6.00167 ag. 40
ciseforyoutocomplete. Tgral variation 1.01653 £.09918 100.00

umher of Distinct Categories = 7



Measurement System Analysis 251

Exercise 3. Gage R&R (Nested) Study.

Han has set up a study examining the measurement system used when measuring the impact resist-
ance of steel. He uses three operators and nine parts, and each part is split into three pieces. The same
operator tests the pieces from the same part. The parts represent the variation seen within the process.
The tolerance for this measurement system is 3 kN and the aim of this study is to improve parts to the
tolerance.

Using the results table carry out a Gage R&R Nested Study to learn if the measurement system is suitable.
The data is in Worksheet: Impact Test.

Again the Gage variation
is made up completely of
Repeatability and the same
warning goes out again:
do not assume that nested
studies will not show
Reproducibility errors.

We see that the part to
part variation and the total
gage variation have similar
values. This is a bad sign.
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The %Study Variation
looks very high but this
study is focused around
the %Tolerance value.

The R chart shows that
the measurement data
for each part is under
control.

Only one of the parts is
outside of the control
lines. This indicates that
the part to part variation
is almost as great as the
repeatability variation.

%Contribution

%Study Variation
%Process

%Tolerance

Acceptable <1% <10%
Marginal <9% < 30%
Unacceptable >9% >30%
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We see that the spread of measurements around Parts 4, 5 and 6 is quite large compared to the other
parts. Iman may be having trouble measuring consistently.

The spread shown by the operators here may also be due to the parts.

Measurement by Operator

[e]
3571 8 0
Q 8]
35.4 ﬁ-\\*\_ﬁ E
: : g
35.1 “

Aisha Iman Mar\,.fa m
Operator
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In terms of %Tolerance
this measurement sys-
tem is almost marginal.
The %Tolerance figure
is only close to being
Marginal as the toler-
ance is quite wide. This
is something that Han
should consider.

Number of Distinct Cat-
egories is one.

We can say that the
measurement system is
unacceptable in terms of
%Tolerance and needs
to be improved.

Gage R&R
(Contribution
Source VarConp [of VarComp)
Total Gage R&R 0.0234037 45. 33
Repeatahility 0.0234037 45. 33
Reproducibility 0O.0000000 0.00
Part-To-Part 0.02501595 51.a87
Total Wariation 0.04584235 100, o0
Process tolerance = 3
atudy Var
Source atdbew [(3D) (6 % 3D)
Total Gage R&R 0.152953 0.91790
Repeatahility 0.152953 0.91790
Beproducibility 0. 0oo0oa 0.0oo00
Part-To-Part 0.155176 0.24906
Total Variation 0. 220053 1.32032

Mumber of Distinct Categories = 1

Fatudy Var
%53V

a3,
a3,
0.
71.
100,

52
52
aa
g
an

t(Tolerance
[3V/Toler)

30.
30.

0.
3l.
44,

&l
&l
aa
ad
ol
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6.13 Gage Bias and Linearity Study

/

Procedure

~

255

e Gage Bias and Linearity Study

Y

What's it
used for?

AN

e It is used to assess the Bias and Linearity of a Gage over its
operating range.

Y

N

Assumptions
and
Limitations

I\

* At least five parts that cover the operating range of the gage

must be used. There must be at least 10 readings from each part.

* The parts must be reference parts with known readings for each

part.

e It is best if the runs can be randomised and the parts kept blind.
e There isn't an option within the Assistant for Gage Bias and

Linearity Studies.

~

J

Example 6. Gage Bias and Linearity Study.

Uzzy wants to carry out a Gage Bias and Linearity study on the measurement system used to measure the
caliper of plasterboard. The reference parts representing each of the standard sizes of board are used.
The reference parts are 7.5, 9.5, 12.5, 15.0 and 19.0 mm. Each one is measured 12 times in a randomised
study. It is known that six times the historical StDev is 0.38.

Using the results table carry out a Gage Bias and Linearity Study to learn if the measurement system is
suitable.

Worksheet: Caliper B&L
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1. Copy the data from
the Excel file and
paste it into Minitab.

2. Click Stat <<Quality
Tools <<Gage Study
<<Gage Linearity
and Bias Study.

3. Complete the menu
box as shown.
4. Then click OK.

Stat
uality Tools

Gage Study

% zage Linearity and Eias Study. ..
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Minitab produces this output window with no information within the session window. We shall look at

the results in detail and see how it helps us to understand our measurement system.

The scatterplot shows the bias
(measured value - reference value)
for each part. The red dot shows
the average for each part.

Using Linear regression a line is fit-
ted through the bias data points on
the scatter plot.

The regression line has a confidence
band around it. If the zero line is
outside of the confidence band
then we have bias in our measure-
ment system when there are no lin-
earity issues.

As all points in this study are above
the zero line we have a positive
bias.

Bias

Regression
———95%CI

o [Data
B AvgBias

0.5 5 * :
. s .
. : -
" _;
i1 R 5 L S
L] !_ ' ¢ .
: P
! H
0.3 1
0.24
014
0.0

8 10

T T T
1. 14 16
Reference Value
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Minitab carries out two hypothesis
tests on the regression line, one to
check whether the constant (inter-
cept) of the line is zero and the
other to check whether the slope
of the line is zero.

We find that we can reject that the
intercept of the line is zero; that is
it does not go through the origin.

More importantly we cannot reject
that the slope is zero. This tells us
that the study does not have a lin-
earity issue.

The Linearity as a percentage of
process variation is 0.1%.

The gage bias table shows the
average bias for each part and
the values as a percentage of pro-
cess variation. The P values shows
whether the bias was significant
for that value.

To check for overall Bias we would
check the P value for the average
of the points.

Finally, we get a graphical display
of linearity and bias as a percent-

age of process variation. Percent of Process Variation
In summary, the real issue for this 1004
measurement system is bias. -E'

I

o

- 50

=8

0

LiI]E'iI_’II'it)' Bias
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Exercise 4. Gage Bias and Linearity Study.

Parky wants to carry out a Gage Bias and Linearity study on a weigh scale. Reference weights are used
which cover the range of the weigh scale. These are 100, 200, 300, 400, and 500 kg. Each one is measured
10 times in a randomised study. Process Variation is 1.5 kg.

Using the results table carry out a Gage Bias and Linearity Study to learn if the measurement system is
suitable.

Worksheet: Weights B&L

1.0 Reagression
=i = Q5 9G]
* Drata
= Avg Blas
0.5 1
=
5 00 O
=E)sia)
-1.0
T T T T T
100 200 300 400 500

Reference Value

The slope of the regression
line is significant so we have a
linearity issue. This is also seen
in the scatter plot.
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For the Average of the reference
values we find that the P value is
significant. This means that if the
linearity issue were resolved there
would still be a bias of 0.03 on
average.

As a percentage of process varia-
tion Bias is the bigger issue.

Percent of Process Variation

Percent

ol [

Linearity Bias




CHAPTER 7
Statistical Process Control

7.1 The Origins of Statistical Process Control

Dr Walter A. Shewart is credited as being the father of Statistical Process Control (SPC). It was in the
1920s when Shewart wrote to his boss and proposed his ideas. At that time he worked for the Western
Electric Company at the Hawthorne Works. (Incidentally, this is the same Hawthorne Electrical Works
where the famous Hawthorne Effect which relates to industrial psychology was recognised.)

Later William Demming applied the Statistical Control techniques to the production of munitions and
essentials during WWII. Demming also worked in postwar Japan applying the same techniques that
helped shape Japan as an industrial giant.

It was not until much later that control charts were used in nonmanufacturing environments, beginning

with Computer Software.

Dr Shewart recognised the
importance of reducing vari-
ation in manufacturing pro-
cesses. He also concluded that
continual process adjustments
by operators would in all like-
lihood increase variation and
result in more defects.

He looked at problems in
terms of common cause and
special cause variation. He
concluded that every process
displays common cause vari-
ation and set limits to when
the variation was caused by
new or additional factors

0.9+

0.8+

0.7 4

0.6 -

0.5+

0.4

0.3

lf WJ !

0.2

T
09:00 10:00

which he called special cause variation.

11:00 12:00 13:00 14:00

15:00 16:00 17:00 18:00 19:00

Dr Shewart used £3 StDevs as the control limits to separate common cause variation from special cause
variation. This figure shows a typical control chart indicating a process that is in control.

Problem Solving and Data Analysis using Minitab: A clear and easy guide to Six Sigma methodology, First Edition. Rehman M. Khan.
© 2013 John Wiley & Sons, Ltd. Published 2013 by John Wiley & Sons, Ltd.
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7.2 Common Cause and Special Cause Variation



0.9 Area of Special Cause Variation
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Upper Control
Limit

0.8 The area between the control lines is the area of

Common Cause Variation
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The control chart provides a simple way of detecting special cause variation. Usually the Control Limits
that are calculated will be within the tolerance limits of the process. The aim is to react when the control
limits are exceeded by investigating and rectifying the special cause. If we do this before we go out of
the tolerance limits we avoid defects and waste.

7.3 Detection Rules for Special Causes

When using the Classic Method
Minitab provides eight separate
tests for detecting special cause
variation. Test 1, which is the orig-
inal used by Dr Shewart, is always
on by default. However, you can
change the settings to your indi-
vidual needs as can be seen from
the menu. Minitab also allows
you to set the value of K which
will alter the settings at which
the individual Test works. You can
change the default options within
the Tools <<Options menu.

When using the Assistant the tests

Perform selected tests For special causes - K

v i1 point = K standard deviations from center lined 3
K. points in a row on same side of center line 9
K. points in a row, all increasing or all decreasing ]
K points in a row, alkernating up and down 14

K out of K+1 points = 2 standard dewiations From center line (same side) | 2
K. out of E+1 points > 1 standard deviation From center line (same side) 4
K. points in a row within 1 skandard deviation of center line {either side) 15

K. points in a row = 1 skandard deviation From center line {either side) g

used to detect special causes are set by default. In fact, the Assistant only uses Tests 1, 2 and a modified
version of Test 7 for the charts it produces. You can read about the tests used within the Assistant in the
Minitab White Paper for Control Charts.
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In order to show the special causes that Minitab 130 O
can detect we are going to use the following
control chart. It has a mean of 100 and StDev 1201

of 10. Note, where there is a sequence of test
points involved in a test that has failed Minitab 110+
only highlights the last point in the sequence.

100
Test 1: one point more than three StDevs from o0 ]
the centre line (outside the control limits).
80
704
12345678 91011121314 151617 18 18 23
Observation
1301
1204
1104 m
100 1 Test 2: nine points in a row, all on the same side
o of the centre line.
80
70
1 2 3 4 56 7 Ell QI 1|0111213141'51617181920
Observation
130
120 4
1104
Test 3: six points in a row all increasing or all 100-
decreasing.
90 4
B0
704

9 10 11 12 13 14 15 1-‘-5 17 18 19 20
Observation

—
r
L o
&
W d
(= 38
~J 4
o0 -
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1304
120
1104
1001 Test 4: 14 points in a row alternating up and
down.
90 -
€0 -
70-
1 2 ' 4 56 78 91011121314 1516 17 18 19 20
Observation
130 4
1201
110 4
Test 5: two of three points more than two StDevs 100 1
from the centre line on the same side.
90
804
J04
1 2 3 4 56 7 8 9 1011121314 1516 1718 19 20
Dbservation
1304
1204
1104
1001 Test 6: four of five points more than one StDev
from the centre line on the same side.
904
804
70 -
1 2 3 45 h 7 8 9 1011 12 1314 1516 17 18 19 20

Observation
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Test 7: 15 points in a row within one StDev of the

centre line (either side)

Test 8: eight points in a row more than one StDev

from the centre line (either side).

7.4 False Alarms

130 4

120 4

110 4

100 4

904

804

701

1 2 34 56 7 8 91011121314 15161718 19 20
Observation

704

123456 76 91011121314 1516 17 18 19 20
Observation

You may have already realised that there could be a slight problem. Even when you have a normally
distributed process by definition only 99.73% of the points will be within three StDevs of the mean.
Therefore, if you produce a control chart of a normally distributed process 0.27% of the points will be
outside the control limits, we call these false alarms. This is because these points are not the result of a
special cause but due to the intrinsic variation within the process that has resulted in the point being
outside the control limits. 0.27% is the equivalent of one point in 370. If the process has extended tails or
we add Tests 2-8 there will be additional false alarms. And remember the expectation is that all special

cause variation will be investigated.

Therefore, we must set a balance between the detection rules and generating alarms so that we don't
miss any important special causes and we don’t generate too many false alarms.
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[ 95.45%

99.73% !
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7.5 When Should We Use SPC Charts?

There is a massive number of potential uses for control charts. Most of the uses can be broken down into
four main categories.

Monitoring This is the obvious one. We want to be able to monitor our process and identify special
cause variation. When we see a control chart we can be confident and feel secure that our process is
being monitored and should things go out of control a reaction plan will come into play. This will alert
the right people so that they can investigate and rectify the situation. It should be an awful lot more
than a display of data.

Process Improvement Typically when we start improvement work our system is out of control. Initially
we should try to achieve stability before we try to understand our system and then finally improve. The
control chart can be an invaluable tool when it comes to bringing stability to the system and it helps
us to understand and eliminate special cause variation. As stated in the Minitab White papers for tests
related to Hypothesis Testing, including ANOVA, outliers or data related to special cause variation can
have a strong influence on the results of the tests. Therefore, if we are working on an improvement
project we should aim to make the process stable, in control, before we use hypothesis testing and other
characterisation procedures.

Characterisation As we are trying to achieve stability and start to identify special cause variation we can
trend multiple variables to identify the root cause of the special cause variation. This type of characteri-
sation work is shown in Exercise 1.

Defect Reduction Usually our control limits will be within our tolerance limits for the process. Therefore,
if we are using control charts to monitor the process we can react and rectify the process before the
specification limits are breached. This will reduce defects.
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7.6 Subgrouping

Before we start to discuss the types of chart we will be using we need to understand subgrouping.
Imagine a process where we are filling cans at a rate of 5000 per hour and require a consistent fill
level. In order to monitor the process we decide to take six consecutive cans every hour and check their
fill level. This gives us a subgroup size of six. From our process knowledge we know that the variation
between these six cans represents the short term variation of the process and the variation within the
subgroup is probably the best we can achieve.

Due to the deliberate manner in which we are taking six consecutive samples from the line we can
assume that when special cause variation takes place it will occur in the time period between sampling.
It is due to the design of our sampling/subgrouping that we can make the link between Special Cause
Variation and Between Group Variation.

Remember in the ANOVA chapter we said that ‘Overall Variation is the sum of the Within Group and
the Between Group Variation’. Due to our foresight we have set up our sampling regime so that the
variation within the subgroup will be representative of common cause variation. The variation between
subgroups will capture the special cause variation.

7.7 The Appropriate Chart

We will be looking at two common types of Control Chart which use subgroups. They are the Xbar-R
chart and the Xbar-S chart. Both of these charts are split into two sections. The Xbar chart is always at
the top and this displays the average of the subgroup. The Xbar chart is usually accompanied by either
the R chart or the S chart, where R denotes the range of the subgroup and S denotes the StDev of the
subgroup. It can be seen that on both charts the Xbar is displaying the average of the subgroup and the
R or S charts are attempting to display the within subgroup variation.

Charts which use subgroups give greater protection from false alarms generated by non normal distribu-
tions. As the subgroup size increases the greater the level of protection.

When it has not been possible to sample and analyse subgroups we use the I-MR chart. This is made up
of an individual value chart and a Moving Range chart. The I-MR chart would probably be used where
the sampling or analysis was particularly complex or onerous.



Having a subgroup size of one indicates individual data points without any subgrouping. If N = 1, then
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the choice is simple use an I-MR chart.

On occasion there will be more than the within variation trapped inside the subgroup. On these occa-
sions we use an I-MR R/S chart.

If we have established that we have subgrouping and that it only contains Within variation the recom-
mendation has always been that if you have a subgroup of less than nine you would use the Xbar-R
chart and for anything above that use the Xbar-S chart. Note that the R chart only uses the points at
the extremes to represent within group variation whereas the S chart uses all the points within the

subgroup.

7.8 The I-MR Chart

e |-MR Chart (Classic Method)

e |tis used to detect changes in time ordered data where individual

values are being examined.

s A
Procedure

\ Y,

g N\
What's it
used for?

\ J
s N
Assumptions
and
Limitations
\ J

¢ |-MR charts are usually used where it is not possible to sample and

analyse subgroups.

e The false alarm rate can be four to five times higher when the

distribution is not normal.

e Using optional additional tests is likely to increase the false alarm

rate.

e Control limits are calculated using the average moving range.
e Help <<Methods and Formulas shows how the control limits are

calculated.
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¢ |-MR Chart (Assistant)

e It is used to detect changes in time ordered data where individual
values are being examined.

s A
Procedure

\ J

s A
What's it
used for?

\ J
s N
Assumptions
and
Limitations
\ J

e The recommendation from the Minitab White Paper on Variable

control charts is to have at least 100 data points.

e The Assistant will only conduct Tests 1 and 2 for the | Chart and

only Test 1 for the MR Chart.

¢ If the data is generating a lot of false alarms and certain condi-
tions are met, the Assistant will offer to transform the data for

you; see example 2.

Example 1. I-MR Chart.

Willy Winker is developing a new Chocolate within his R&D laboratory. He takes a sample from the line
every 5 min and tests it for crunchiness. Testing for crunchiness is a difficult and time consuming process
therefore subgroups are not analysed.

Produce an I-MR Chart of Crunchiness and explore any process changes.

All data sets for this module are in file 08 SPC.xls. This example uses Worksheet: Crunchiness.

1. Copy all the data from
Worksheet: Crunchiness
into a new Minitab pro-
ject worksheet.

2. Click onthe Information
icon so we can check
the amount of data and
whether the format-
ting is correct.

Date
31072010
34102010
|3/10/2010
31072010
|3/10/2010
|310/2010

®

Time
9:00:00 AM
9:05:00 AM
9:10:00 AM
9:15:00 AM
9:20:00 AM
9:25:00 AM

Crunchiness Nougat

0.946
0.736
0.697
0721
0.650
0.891

0.3730
0.4355
0.4665
0.4390
0.4845
0.4580

Caramel
0.685714
0.712857
0.477857
0.637143
0.442857
0.442143

Sugar
34.44
3312
36.92
20.00
3264
26.84

Water
36.84
37.08
36.96
38.20
36.48
39.20

Gelling Agent
0.680
0.623
0.989
0.780
0.799
0.723



3.

We see that there is no missing
data and the column formatting
is correct. There are 121 rows of
data, which are for 121 samples.

. Click Stat <<Control Charts

<<Variables for Individuals
<<I-MR.

Thel-MR Chart produces the Individual

and

Moving Range charts on the

same sheet. As can be seen within the
full menu there are options available
which will allow the production of
only one of these charts if required.
This flexibility is only available using
the Classic Method.

5.

6.

9.

Select Crunchiness as the vari-
able to be plotted.

Then Click on Scale. The Scale
option allows us to use our own
labels for the x axis. The default
setting is just an indexed num-
ber for each point.

. For the X Scale click on the

Stamp radio button.

. Select Time first then Date. We

can add three layers of labels.
Minitab is telling us to put the
innermost first, in our case we
want Time to be immediately
next to the x axis.

Click OK and OK again.

Crunchiness
Mougat
Caramel
Sugar

‘Water
Gelling Agent

w Scale
O Index

Statistical Process Control

Count
121
121
121
121
121
121
121
121

' €

Stamp columns {1-3, innermost First);

Mi
0
o
0
0
u
a
0
u]

Time Date|

271
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Our I-MR chart is split into two sections. The top shows the individual values, there should be 121 of
these. The bottom is the Moving Range chart. This shows the difference in range of sequential points.
As it takes the difference of sequential points there are 120 points.

If we look at the data within the charts we see that none of the points are out of control. We also see a
period of lower variability towards the end of the run. We can hover over points to get the time when
this period started and then set up new control limits for the end of the run.



10. In order to set up new control limits
for the period of lower variability,
which was at the end of the run, click
on the Edit Last Dialog Box icon.

11. Click on I-MR Options.

12. Click on the Stages tab.

13. Use Time to define the Stage.

14. Use 16:45 as the time to start a new
stage. 16:45 is the time that the period
of lower variability is estimated to
have started.

15. Click OK and OK again.

Statistical Process Control 273

=
i ll

I-MR. Options. ..

Diefine stages (historical groups) with this variable:

Time

When to stark a new stage

" With each new value

' With the first occurrence of these values:

| 16:45]
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We now have two sets of control lines and two mean lines on each chart as Minitab has calculated new
control values for each period. However, the values for Xbar, MRbar, UCL and LCL only relate to the lat-
ter part of the chart. We can ask Minitab to display these parameters for each stage.

16. Click on the edit last dialog box icon.

|
wii [l

17. Click on I-MR Options.
I-MR. Options. ..
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18. Click on the Display tab.

19. In order to display all the stage
data click into the box for Display
control limit/center line labels for

all stages. —>!7 Display contral limit | center line labels For all stages!
20. Click OK and OK again.

Other

I Display kest resulks in Session window

We now have control limits and centre line values for both sections of the chart. If it does look untidy
or you cannot read the values as they are being obscured you can always drag the values to a more suit-
able location.

We have identified a trend within the common cause region and we will use additional I-MR charts to
investigate additional factors that might be involved with the period of lower variability for Crunchiness.
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Next to the Crunchiness column there are also columns of data for the following factors: Nougat,
Caramel, Sugar, Water and Gelling Agent. Data was also collected on these parameters at the same time
that data was collected on Crunchiness.

We will use I-MR charts to inves-
tigate each of the factors in turn
and check to see if any changes Cantrol Charts...
can be seen after the 16:45 index.

We will use the Assistant to pro-

duce an I-MR chart for Nougat.

Azsiskant

1. Click Assistant <<Control
Charts.

2. The Assistant will produce
charts for continuous and
attribute data but we are
only going to focus on con-
tinuous data. Click on the
Icon for the I-MR chart.

3. Select Nougat as the Data RS ekl
column.

4. Notice that the Assistant
gives us the option of specify-
ing control limits from known
values. We might want to use
these if we were producing
charts for an already estab-
lished process with estab-
lished control limits. As we Estimate From the data

don’t want this we will ask Lse known values
Minitab to calculate control

limits from the Data.

5. Prior to producing the chart
the Assistant scans the data
and alerts us if any points are
out of control or unstable
and gives us the option of
omitting them from the data.
We will leave these points in.
The Assistant actually carries
out a number of checks these

Caka column: | Mougat

Zontrol limits and center line
How will wau determing the conkral liniks and center line?

Estimate from the data -
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include checks for normality, Auto correlation and amount of data. The results of which will be
shown in the Report Card
6. Click OK to produce the chart.

On the top left of the Summary Report we see an indicator bar that should now be familiar to users of
the Assistant. It is asking whether the process mean is stable and the answer is no because 13.2% of the
points are out of control.

On the right hand side we see the | and MR charts. We can see that there has been a shift in the Nougat
level near the time we were interested in. Disappointingly, we cannot set the index within the Assistant.
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The Stability Report enlarges the I-MR charts allowing us to look for patterns more easily. At the bottom
of the page we see the points that were deemed to be unstable are listed.

The Report Card follows a familiar format as well. We are told that normality was not an issue because
less than 2% of the points were outside of the control limits. If this condition was not true the Assistant

would carry out a normality check on the data. If appropriate it would offer to transform our data if we
required.

As the time when the Nougat level reduced was similar to the reduction in variation in Crunchiness we
have discovered a possible link that merits further investigation. In the real world we would carry out
further trials in order to investigate if there was a link.
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Exercise 1. I-MR Chart.

We wanted to investigate the change that we noticed in Crunchiness and we have produced an I-MR
chart for Nougat. The I-MR chart for Nougat showed us that the level of Nougat reduced during the
period we were interested in. There are four remaining factors that need to be investigated; Caramel,
Sugar, Water and Gelling Agent. Use the Classic Method to produce I-MR charts for Caramel and Sugar,
use Time as the x axis scale. Use the Assistant to produce I-MR charts for Water and Gelling Agent. Look
for trends within the charts that could help explain the change in Crunchiness.

Worksheet: Crunchiness.

The I-MR chart for Caramel is consistently in control. No unusual trends can be seen within the Individuals
chart or the Moving Range chart.

No Change at 16:45




280 Problem Solving and Data Analysis using Minitab

The I-MR chart for Sugar is consistently in control. No unusual trends can be seen within the Individuals
chart or the Moving Range chart.

No Change at 16:45
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The Summary Report for Water states that the process mean is stable with no points going out of
control. The I-MR chart for Water is consistently in control. No unusual trends can be seen within the
Individuals chart or the Moving Range chart.
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The Summary Report for Gelling Agent states that the process mean is stable with no points going out
of control. The MR chart does show two points that are out of control. Within the | chart we see that
there is reduced variability during our target time which we could only identify by looking at the charts.

In Summary we have used the I-MR charts not to investigate process stability but to explore a trend that
was of interest. We managed to link the factors of Crunchiness with Nougat and Gelling Agent. In the
real world this would only be a start and we then might want to set up further experiments or further
investigate the link within our factors by using hypothesis testing.

Example 2. I-MR Chart.

As an experiment Humzah decides to check how long it takes him to roll two sixes. He starts a timer and
then continuously rolls the dice until he throws two sixes. He repeats this 120 times. Produce an I-MR
chart of the data to assess whether the process is in control.

Worksheet: Dice.

1. Copy the single column of data from Worksheet: Dice into a new Minitab project T
worksheet. 18.897
G866
10519
27 367

141 ana
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2. Click Stat <<Control Charts <<Variables for

Individuals <<I-MR. otat

Control Charts 4

Variables Charts For Individuals » 2% 1-MR...

MR

3. Select Time as the variable to be charted.
4. Click on OK to produce the chart.

Variables:

Tirme

5. Inspect the graph that has been produced.

A couple of things stand out about the graph. The first is that there are a number of points out of con-
trol on both sections of the graph.

We need to have a look at the type of distribution we are dealing with so we can make some better
decisions. We will produce a histogram of the data.

6. Select Graph <<Histogram. Graph

il Histogram...
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7. Select the option for with Fit
producing a histogram
With Fit.
8. Select Time as the vari- raph variables:
able to be plotted. Click Time
OK.
9. Inspect the histogram. Histogram of Time

Mormal

o
o
1

It can be seen that the histo- Mean  43.11

gram is right skewed. There Etoe-a 531.2;

are now two possibilities, one 50
is that the distribution should
be normal and the out of 40

control points that have been
identified will help us correct
the process. The other possi-
bility is that the process does

Requency
L
i

[
o
|

not follow a normal distribu- e
tion and the out of control 104
points are false alarms. /
D T T T T T 'T‘ T T—
-60 a 60 120 180 240 300

Time

Due to the fact that we are dealing with a very simple process with a fairly large sample size we can
assume that the skewed distribution is representative of the process. After making this decision we can
use a Box-Cox Transformation to transform this distribution into a normally distributed one. For this
transformation to work the distribution must be positively (or right) skewed and all values must be
greater than zero.

We should not take the decision to transform lightly. We should only transform the data if we are sure
that out of control points are due to the natural distribution of the process and not due to special causes
influencing the data. This means that we should not transform the data if we were expecting a normally
distributed process.
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The transformation process is

two step. Initially we need to tat

find the optimal value of the  Confral Charts b BO% Box-Cox Transformation...

(Hik]
conversion factor, lambda.

10. Click Stat <<Control

Chart B C |.-5.II observations for a chart are in one column:
arts <<pox—_Lox

[~}

Transformation. Ensure Time
the selector is set to
all values in one col-

P

umn. Select Time as the

Variable and Subgroup Subgroup sizes: | 1 (enter @ number or ID column)
size as 1.
11. Click on OK.
12. The Box-Cox Plot is pro- ;
duced. We are given the Box-Cox Plot of Time
Lowiar CL Upper CL

95% confidence interval 4004
for the optimal conver-
sion factor. The value
used in the chart is the 3004
Rounded Value. The
rounded value is usually
a value that is easy to
use within the transfor-
mation, such as 0 which
corresponds to the natu- 1004
ral log or 0.5 which cor-
responds to the square

200 7

StDev

Lambd=
{using 95.0% confidence)
Estimats -0.12
Loweer CL -0,30
Uppsr CL 0.07

Rounded Walus .00

Limit

root. We have been 04

. T T T T T
given arounded value of -3 -2 -1 ] 1
0.00 for this conversion. Lambda

13. Click Stat <<Control Charts <<Variables for

Individuals <<I-MR. akat

Control Charts

3

Wariables Charts For Individuals » % 1-MR...

14. Click on I-MR Options
15. Click on the Box—Cox tab. I-MR Options. ..

IMR
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16. Activate the Use a Box—Cox Transformation
tick box. Having analysed for the optimal
value of Lambda we know that we want to
use the default value of Lambda = 0.

17. Click on OK and OK again.

Minitab produces a control chart using the transformed data. We can see that both sections of this chart
are in control. Notice that the control limits are also in equivalent transformed units.



1. In order to produce
the Control Charts
for this data using
the Assistant click
Assistant <<Control
Charts.

2. Click on the Icon for
the I-MR chart.

3. Inthe Menu box that
opens select Time as
the Data Column
and set the selector
box to estimate con-
trol limits and centre
line from the data.

4. Minitab will ask if
we wish to omit any
of the out of con-
trol points from the
data but we want
to leave them all in.
Click OK.

Due to the number of
out of control points the
Assistant carries out a nor-
mality check on our data.
We are warned that our
data is non normal and
due to this we may see an
increased number of false
alarms. We are asked if
we want to transform our
data with the guidance
that we should not trans-
form the data if we were
expecting our process to
produce normal data.

5. Click on Yes to trans-

form the data.

Assiskant

Control Charts, ..

I-MR Chart

-

¥

mgre,.,

Statistical Process Control
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The Stability Report shows us the same charts that we saw previously when we used the Classic Method.

The Report Card gives us the all clear in terms of the checks that it carries out.

Exercise 2. I-MR Chart.

Igra measures the concentration of micro-organisms on industrial air conditioning filters. From historical
data she knows that the distribution is naturally skewed. Help Igra produce an I-MR chart of her results.
Initially produce a histogram of this data and visually check if the distribution is positively skewed and
all values are greater than zero. Then use the Classic Method and the Assistant to produce an I-MR chart

of the transformed data.

Worksheet: Air.
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From the histogram it can be seen that the distribution is positively skewed. A check of the data shows
that all values are greater than zero.

Histogram of Conc,
Mormal

a0 - Mean 1256
StDew 1435
H 150
40
Z 30 ]
£
]
=
[y
]
& 204 /
104
I:I T T T T T I T —
-150 ] 150 300 450 a0 730
Conc.
The Box-Cox Plot is Box-Cox Plot of Conc.
produced and gives
Loweer CL Upper CL
us a Rounded Value 160 T
for Lambda of 0.26. 150 4 {using 95.0% confidence)
Estimatz 0.2
140 4 Loweer CL 0.18
Upper CL 0.35
Loy Rounded Value  0.26
= 1204
d
& 110
100
a0 4
a0+
e 5 Limit
T T T T T T T T T
-04 -0.2 0.0 0.2 04 0.6 g 10 1.2

When you go to the
Box-Cox tab and
engage the selector
for the transforma-
tion also select the
radio button for the
Optimal lambda.

Lambda

¥ Use a Box-Cox transformation (W = Y=*Lambda)

" Lambda =0 (In)

o~

Lambda = 0.5 (square root)
(s ¢ "a"‘

L

" Optimal lambda for each stage (in a chart with stages)

'@

Other {(enter a value between -5 and 5):
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With the transformed data we can see that both the | chart and the MR chart are in control.

When we use the Assistant to complete the same procedure the Stability Report should show us the
same charts that we saw previously when we used the classic method.

I-MR Chart of Transformed Conc.
Stability Report

Is the process mean stable?
Inwestigate out-oF-contral paints, Loak For pattemns and trends,

L =6.651
8 64
8
3
X=2910
24
& 04
L =-0.830
T T T T T T T T T T
1 16 31 &5 a1 i) a1 106 121 136
Observation
Is the process variation stable?
Inwestigate out-of-control paints, Look For pattemns and trends,
L =4.595
MR=1.406
LO=0

T
1 16 3 6 1 76 a1 106 121 136



The Report Card
should not give
us any warnings.

7.9 The Xbar-R Chart

Statistical Process Control

291

e Xbar-R Chart

e |tis used to detect changes in time ordered data where subgroups

are being examined. Subgroup sizes should be between two and
eight, inclusive.

e Used when there are subgroups and not individual data points.
e The subgroup (within group) variability must be in control before

examining the Xbar values (between groups). This is because the
subgroup variability is used to calculate the control limits for the
Xbar control chart.

e Help <<Methods and Formulas shows how the control limits are

calculated.

~

s A
Procedure

\ J

s A
What's it
used for?

\ J
s N
Assumptions
and
Limitations
\ J

Example 3. Xbar-R Chart.

On the chocolate bunny line Willy Winker is taking five samples at the start of every hour and weighing
them. Initially four sets of samples were taken in the startup phase but these are not deemed to be a

part of the production run.

Produce an Xbar-R chart of bunny weight and explore any process changes.

Worksheet: Bunny.



292 Problem Solving and Data Analysis using Minitab

1. Copy all columns of data from
Worksheet: Bunny into a new
Minitab project worksheet. The
hourly times that the samples
were taken are in the Time col-
umn and within the same row
are the five weights that were
recorded. Therefore, we will
consistently have a subgroup
size of five within this chart.

2. Click Stat <<Control Charts

<<Variables for Subgroups tat
<<Xbar-R. Control Charts ]
Variables Charts for Subgroups » ?—i'—‘ XbarR...
3. The Xbar-R chart menu opens. lOI:-servati-:-ns fFor a subgroup are in one row of columns: A

Normally Minitab takes data in
columns so we must tell it that
the subgroup data is across
the rows. Select ‘Subgroup
Observations in Rows’

all observations For a chart are in one column:

Observations far a subgroup are in one row of calumns:

4, Select columns Weight1 to - . . : - ——
Weight5 as the data to be Observations for & subgroup are in one row of colurmns: -

charted. o

Weight1-WeightS

5. Then Click on Scale. For the X ¥ Scale
Scale click on the Stamp radio S
button. Select Time. Ty ;tamp

6. Click OK and OK again.
Starmp columns (1-3, innermost firsk):

Time|
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We have produced an ini- Xbar-R Chart of Weightd, ..., Weight5
tial Xbar-R chart but really

we should have removed AN T
the startup data before we e
started. We actually did
this to demonstrate the use
of the Data Options menu
which can be used within '

any Of our Chart types When Pnl'-\ DIIZ) 2:00:0‘0 Al S:UD:UIU Al S:UU:UID F\:ﬂin::UU:IIJD Al 2:00:0‘0 P S:UU:UID PM S:UU:UIU P II:DU:IUU P
using the Classic Method.

We are going to use the Data
Options Menu to remove 30

Sample Mean

LCL=21.02

L
en
H [
g
the first four subgroups. g
E Fi=14.68
& w4
0 LCL=0
A;ﬁ DIID 2:00:0‘0 Al 5:00:0‘0 Al 8:00:0‘0 A 11:00:!‘30 Al 2:00:0‘0 Pr 5:00:0‘0 P S:DEI:IJIIJ PR 11:00:‘00 Pr

Time

7. Click on the edit last
dialog box icon.

=
il

8. Then click on the Data _
Options button. Data Options...

The menu works by either
specifying which rows to
include or exclude, depend-
ing on which is easier for the
user. There are also a num-
ber of options on specifying
the rows. It can be done by
row number, brushed rows
or we can set up logical
conditions. When specify-
ing items Minitab uses the
same system all the time. 1:4
means 1 to 4 inclusive. 2:6
10 would mean 2 to 6 inclu-
sive plus 10.

9. Select the radio button
to specify which rows
to exclude.

10. Select the radio to
specify selected row
numbers. Enter 1:4.

11. Click OK and OK again.
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There is a single point on the R chart that is out of control. We must address this first before we consider
the Xbar chart. This is because the within subgroup variation is used to calculate the Xbar control limits

on the Xbar-R and Xbar-S charts.

We will now have a look at the data within the 01:00 subgroup.

12. Click on the Show Worksheets icon.

We see that there is an unusual value
for Weight1 at 01:00 of 7.0. After a
thorough and exhausting investigation
we found that the value was a typing
error; it should be 27.

13. Correct the value from 7 to 27 by
editing the value on the worksheet.

14. We are going to update the graph
using a shortcut rather than go
through the menus again. Click on
the Show Graphs icon.

\

N1 e

EE i

|Sh|:|w ‘Worksheets Folder I{Ctrl+.ﬁ.lt+D]||

27U A0

1:00:00 AM 7.0
O0-re kA 21N
2L A0 *U
1:00:00 AM 27.0
OO-ree kA 21N

v

LEEO®H "

.G
220

i

2.1
220

i

2.0
450

ann

2.1
45.0

aTn

&

[Showe Warksheets Folder {(Crrl+al+0 |

g¢.d
336

aan

gi .
336

aon

g8
J0kB

1A

di.
0.6

1A
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15. Right click on the graph and select Update Graph Automatically.

Having selected this option the graph will now automatically reflect the data within the worksheet.
There is also the option to Update Graph Now which is a single update.
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We see that the R chart is now in control. However, a different point on the Xbar chart is now out of
control. The reason for this is that the high subgroup range generated by the data at 01:00 widened the
control limits for the Xbar chart. Since that has been corrected the Xbar control limit width has become

smaller.

We now need to investigate why the subgroup average at 20:00 is high.

:t:2Xbar-R Chart of Weight1), ..., Weight5

Xbar-R Chart of Weightl, ..., Weight5

40 P
c 357
3
s
@ 304
(=1
5
@ o5

20+ T T T T =

00:00 0200 0400 0600 08:00 10:00 UCL=39.
Ti
ymbol: Sample = 20:00, Sample Mean = 39

30
S
£ 20+
o
@
o
£ 10-
w

04

0000 0200 0400 0600 0800 1000 12000 1400 1600 1800 2000 22:00
Time
Looking at the 20:00 subgroup we 5.00.00 PM 8.9 98 27 2 A1E

see that all the values are at the top
end of the range giving a high aver-

UCL=39.20

LCL=22.17

] ucL=31.22

R=14.76

LCL=0

4.2

age value. Although the point is out of control it is deemed to be acceptable by Willy Winker.

This example is intended to highlight that the correct procedure is always to address the control limits
on the R chart prior to addressing issues on the Xbar graph. This is because the within subgroup varia-
tion is used to calculate the Xbar control limits on Xbar-R and Xbar-S charts. On I-MR charts the average

moving range is used to calculate the control limits on the Individuals chart.

We will now chart the same data set using the Assistant. As we have changed the data set it would prob-

ably be a good idea to reload the data set into a new Minitab project.




1. Click Assistant <<Control
Charts.

2. Click on the Icon for the
Xbar-R chart.

3. Again, we must tell Minitab
how the data is arranged.
Select Data are in Multiple
Columns from the drop
down box.

4. Select the Data Columns as
Weight1 to Weight5 and
use the next selector to tell
Minitab that we want con-
trol limits to be Estimated
from the Data.

As soon as we tell Minitab how
we want the control limits to
be calculated we are asked to
omit the points which are out of
control.

5. Click the selector to omit
the first four points which
were not part of the pro-
duction run.

6. Click OK.

Statistical Process Control 297
Azciskant
Contral Charks, ..
Xbar-R Chart
':-I.
MICEe .,
Howe are wour data arranged in the worksheet?
|Daka are inone column for all subgroups v_l
Diata are in one colurmn For all subgroups
Data arein mulkiple co subgraup
Process data
How are yaour data arranged in the warksheet?
Daka are in mulkiple colurmns, one row For each subgroup
Draka columns;
Weight1-wWeightS
Control limits and center line
Haow will wou determine the contral imits and center line?
Estimate From the data -
If waou omik a subgroup, it is excluded Fram the calculations For bokh charts,
Omit  Subgroup Chart Reason -~
I 1 nBar Below lovwer contral limit
I 2 nBar Below lower contral limit
I 3 nBar Below lower contreal limit
[ 4 wBar Below lower contreal limit
r fi R Above upper conkral limit
r 5 - 24 ®Bar  shift in mean w
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On the Stability Report
we see both the Xbar
and R charts. It looks as
though Minitab has not
omitted the first four
points. In actual fact it
has omitted the first four
points from the calcula-
tions of the control limits
and the mean. In order to
tidy up the chart we will
delete the data points
that we don’t want from
the actual worksheet.

Xbar-R Chart of Weight1, ..., Weight5
Stability Report

Is the process stable?

Investigate out-of-control subgroups. Look for patterns and trends.

40

UCL=39.58

7. Select the first four rows
of data by left clicking
and dragging.

8. Click Edit <<Delete Cells.

9. Correct the Typo, change
7 to 27, which is on the
first column of the 01:00

=
r“-.___.---""ﬁ N = oy ~ — i —y ._.“" 1 ‘--._‘ o - - §=30,52
5 20 ,"I LCL=21.46
z b
BB 8
il
40 ]
.’.' T UCL=33.20
. /
g z0 4 +
T : ~— IS T Ll f=15.70
= s [/ e TV ety 4 N/ *
L f -I‘ T T T T T T T T e
1 4 T 10 13 16 19 22 25 28
Subgroup
Chart Reason Dut-of-Control Subgroups
¥Bar Unusually small mean 1-4
Shift in mean el
R Unusually large range &
4 C1.T 2 3 C4 5 Ch
Time Weightl Weight? Weight3 Weightd Weightd
1 3] 55 X '
2 g, 5.4 o]
3 &, 4.5 1.2 :
4 72 8.6 7.
- — — — — — m—
Edit
> Delete Cells
12T LILELILT A0 48 Falui LU T farn} J2.8
1:00:00 Abd 270 220 450 336 306
OO kA 24 1N e a7 Ei=Ny]| oA

subgroup.

The Assistant does not allow the chart to be updated as per the Classic Method. When using the Assistant
the chart must be redrawn from the Assistant menu.
10. Redraw the Xbar-R chart using the Assistant menu.
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Once the chart is redrawn the Stability Report should look like the one shown here. This is exactly the
same as the one we produced using the Classic Method.

7.10 The Xbar-S Chart

4 )

Procedure e Xbar-S Chart

\ /
4 N
Wh at's |-t e Itis used to detect changes in time ordered data where subgroups
are being examined. The chart is for subgroup sizes of nine and
used for? greater.
. %
4 N
~N
e Used when there are subgroups and not individual data points.
: e The subgroup (within group) variability must be in control before
Assum ptlons examining the Xbar values (between groups). This is because the
a nd subgroup variability is used to calculate the control limits for the
.. . Xbar control chart.
Limitations ¢ Help <<Methods and Formulas shows how the control limits are
calculated.
J
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Example 4. Xbar-S Chart.

Willy Winker ‘s secret to making a good doughnut is the internal hole diameter of the doughnut. This is
carefully monitored and controlled at the plant using Xbar-S charts. Ten doughnuts of Type A are sam-
pled on the hour. At half past the hour, ten doughnuts of Type B are sampled.

Produce an Xbar-S chart of doughnut hole diameter and explore any process changes.
Worksheet: Donut.

1. Copy all columns of data
from Worksheet: Donut
into a new Minitab pro-
ject worksheet.

2. Click onto the Information e
icon and check the data @
formatting.

3. We see that there are 48
rows of data. There are
ten columns of data on
internal doughnut hole
diameter which will form
the subgroups. The Shift
column contains the times
that the doughnuts were
sampled.

4. Click Stat <<Control Charts

<<Variables Charts for tat
Subgroups <<Xbar-S. Control Charts 4
Variables Charts for Subgroups » f_,?;f‘ *bar-S..,
5. Select “Observations for a !rDbserv-ah'-:m faor & subgroup are in one row of colurns: ] '

subgroup are in one row’.

all observations for a chart are in one column:

Dhservations For a subaroup are in one row of columns!



6. Select the data from Dia01 to
Dia10 to form the subgroups to
be plotted.

7. Then Click on Scale.

8. Click on the Stamp radio but-
ton and then select Shift as the
Stamp. Click OK and OK again.
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Xbar-5 Chart 3]

c1 S'_"”:t |Observati0ns for a subgroup are in one row of columns: ﬂ
e Diall
c4  DialZ Dia01-Dia010
5 Dial3
& Dial4
7 Dials
5 Dials
-9 Dial?
C10  Dials
C11 Dial9
Z12 Dia010
Seale... | Labels. .. |
Multiple Graphs. .. | Data Options. .. | #bar-5 Options. .. |
Help oF | Cancel |
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On the S chart we see one point that is out of control and we see an unusual pattern within the Sbar
chart.

We will produce the chart again but on this occasion we will switch the additional tests on.

9. Click onto the edit last dialog
box icon.

[ |
il

10. Click onto Xbar-S Options.

cl Shift

: -
s Diab1 Observations For a subgroup are in one row of calumns: 4'
C  -Dia02 Disb1-Dis010
S Cia03
[al-3 iz
7 Dials
Lat=] Dzl
Za D07

10 Diabs
11 Dia09

12 Dia0lo
Scale. .. | Labels. .. |

Multiple Graphs. .. | Caka Options. .. | ®bar-5 Options. .. |
Help (9]¢ | Cancel |
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11. Click onto the Tests tab.

12. Click onto the selector tab and choose ¢
Perform all tests for special causes.

13. Click OK and OK again.

We see that the Sbar chart fails Test 4 in addition to Test 1. Test 4 is failed due to 14 points alternating
up and down.

We need to investigate the reason for the additional failure of Test 4.
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14. Click on the Session win-
dow icon. More detail of
the test failures can be
seen. We are given a list of
the points that failed each
test. For Test 4, these are TEST 1. (ne point wore than 3.00 standard deviations frow center line,
the points that appear at et Failed ot points: 2
the end of the consecu-
tive sequence of 14 points,  TEST 4. 14 peintz in a rov alternating up and down,
which alternate up and  Test Failed et yoints: 15, 16, 17, 1, 19, 20, 21, 22, 23, 24, 25, 26, 11, 43, 4, 45, 46, 41, &
down.

In order to try and understand
the failure we are going to pro-
duce separate charts for both
Type A and Type B doughnuts.

‘=
il

15. Click on the Edit Last
Dialog box icon.
16. Click on Data Options.

We are going to use a logical Specify Which Rows To Include
condition to select the type ' allrows

of donut that we are going to & & :
chart. C ushedrons
17. Under Specify Which
Rows to Include, click on
the radio button for Rows
that match. Then click on
Condition.

Condition. ..

" Row numbers:
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18. Within the Condition box enter Condition:
Type = ‘A’ as shown. This means
that only rows of type A dough- Type = "Q“I
nut will be selected for the chart.
The conditional selector is quite
powerful and allows the logical
conditions to be extended by
using And, Or and Not.
19. Click OK, OK and OK again.

20. Having multiple charts with the same title can get confusing so double click onto the chart title and
edit it to include the doughnut type.

Both the Xbar and S chart are in control for Type A.

21. As a mini exercise produce the Xbar-S for Type B.
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We see that most of our problems have been cured by separating Type A and Type B doughnuts. The
problem was simply having two different items on the chart. The two types of doughnut trapped what
appeared to be too much special cause variation between the subgroups.

For Type B doughnuts we still see one point that is out of control, this is the subgroup for 13:30. We must
investigate this before making conclusions about the Xbar graph.

Xbar-S Chart of Diameters for Type B

UCL=29,113

29+

H=27.485

Sample Mean

LCL=2E 208

T T T T T T T T
0:20 2120 420 E120 @20 10:20 12:20 1420 1E:20 12:20 2mz20 22:30
Shift

UCL=2.264

: ]

LL=0.472

Sample StDav

T T T T T T T T
030 230 430 B30 Fi30 10:30 12:30 1420 16:30 130 230 22:30

Shift

13:30 B 22 X3 A5 kBl 253 4000 OO 2945 2850 2820

The S chart is out of control on a single point. However, since the Xbar chart control limits will be based
on the within group variation, we must first address the issues on the S chart before we continue.

Looking at the data for time 13:30 Willy finds another typing error. Dia6 should be 30 not 40.

22. Change the value of Dia6 and update the chart for Type B doughnuts and check if there are any
further points out of control.

28 1330 B 225 3% A5 kB0 3% 3000 X000 A4 2850 2920
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With the correction the S chart is now under control and we can now conclude that the Xbar chart is
also under control.

Within the example we saw the importance of correctly setting up subgroups. Although the doughnuts
of Type A and Type B have a similar average hole diameter, the StDev within the subgroups is very dif-
ferent. Type A has an Sbar of 2.861 and Type B of 1.465.

We will not repeat this example using the Assistant as the approach would be quite different and there
would not be any new learning.

7.11 SPC Exercise

Exercise 3.

Willy Winker is developing a new chocolate coin and wants to understand the properties of the foil
that the coins will be wrapped in. He understands that the pulse time of the electroplaters (P_Time)
and concentration of the electrolyte (Conc) both affect the wear resistance of the gold plate on the foil
wrapping.

In order to ensure both of these properties are in control and predictable before further development
work is done Willy Winker wants confirmation using the appropriate control chart.

Produce control charts for both P_Time and Conc using the data provided within Worksheet: Coin. The
data has already been put into subgroups. Use the Classic Method and the Assistant to produce the
charts.
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As P_Time has a subgroup
size of 10 we should use an
Xbar-S chart to check if the
datais in control. We see that
for P_Time both the Xbar
and S charts are in control.
Using the Classic Method or
the Assistant produces the
same charts.
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As Conc has a subgroup size of Xbar-R Chart of Concl, ..., Concs
five we should use an Xbar-R

1401
. .. L= 13645
chart to check if the data is in
1200
control. For Conc we see that g
both the Xbar and R charts 3t Tose 67
. =9
are in control. 5 e
504 LCL=E6.89
0:00 200 £:00 300 100 1500 1800 2100 0:00 3400
Time_1
160
L= 1458
o 1204
o
2
;:. R=63.0
g
&
LoL=0
040 00 B0 a0 1200 1500 1800 2u00 0un 0
Time_1

Knowing that there isn’t any spe-
cial cause variation that affects
these products will help produce
a stable foundation for further
development work.
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7.12 The I-MR-R/S Chart

4 )
Procedure e |-MR-R/S Chart
\ %
4 )
Wh at's it e |tis used to detect changes in time ordered data where subgroups
used for? are being examined.
\ %
4 )
\
* The I-MR-R/S chart is used when the data contains subgroups.
: However, the subgroups contain more variation than just the
Assumptlons Within variation.
a nd e Using a Xbar-R or Xbar-S with this type of data could hide out of
L. . . control points as the Xbar variation is based on the exaggerated
Imitations within Subgroup variation.
e The I-MR-R/S chart is not available in the Assistant. )
- J

Example 5. I-MR-R/S Chart.

In a bid to break Willy Winker’s monopoly on cream cakes, Mahwish starts to mass produce her double
jammed cream scone. She carefully monitors her process by checking one scone every hour. The diam-
eter of the sample is checked in three planes, 120° apart and the results are recorded. Produce an Xbar-R
chart of scone diameter and establish if the diameter is out of control. Repeat the exercise using an
I-MR-R/S chart.

Worksheet: Scone.

1. Copy all columns of data from Work- | pjameter1| Diameter2 Diameter3
sheet: Scone into a new Minitab pro- R 187 24 905 9 040

ject worksheet.
26157 27210 26.019

25,9594 246528 26.038

[ g g} == | a5 QA
2. Click Stat<<Control Charts<<Variables
Skat
for Subgroups <<Xbar-R =
Control Charts »

Yariables Charts for Subgroups » j%;‘ ¥bar-R...
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3. Select ‘Subgroup Observations in Rows’ o — —
and then select the three columns of data | Observations for a subgroup are in one row of coumns: ¥
as shown. | Diameter1-Diameter3

4. Click OK to produce the chart. '

We see that the Xbar-R chart shows that the process is control in terms of the sample range and the
subgroup mean.

However, on this occasion we know that the subgroup is capturing common cause variation and the vari-
ation between the three positions where diameter is measured. Therefore, the Within Group variation
estimate is exaggerated. As we know that the limits on the Xbar chart are calculated using the Within
Group Variation we know they will also be exaggerated. That is why we use the I-MR-R/S chart and it
also highlights the need to be mindful when selecting subgroups.

Xbar-R Chart of Diameterl, ..., Diameter3

UCL=26.744

26,54
5
g 26.0
Z oad
o ¥=25.657
8 255
£
k-
Jix}

25,04

ZHan T T T T T T T T T T T Hee il

1 4 7 10 13 16 19 22 25 28 31
Sample
3 —
UCL=2.734

&

2 27

g

=4

Z

g R=1.082

]

s}

0 LCL=0
T T T T T T T T T T T
1 4 7 10 13 16 19 22 25 28 31
Sample

5. To produce the I-MR-R/S chart Click Shat
Stat <<Control Charts <<Variables 24
for Subgroups <<I-MR-R/S. Control Charts »

Yariables Charts For Subgroups #
7= I-MR-R/S (Between/\Within). ..
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6. Select ‘Observations for a subgroup
are in one row’ and then select the
three columns of data as shown. Diameter 1 -Diameter3|
Notice that the menu and the sub-
menus still carry the same format as
the other charts we have produced
using the Classic Method.

7. Click OK to produce the chart.

Observations For a subgroup are in one row of columns: -

Scale... | Labels, .. |

Multiple Graphs. .. | Data ophions. .. | I-MR-RJS Options. ..

The I-MR-R/S chart shows that the process is out of control. The chart is made up of three subgraphs. The
top one shows the subgroup mean. The middle one shows the moving range of the subgroup mean. It is
the short term variation of the moving mean that is used to calculate the control limits of the top graph.

The bottom chart gives the subgroup sample range. It is the same graph at the bottom of the Xbar R
chart we previously produced. Minitab displays an R chart or an S chart depending on the chosen estima-
tion method and the size of the subgroup.



CHAPTER 8
Process Capability

8.1 The Basics of Process Capability
Process Capability studies are necessary to ensure that our process outputs meet our customer

specifications.

We want to ensure the distribution produced by our process, Voice Of the Process (VOP) lies completely
within the specification of the customer, Voice Of the Customer (VOCQ).

Voice of the Customer  VOC
Voice of the Process VOP

Capability =
Equation (8.1)

We use the following to measure this type of Process Capability:

C, Co PP,

pk’

Other measures include DPMO (%).

In order to introduce the basic concepts we will work through the first example and learn the terminol-
ogy used within Process Capability.

Example 1. Dam Busters.

Sir Barnes Wallis developed the bouncing bomb in order to attack the Ruhr dams. There was a lot of
development work done to ensure the best design was used. For this example let's pretend that we
want to explore the process capability of the bomb design. We will consider the cylindrical bomb and
the spherical bomb.

Explore the capability of both types of dam busting bomb when fired from a Lancaster bomber.

The distribution of bomb spread is given for the optimal firing distance, therefore, we need only con-
sider the x dimension.

No data file.

Problem Solving and Data Analysis using Minitab: A clear and easy guide to Six Sigma methodology, First Edition. Rehman M. Khan.
© 2013 John Wiley & Sons, Ltd. Published 2013 by John Wiley & Sons, Ltd.
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LIS

[ BDI-T1a%

Q Wit =
I <0

Let's start by looking at the cylindrical bomb. Let’s say that the width of the dam is 30 m; we can say
that Upper Specification Limit (USL) — Lower Specification Limit (LSL) is 30 m. This is the Voice Of the
Customer (VOCQ).

LSL USL

Distribution of spread
when fired, 6 = 3

Following extensive development work it has been found that there is a spread of impact locations that
the bomb will produce when it is fired from the optimal firing distance. This spread or distribution has
been checked and it has been found that the StDev is 3 m. Let’s say that the process we are looking at is
normally distributed. This means that the Voice of the Process (VOP) is represented by 6c. If this was not
a normally distributed process we would not easily be able to predict the process spread. For this reason
we are going to stick to normally distributed processes for the first half of this module.

_VOC _USL-LSL 30
P"VOP 66  6x3
Equation (8.2)

C =1.67

Since we know the VOC and the VOP we can now calculate the capability. We get a value of 1.67.

USL

Dam

____________________________________ @-._._._._._._._._._._._._._._._._.- Width =

v 30

We will now calculate the capability of the spherical bomb. The VOC remains at 30 m because the dam
width stays the same.
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LSL USL

Distribution of
spread when
fired,c =5

.-.-.-.-.-.-."r-..

For the spherical bomb the distribution is checked and it is found that the StDev is 5 m. As the VOP is
represented by 6¢ it also has a value of 30 m.

_voC USL-LSL 30
P VOP 66  6x5
Equation (8.3)

1.0

We can calculate the capability and we get a value of 1.0. As VOC and VOP have the same value this
means that the distribution just fits into the customer requirements. We are just going to break out of
the example for a moment and give you some more detail on C, levels and what they mean.

Sigma G, DPMO

Level
2 0.67 308 450
3 1.0 66 800

USL
LSL 4 1.33 6210
6s
) 5 1.67 233

6 2.0 34

1
L T Ll T

140 150 160 170 180 190 200 210 220 230 240 250 260

The diagram above shows a normal process distribution with a mean of 200 and StDev of 10. The Upper
Specification Limit (USL) for this process is 260 and the LSL is 140. These both happen to be six StDevs
from the mean. If we were lucky enough to own such a process we could declare our process to be 6c
capable or call it a 66 process. By definition a 6c process has a C of 2 and will produce 3.4 defects per
million opportunities.

The table shows additional figures of varying sigma level and the corresponding changes in C and
DPMO. Many industries use 1.33 as the target for C or P and this is a good starting target but the
target should be process and industry specific.
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We will get back into our example and consider what happens when the plane is not flying along the
centre of the dam.

Dam
Width =
30

We are now going to go back to the cylindrical bomb and are going to consider what happens when the
plane is no longer flying along the centre of the dam.

LSL USL

Distribution of spread
when fired, 6 =3

The width of the distribution is the same but as it is now off centre it cuts the lower specification limit.
_VOC _USL-LSL 30
P VOP 66  6x3
Equation (8.4)

C =1.67

However, the Capability Value is the same. This isn't good; we have a good capability value but as the
process is not centred it will give results that are outside the specification limits. We need a new meas-
urement for processes that are not centred.

8 L—x x -8
Cpu = C I =
30 P 30
Equation (8.5) Equation (8.6)

In order to get a more appropriate measure for processes that are not centred we split the calculation
and measure the capability to each of the specification limits.

Co = min(C Cp,)

Equation (8.7)

pu’
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C,. then takes the value of whichever is lower out of C is C . As C  is a measure that looks at the nearest
specification limit it is more appropriate when the distribution is not centered.

Let'shave a look at some simple distributions and have a look athow C and C , vary for these distributions.

The diagram shows the case when the distribu-
tion just fits within the spec limits. Both C_and

C, are equal to 1.

The diagram now shows the case
when the mean of distribution is in
line with the Upper Spec Limit. C_ is
still equal to 1 because the VOP and
VOChave not changed. However, C
is now equal to 0 because it reports
the minimum value of either (USL -
Xbar)/3c or (Xbar — LSL)/3c. In the
case of the diagram the difference
between the mean and the USL is
zero. When C, is zero, yield is 50%.

The diagram now shows
that the distribution has
gone just beyond the
USL. C , isnow -1 because
the mean is 3¢ away from Cp =1
the USL. Therefore, USL-
Xbar = -3c.

At this point everything
that is being made is
rejected.

pk =1

Cp,=
Cpk = 1
LSL

LSL USL
Cp =
Cpk =1
LSL USL
USL
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8.2 Short Term and Overall Capability

Process Capability has strong links with SPC, indeed you will see a lot of control charts used within this
module. One of the main principles that is carried over is that of common cause and special cause vari-
ation. As stated earlier due to our clever sampling using subgroups we will see the short term variation
captured within the subgroups and the special cause variation should be captured between the groups.

When measuring Process Capability C  and C, are measures of short term capability and P, and P , are
measures of overall capability.

If a process is displaying only common cause variation with no special cause variation then C =P
approximately. If the process is displaying special cause variation then C,and C figures are only achiev-
able if we manage to eliminate all the special cause variation.

We use Process Capability to benchmark our processes and sometimes make estimates of the yield we
can expect. If there is special cause variation then the process is not stable and not predictable. In which
case the capability figures only apply to the data set they were derived from. To make predictions there
must be predictability within the process and that means no special cause variation.
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8.3 Capability Analysis for Normal Data

4 N
Procedure e CapabilitySixpackand Analysis (Normal)
\ /
4 N
L e The Sixpack is used in order to help us understand whether the
What's it process data is normal and in control.
Used for') e Capability Analysis (Normal) is used to calculate capability metrics
) for normal data.
\ /
4 N
_ N
e The data should be time ordered.
¢ Having the data in subgroups may give a better understanding of
. within and overall capability.
Assum ptlons * The Sixpack uses Control Charts and Probability plots to ensure
a nd the validity of the capability results. It is usually used prior to the
.. . Capability Analysis procedure to ensure the process is normal and
Limitations in control.
e In order to use the results for a given data set to predict future
performance the process must be in control. )
. J

Example 2. Normal Capability.

Willy Winker’s caramel filled chocolate hearts must have a size between 32 and 28 mm, inclusive, so that
they can fit into the box correctly. A number of samples have been taken from the line and measured.
The data has a subgroup size of three and is time ordered.

Use the capability Sixpack and then Normal Capability Analysis to assess the process capability. Use both
the Classic Method and the Assistant.

All data sets are in spreadsheet 08 Process Capablity.xls

Worksheet: Hearts.

1. Open the Excel file and transfer the data into a new c1 2 C3
Minitab project worksheet. Heart Width1 Heart Width2 Heart Width3
Initially, we do not know if the data has a normal distri- 23.03 23.58 2342
bution. Luckily the Capability Sixpack contains a normal 29.85 29.51 2922
probability plot as well as control charts to tell us if the 20 40 040 20654
process is in control. Therefore, it makes a good starting 21 13 20 72 2 71

point for the Capability Analysis when using the Classic

Method.



320 Problem Solving and Data Analysis using Minitab

2. Click Stat <<Quality Tools << Stat

Capability Sixpack << Normal.
Quality Tools »

Capability Sixpack a’g Mormal. ..,

3. Our data is laid out with the sub-

T Data are arranged as Transform, ..
groups within rows so we need single column:
to select the appropriate radio Tests...
button and then select our data E<timate. ..
columns. -
4. We enter the values of the lower * Subgroups across raws of;
and upper spec limits and then "Heart Width1-'Heart Wwidth3
click OK to produce the Capability
Sixpack.
Lower spec: 75
Upper spec: 52
Histarical mean: {optional)
Histarical standard deviation: {optional)
o4
Zancel

The Sixpack has been split into two sec-
tions to allow the inclusion of the expla-
nation against the sections. We see an
Xbar and R chart of our data. We can see
that our data is in control. As the data
is in control the overall variation should
contain predominantly short term varia-
tion. This means that the values for the
short term metrics and overall metrics
should be similar.

Below the control charts we have a
chart displaying the actual values of the
points within the last 25 subgroups. We
can inspect for outliers within the sub-
groups and whether they are equally
spaced around the mean. We can also
check for changes in distribution within
the groups.
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The Capability Histogram shows our distri-
bution which is within the Spec limits. The
distribution appears to be centred within
the spec limits. These are both good signs.
There are also two lines of fit, one is a
black dashed line which represents the
overall estimate and the red unbroken
line represents the within estimate.

The probability plot shows that we are
dealing with a normal distribution as
the P value above the plot is 0.615. This
validates our initial decision to use the
Sixpack for normal distributions.

The summary data gives us our capabil-
ity metrics. In the centre we see lines rep-
resenting the width of the process and
the specs which are representative of the
widths seen on the Capability Histogram.
We then have a box on the left contain-
ing the within metrics and one on the
right containing the overall metrics. The
within StDev is 0.4948 which is estimated
from the within subgroup variation. The
C, and C are calculated from this. The
PPM is the number of defective parts per
million we would get based on the within
variation. The overall StDev is higher as
it is calculated globally and therefore P
is lower than C, As it stands, we would
expect to have 821 defective parts per
million but we don’t know whether they
would fail the upper or the lower specifi-
cation limit.

Now that we know we have a normal distribution we can use the Capability Analysis for normal distribu-
tions to get more detailed information on the capability metrics.

5. Click Stat <<Quality Tools <<Capability
Analysis << Normal. Stat

Quality Tools b
Capability Analysis Lilhﬁ Motmal,. .
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6. Our data is laid out with the

ald 1 Heart Width1 Crata are arranged as Transforri...
subgroups within rows so we |2 Heart Widthz Single column:
. Z3  Heart Widkth3 Estimate. ..
need to select the appropriate
radio button and then select CplE B0
Starage...
our data columns. . + Subgroups across rows of; siegs
7. Enter the LSL and USL. Notice ieart Width1-Heart widkha'

that here we have the oppor-
tunity to set either of the
specs as a Boundary, we didn’t Lowsr spec: 28 Boundary
have that option with the

) ot Uppet spec: 32 Boundary
SIXpaCk' TICkmg . the LOW?F Histarical mean: {optkional)

spec Boundary tick box will

tell Minitab that it is not phys— Historical standard deviation: [optional)

ically possible to have parts
below 28, therefore it won't el SR

calculate defective parts for
the boundary. It won't cal-
culate any capability metrics
associated with that limit
either.

8. Then click on options.

9. Under Display set the radio  Target (adds Cpm to table):
button onto Percents (this is a

.y " - _
personal preference as | pre- Ilse tolerance of K*sigma For capability statistics K [
fer percentage data over PPM
P 9 .. Perform Analysis Display
but | suppose the choice is also e . -
v Within subgroup analysis Parts per million
dependent on how well your :
. W Orverall analysis * Percents
processes work). There is also
an option here to include the + Capability stats {Cp, Pp)
Confldence Interva|5 fOF Ppk Benchmark #'s {sigma |EVE|:|

and C,- We can also enable
the Copm metric which is a new
overall metric which meas-
ures the central location our
distribution.

10. Then click OK and OK again.

Include confidence inkervals



The detailed capability anal-
ysis is given here. The main
difference between this and
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Process Capability of Heart Width1, ..., Heart Width3

the Capability Sixpack is that

L5L

information on Observed T
and Expected performance Sarmple Mean
. . Sample M
is given. We also see the SHDeV{Within)

breakdown of whether most

Process Data

StDev(Overally

28

*

32
29,991
120
0.49475
0.59774

of our losses are at the LSL
or USL. It appears that the
expected overall perfor-
mance attributes the losses
equally between the specs. It
is interesting to note that the

S

e e | O

—— Within
— — - Cweral

Potential {Within) Capability
Cp 1.5
CPL 134
PO 1,35
cpk 134

Overall Capability
Pp 1.2
FFL 1.11
FPU 112
Ppk  1.11
Cpm +

2850 29.25  30.00

observed losses were 0% at
either spec. We should also
note that the expected per-

% = L5L
%o = USL
% Tatal

Observed Performance

Exp. Cverall Performance
%o = LSL 0.04
% o=USL 0,04
% Tokal 0.08

Exp. Within Performance
% = LSL 0.00
% »IUSL 0,00
% Total 0.01

0.00
0.00
0,00

formance is a valid predic-
tion of future performance
as our process is in control.

We will now use the Assistant to carry
out the same capability study. The
Assistant offers two types of analysis
for continuous data. It offers Capability
Analysis which gives results similar to
those we have just seen. It also offers
Capability Comparison which is used
to compare two sets of capability data.
This is obviously very useful when
showing the improvements made
within a project.

1. Click Assistant <<Capability
Analysis.

2. Click on the Capability Analysis
Icon.

3. We have a choice of two types of
analysis. For now we will select
the Snapshot.

4. Select Data in multiple columns
then enter the columns where
the data is stored. The snapshot
does not calculate the within
metrics so it will treat the three
columns as one.

5. Enter the LSL and USL. Then click
OK.

Assistant

Capabilty Analysis. .

Capability
Analysis

Type of analysis

Complete

3075 3150

* Bnapshot {only use with individual data that are not in time order);

Process data

Howe are your data arranged in the worksheet?

Daka are in mulbiple colurmns, all daka are considered one sample

Colurnins: Heart Width1'-'Heart Width3

Specification limits (&t lzast 1 required)

Lower spec! 25
Uppet spec: 32

Mean test {optional)

Enter the target value For the process mean,

Target:
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The Snapshot shows us a histogram of our data within the spec limits. Below that is a Normality Plot with
the results of the AD normality test.

The Process Characterization gives us all the metrics that we have seen previously with the exception
of Z.Bench. This is in simple terms defined as the capability experienced by the customer in units of .
Where 6 is excellent and 0 is 100% defects.

The Snapshot also generates a report card which is not shown here. For a more detailed analysis we will
use the Complete Analysis which will calculate Within Metrics, as shown next.

1. Click Assistant <<Capability Analysis. .
P y y Assistant

Capability Analysis. .,

2. Click on the Capability Analysis Icon.
Capability
Analysis
Cpk
Pk

Z
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3. In order to complete the
comparison we will use
the Complete Analysis
on this occasion.

Type of analysis
* Complete

Snapshot {only use with individual data that are not in time order)

. . Process data
4. Select Data in multiple

columns then enter the
columns where the data

is stored. i Heart Width1'-'"Heart Width3

How are wour daka arranged in the worksheet?
Draka are in mulkiple calumns, one row For each subgroup -

5. Enter the LSL and USL.
Then click OK.

specification limits (&t least 1 required)

Lower spec: 28

Upper spec: 32

The Summary Report is very similar to the Snapshot Summary Report. The exception is the Z.Bench
indicator. We see that our process is about average on this indicator. The Summary Report again gives
metrics on the Overall Capability.
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The Process Performance Report shows the histogram again with both the Overall and Within fits.
Capability Metrics for both Within and Overall are given on the opposite side.

The Diagnostic Report which is not shown here shows us the SPC charts and Normality test results.

The Report Card gives information about the validity of the test procedure. As we have provided more
than 100 observations in 40 subgroups Minitab is satisfied with the likely precision of our results.

Exercise 1. Normal Capability.

Omer checks the weight of nuclear fuel rods. He collects data from two samples every hour for a capabil-
ity study. LSL = 19.50 kg and USL = 20.50 kg.
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Use the capability Sixpack to establish if the process is in control and normally distributed. Then conduct
the full Capability Analysis using the Classic Method. Then carry out the same task using the Complete
Analysis on the Assistant.

Worksheet: Fuel Rods.

As indicated in the question the subgroup size needs to be set to two. From the Sixpack we see that
there are no issues with the process being out of control. The Capability Histogram looks worrying as
the right edge of the distribution intersects with the USL.

We also see that the process is normally distributed with a P value of 0.562.

The Capability Plot also indicates that the process may not be centred.
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It can be seen that both P_and C_ are less than one, indicating that the distribution will not fit within
the specification limits even if it was centred. The Observed Performance is better than the Expected
Performance. The Expected Overall Performance indicates that 2.06% of parts would be rejected due to
the USL and 0.07% would be rejected due to the LSL.

The Process Performance Report shows the histogram again with both the Overall and Within fits.
Capability Metrics for both Within and Overall are given on the opposite side. As our C, is significantly
less than the C this confirms that the distribution is not centered between the spec limits.

The Diagnostic Report, which is not shown here, shows us the SPC charts and Normality test results.
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On this occasion the Report Card gives us a warning about the number of observations. We are also
given information about the number of subgroups being slightly low. Stability and Normality are not

an issue.

8.4 Capability Analysis for Non Normal Data

As we saw in the SPC module if we are faced
with non normal data we first have a critical
decision to make. Using our skill, judgement
and experience we must make a decision
about the nature of our process. Is it a pro-
cess that should produce normal data but
it has some special causes acting on it or
does this process align to a different type of
distribution?

If we think that our data should be normal
and it isn't close to being normal, as in the
diagram shown, we should not be calculat-
ing capability metrics for it. We should be
finding out what is doing this to the process.

Frequency

204

154

fry
o
1

5.00

—H_\ [TTT1 [
375

To highlight the point, let’s say you are using non normal data techniques to calculate capability metrics
within an improvement project. Without making any major changes to the process you collect more
data and then find that process requires a different transformation than the one you started with or the
data turns normal. This means you probably got it wrong to start with. You have special cause variation

influencing your process.

The remainder of this section deals with distributions that produce non normal data inherently.

The problem with the Normal Capability checks performed on non normal data is that to calculate the
Voice of the Process the data is fitted with a normal curve. This means that the non normal distribution

will be a fitted with a curve that does not fit.
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In order to get past this we have a cou-

. 204
ple of options, we can transform the data —
and then try and fit the data with a nor- B
mal curve. Minitab uses the Johnson and =

15

the Box-Cox transformations. The Johnson
transformation is a complex function but
it usually finds a suitable transformation.
The Box-Cox transformation is much sim-
pler but it does not always find a suitable
transformation.

Frequency
[
=
1

A
54

Or we have the option of applying a dif-

ferent type of distribution to our data.

Both methods will be illustrated within the 0 . | . . . |_|| 1

examples. -1.5 0.0 15 3.0 4,5 .00 7.5

Example 3. Non Normal Capability.

Prawn is carrying out a project to improve the yield of fire rated plasterboard. He has collected data at
the start of the project and wants to conduct an initial capability analysis. The thickness specification of
fire rated plasterboard is very strict and is between 12.80 and 13.00 mm.

It is known from previous studies that this process does not produce normal data.

Initially, use the Assistant and check whether that will transform the data. Also use the Classic Method
to find the appropriate transformation and then conduct a Non Normal Capability Analysis.

Worksheet: PB Thickness.

1. Open the Excel file and transfer the data into a new Minitab PB Thick
Project Worksheet.

12.863
12.895
12.852
12.870
17 954

2. For this example we are going to begin by using the Assistant.

Click Assistant <<Capability Analysis. Assistant

Capability Analysis...

3. Click on the Capability Analysis button. =
Capability
Analysis

Cpk

Fpk

Z



4, Select the Complete
Analysis. Then complete
the menu box as shown.
Note, the data was not
collected in subgroups,
therefore the Subgroup
size is listed as 1.

Process data
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Type of analvsis

* Complete

Howe are wour data arranged in the warksheet?

Data are in one column

5. Enter the Spec limits and
then click OK.

Colurnn:

'PE Thick'

Subgroup size: |1

Specification limits (at least 1 required)

Lowet spec:

Upper spec:

6. Notice that the Assistant
has not transformed the

12.8

13

MNormality Plot

The points should be close to the line,

Snapshot (only use with individual data that are not in time order)

data for this procedure.
We know this as it did
not display a confirma-
tion box for the trans-
formation. Also, look at
the Normality Plot on
the Diagnostic Report,
the data is clearly not
normal. The Assistant
did not transform the

..-;""'

data as the Box—Cox
transformation  would
not have delivered a
suitable transformation.

VAN

Your data failed the normality test. A transformation will not correct the problem. Get help to
determine next steps because the capability estimates may be inaccurate.

The Report Card also generates the warning message displayed in the figure above. The warning mes-
sage is not strictly true as it only refers to the Box—Cox transformation.

We will now use the Individual Distribution
Identification (IDI) procedure using the
Classic Method. This procedure tests the fit
of a number of distribution models and tests
the two common transformations.

1. Click Stat <<Quality Tools <<Individual
Distribution Identification

Stat
Quality Tools b

"'}%‘ Individual Distribution Identification. ..
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2. Complete the IDI menu as
shown. Note, that the radio
button to try all available dis-
tributions is ticked by default.
There are separate buttons for
the common transformations
in order to allow the user
more control in the transfor-
mation settings and allow the
storage of transformed data.

3. Click on OK.

4. Click on the session window
icon so we can see the main
results table first.

The P values given here are for the
Goodness of Fit Test for the listed
distribution models. These include
the two common transformations.
We can see that the Johnson trans-
formation gives the best P value,
0.671. Initially, we will use this
transformation for the capability
analysis. Although, there are other
models which give an acceptable fit
like the three parameter Weibull
which has a P value of >0.500.

The Likelihood Ratio Test (LRT) is a
hypothesis test used to differenti-
ate between distributions which
have a different number of param-
eters. For example, a P value of 0.0
indicates that the three parameter
Weibull was better than the two
parameter.

5. Click on the Graphs icon to see
the graphical output of the IDI
procedure.

Data are arranged as
* Single column;

Subgroup size;

(use a constant or an I0 colurmm)

Subgroups across

+ Use all distributions and transfarmations

AL

{5 '@

'PE Thick!

1

rows of:

il €—

Johnson, ..
Options. ..

Results, .,
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There are four pages of graphical output. Only one of the pages is shown here.
It can be seen that the data has an almost normal fit after the Johnson transformation.

Now that we have identified that we wish to use the Johnson transformation we will carry out an initial
assessment using the Capability Sixpack.

If you are using M16 you will find the Gt

Transformations within the Normal menus. =

M15 users will find the Transformations Quality Tools 3

with the non normal distribution models

in the Non normal menus. Capability Sixpack glg Mormal...

6. Click Stat <<Quality Tools << Capability
Sixpack << Normal (for M16).

7. Complete the menu box as shown. Diata are arranged as
Subgroup size is 1, as there was no * Single column: | 'PE Thick'
indication of any subgrouping. Enter

i s .. Subgroup size:
the specification limits. orisad 1

fuse a conskant or an ID column)

Subgroups across rows of;

Lower spec: 12.8

Upper spec: 13,
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8. Click on the Transformations button.

9. Select the radio button for Johnson
transformation. Then click OK and
OK again.

It is impressive to see the complexity of the Johnson transformation but you would not want to work
out the transformation values with a calculator.

When we get to the Capability Histogram we begin to see that there is a problem, there are no specifica-
tion limits. Looking into the Session Window we see that the problem was that the specification limits
were outside of the transformation function. We will have to go plan C and try the three parameter

Weibull.

Process Capability Sixpack of PB Thick

* NOTE * 3Specification limit or target for PE Thick outside range of transformation function.



M15 and M16 both put the Non normal distribu-
tions in the Non normal menu.
10. Click Stat <<Quality Tools << Capability
Sixpack << Non normal.

11. Complete the menu box as shown. Ensure
the selector for Fit distribution is changed to
3-parameter Weibull. Then click OK.
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Stat
Quality Tools b
Capability Sixpack % Monrormal, .

Diata are arranged as

+ Single colurmn: 'PE Thick!

Subgroup size: 1

(use a conskant or an 1D column)

Subgroups across rows af;

Fi: distribution: S-parameter Weibull
Lower spec: 12.8
Upper spec: 13

Having fitted the three parameter Weibull distribution we see that the process is in control.

The capability histogram displays our specification limits with our data and the fitted distribution.

As our P is significantly less than the P this means that the distribution is not centered between the

spec limits.

The PPM defect of 9594 indicates that 0.96% of the product would breach the USL.
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12. In order to carry out a detailed Capability
Analysisclick Stat <<Quality Tools <<Capability
Analysis <<Non Normal.

13. Complete the menu box as shown. Ensure the
selector for Fit distribution is set to 3-param-
eter Weibull.

14. In order to change the data display into per-
centages rather than parts per million click
on Options and then select the Percents radio
button. Then click OK and OK again.

Stat
Quality Tools »
Capability Analysis

HH
lit,] Monnormal...

Diata are arranged as

+ Single column: 'PE Thick!

Subgroups across rows of;

Fit distribution: S-pararneter Weibull

Lower spec: 12.8 Boundary
Upper spec: 13 Boundary
Display

+ Capability stats (Pp)

Benchmark 2's {sigma level)

Parts per million

+ Percents

The overall capability is 0.65. The observed performance, from the given data set does not produce any
defects. However, from the expected overall performance we would expect 0.96% of product to be

above the USL.

Within capability metrics are not given for non normal data distributions.
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Exercise 2. Non Normal Capability

The Quality Department want to introduce a specification for banana curvature. Bananas with an out-
side curvature of 20-50° will be subject to an internal quality defect.

Assess the historical data and establish how many bananas will be deemed defective due to the new
specification.

Initially, use the Assistant and establish if the Box—Cox transformation within the Assistant suitably trans-
forms the data. Then use the Classic Method and use the IDI procedure to identify the best three possible
fits/transformations. Use the top three to conduct the capability study (Sixpack only). If the Box—Cox is
one of the top three you do not need to repeat the work already done by the Assistant.

Worksheet: Banana.

We know the data has been transformed as we pressed the Yes button at the prompt which asked us if
we wanted to transform the data.

From the Summary Report we see that 0.44% of our data would be out of spec due to the top spec limit.
If the distribution had been centred it would have fitted within the spec limits.
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The Diagnostic Report shows that the data is in control. Therefore, we can use this data to make
predictions about future performance.

We also see the P values of the original and transformed data. The Normality Plot header tells us that a
lamda of —0.5 was used in the transformation.

The Individual Distribution Identi-
fication procedure indicates that the
best transformations/fits would be:

Johnson transformation, P value
0.402

Box—Cox transformation, P value
0.263

Loglogistic distribution fit, P value
> 0.25

From the top three we need to check
the Johnson transformation and the
Loglogistic distribution fit using the
Classic Method.
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If you were using M16, did you remember to access the Johnson transformation via the Normal menu?

The Sixpack using the Johnson transformation is shown. Again, the data is in control. Therefore, we can
use this data to make predictions about future performance.

Using the Johnson transformation we predict that 0.81% of Bananas will be defective as they breach
the upper spec limit.

The Sixpack using the Loglogistic fit is shown. This time we see that one data point is out of control on
the MR chart. In order to be able to make future predictions we would need to investigate the cause of
this variation.

Using the Loglogistic fit the procedure predicts that 0.67% of bananas will be defective as they will
breach the upper spec limit.



340 Problem Solving and Data Analysis using Minitab

8.5 Capability Comparison using the Assistant

4 N
Procedure e Capability Comparison (Assistant)
\ /
4 N
Wh at's It e It is used to compare capability metrics for two sets of data, ideally
used for'; before and after a process change.
. %
4 N
\
: e The procedure will calculate if there has been a statistically signifi-
Assumptlons cant shift in mean or StDev.
and * The data should be time ordered and normally distributed.
__ . * In order to use the results for a given data set to predict future
Limitations performance the process must be in control.
J
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Example 4. Capability Comparison.

Zaf has almost completed his first 6c project. He has been reducing the order lifetime within a busy
industrial components supplier. His target has been to reduce the order lifetime to between 65 and 75
days. This target has been in place for a long period of time but never achieved.

Data on order lifetimes is in two columns one labelled Before and the other After. Due to the nature of
the process subgrouping was not attempted.

Use the Capability Comparison to establish if Zaf has been successful in his project. How have the capa-
bility metrics changed?

Worksheet: Order Time.

1. Open the Excel file and transferthedata | gafore = After
into a new Minitab Project Worksheet.

71.32 70.70
7261 70.47
7144 B3.26

170 RA N

2. Click Assistant <<Capability Analysis. Accickant

Capability Analysis. ..

3. Click on the Capability Comparison Icon. Capability

Comparison

We enter the Baseline and the Improved Baseline process data
data as before. Minitab gives us the option How are your data arranged in the worksheet?

of having subgroups in rows again. We need Data are in one colurmn
to make sure that the selector is set to Data
are in one Column for both sets of data. Column: Before

sub ize: |1
4. Enter the Column Data HEdroLp sies

5. Enter the LSL and USL as 65 and 75,
respectively. Note that we only have the  Improved process data

option of entering one set of specifi- How are wour daka arranged in the worksheet?
cation limits and they will be used for Diata are in one column
both sets of data.

6. Click on OK Column: After

Subgroup size: |1

Process requirements

Lower spec: a5 (at least 1 spec limit is required)

Upper spec: 75
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The Summary Report statistically confirms that Zaf has not reduced the process StDev but has changed
the mean. Zaf has reduced %Out of Spec from 2.26 to 0%.

The histograms show how the distribution has shifted so that it is more centred and not crossing the
USL.

On the right hand side we can see the overall capability metrics and how they have changed.

P, has reduced from 1.64 to 1.58. But P, has gone from 0.67 to 1.52.

The Diagnostic Report looks at the normality and stability requirements of the data. We see that both the
Before and the After data is in control. This allows us to use these metrics to predict future performance.

Notice, that both SPC charts are using the same y scale.

We also see that both sets of data passes the normality test.
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Before/After Capability Comparison for Before vs After

Diagnostic Report
I-MR Charts

Confirm that the Before and After process conditions are stable,

Before

After

Moving Honge Individual ¥alue

Before

Normality Plots
The points should be close to the line.

After

e

—

&

et}

e

Mormality Test
{Anderson-Darling)

Before After
Results Pass Pass
P-value 0,815 0.408

The Process Performance Report gives us more detail on the capability metrics. We get Overall and
Within metrics and we also get observed and expected metrics.

Finally, we get the report card, which is not shown here. That gives us the all clear on stability, normality,
sample size and number of subgroups.



CHAPTER 9
Correlation and Regression

9.1 What are Correlation and Regression?

We use correlation to check whether two variables have a linear relationship. We use the correlation
coefficient (r) to check the strength of the relationship.

A . . E .
Y 2 :. s o' o:‘ i - : - - Y '. & -
> - > 5 >
X X X X
Strong Weak No Weak
Positive Positive Correlation, Negative
Correlation, Correlation, r=0 Correlation,
r=0.97 r=0.6 r=-0.6

Strong
Negative
Correlation,
r=-0.97

The correlation coefficient, r, varies from -1 to 1. Zero implies that there is no linear correlation. However,
there can be nonlinear patterns when the correlation coefficient is zero. Therefore, it is advisable to
graphically check the data before carrying out the test procedure.

No Correlation, r=0

Problem Solving and Data Analysis using Minitab: A clear and easy guide to Six Sigma methodology, First Edition. Rehman M. Khan.
© 2013 John Wiley & Sons, Ltd. Published 2013 by John Wiley & Sons, Ltd.
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Regression is more about building a mathematical model which describes the relationship between one
or more predictors and a single response variable.

The graph shows the data points collected as tyre pressure is varied and then fuel efficiency is meas-
ured. A line of best fit has been drawn through the points using a cubic relationship to form the model.
Even though we have used a cubic relationship there is only one factor/predictor and one dependent
response.

Q7
=
W
L y
£ . 2
4 = 0.01x3 - 0.35x2 + 3x + 0.2
@ 4
=
w2
o
3
2

1

a 2 4 & 8 12 12

Tyre Pressure, bar

Once you have a regression equation it can be used to predict the response when the predictor is known.
Regression goes beyond correlation by adding this prediction capability.

Unfortunately, we can’t expect our equations to perfectly model the real world so there will always be
some error.

All data sets for this chapter are in the Excel file 09 Correlation and Regression.xls.
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9.2 Correlation

e Correlation

e |t is used to test whether two sets of variables have a linear
relationship.

s A
Test
\ J
s A
What's it
used for?

\ J
s N
Assumptions
and
Limitations
\ J

e The data should be checked using a scatter plot prior to conduct-

e |tis up to the tester to ensure there is a real world relationship

e Data for the study needs to be carefully collected so that it is rep-

e Testing for Correlation is only available via the Classic Menus.

ing the test in order to establish if a non linear relationship is
present.

between the factor and the response. Correlation does not mean
causation.

resentative of the population.

J

Example 1. Correlation.

Spud has been collecting data on the sugar content of cake versus the taste rating (0-100) of a number

of samples of cake.

Analyse the data Spud has collected and check whether there is a linear correlation between the vari-
ables. What is the strength of the correlation?

Worksheet: Cake.

1. The first thing we need to do before we conduct | A | B

fche procedure is.to ask ourselves if we .believe there 1 'Sugar Content Taste Rating
is a real world link between our predictor and our ~—=—

. L \ : : g 34.40
response. It is our responsibility to ensure ‘damn lies _é_ 0 34,00
and statistics’ are not linked. In this case the link —— :
between the predictor and the response does sound i J 36.20
plausible. f | 14 G720

2. Open the Excel file and transfer the data into Minitab.

3. We need to view the graphical relationship between Graph
the param.eters in case a nonlinear relationship is |_ Seatterplat..,
present. Click Graph <<Scatterplot.
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4. Select Simple and then click OK.

5. Since Taste Rating is the response we will
use that as the Y variable. Enter Sugar
Content as the X variable and click OK.

¥ variables X variables
1 'Taste Rating' 'Sugar Conte

6. From the scatterplot there appears to be a positive correlation but we don’t know if it is statistically
significant. Note: we conduct a graphical check because checking the correlation coefficient alone
would not detect if there was a strong nonlinear relationship.

Scatterplot of Taste Rating vs Sugar Content
100

904

804

704 .
604 .

504

Taste Rating

404 .
304

204

104

5 10 15 20
Sugar Content
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7. To check the strength of the correlation o .
and whether it is statistically significant

click Stat <<Basic Statistics <<Correlation. Basic Statiskics »

COR Correlation. ..

8. Select both the Variables and then click
OK.

9. Click onthe session window iconsowe can  gorrelations: Sugar Content, Taste Rating
see the results. The Pearson Coefficient (r)
indicates a strong positive relationship, Fearson correlation of Sugar Content and Taste Rating = 0,933

r = 0.988. The P value indicates the coef- FP-Value = 0.000
ficient is significant.

Exercise 1. Correlation.

Aman is a keen gamer, however, his kids keep beating him on his favourite games. Aman is worried that
reaction time declines with age. He collects data on age versus the completion time of a new video game
to test the theory.

Analyse the data and check whether there is a linear correlation between the variables. What is the
strength of the correlation? Should Aman be worried?

Worksheet: Reactions.



The scatter plot does appear
to show a linear relationship.
It would appear that as age
increases the time taken to
finish the game is longer.

The results in the session win-
dow are shown below the
graph. The Pearson coeffi-
cient indicates a strong posi-
tive relationship, r = 0.946.
The P value suggest the coef-
ficient is significant.

Finish Time

Aman is so worried by the
results that he bans his chil-
dren from playing further
video games.
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Scatterplot of Finish Time vs Age

50
@
454 ®
L Y »
@
404 @ b
@
" L
354
@
®
L @
ol .
T T T T T T T
20 23 30 35 40 43 50
Age

Correlations: Finish Time, Age

Pearson correlation of Finish Time and Age =
P-Value

9.3 Multiple Correlations

0. 946
= 0.000

Example 2. Multiple Correlations.

Eight presses are used to manufacture steel nuts. Samples are taken every hour and the across flats
dimension is measured. If there is a strong correlation between any of the presses it may give an oppor-

tunity to reduce sampling.

Analyse the data and check whether there is a linear correlation between any of the presses. What is

the strength of the correlation?
Worksheet: Nut.

1. Open the Excel file and transfer
the data into Minitab.

2. As with single correlations we
need to view the graphical rela-
tionship between the parameters
in case of a nonlinear relation-
ship. Click Graph <<Matrix Plot.

| A | # | C | U | E | F | G | H |
1 Press!  Press2  Press3  Presst  Presss  Pressb  Press?  Press
2| EBDH EMB KN4 BN KE KM KM M3
3| FIB3 B0 K03 BB K2 XM BLR KR
_tl_] A4 28115 BI04 26198 26082 AME 19 BIAM
5| BN EE BEMI KB4 K12 XK ANE B
6| 209 A1 2508 504 B 519 B KI5

Graph

Matrix Plot, ..
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3. Select Simple and then
click OK.

4. Select all the data col-
umns as the graph var-
iables. Then click on
Matrix Options.

5. Under Matrix Display
select the radio button
for Lower Left. (This is
a personal preference
which | think makes
the graph easier on
the eye.)

6. Click OK and OK again.

Matnix Plot —Ophions

Matrix Display

7 Upper right
“Wariable Label Placement

* Diagonal
{7 Boundary

Help (=] 4

Cancel
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All possible combinations of scatterplot are presented here.
We can visually check for nonlinear relationships.

We can see that Press1 & Press5 and Press2 & Press8 appear to be correlated. As before we need to check
if the correlation is significant.

1. To check the strength of the correlation and whether Skat
it is statistically significant click Stat <<Basic Statistics

<<Correlation. Basic Statistics 3

=

COR Correlation...
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2. Select all the Variables and then click OK.

3. Select the Session Window icon to see the

results.

All combinations of correlation coefficient with their corresponding P value are shown here.

We can confirm that Press1 & Press5 and Press2 & Press8 are correlated and that correlation is statistically

significant.

Knowing which presses are correlated may allow us to reduce sampling.

Correlations: Pressi, Press2, Press3, Pressd, Presss, Pressé, PressT, Pressg

Pressl Press:
Pressz -0.074
0.655

Pressa -0.049 0.026
0.766 0.a877

Prezsd -0.135 0.014
0.413 0,931

Presssh 0.933 -0.043
n.aoo 0.794

Prezszg 0.165 0.0Z8
0.315 0.876

Press? -0.210 0.1laa
0.z00 0.308

Prez=g8 -0.041 0.895
0.305 0.000

Cell Contents: Pearson
P-¥alue

Press3 Pressd

-0.1z2z2
0.459
-0.190 -0,
0.247 o.
-0.163 0.
0,322 n.
0.029 -0,
0.86z2 o.
0.011 0.
0.945 n.
correlation

145
379

202
2la

n3z
gd5

nzg
goo

Pressh

126
445

217
L1545

.06l
711

Presso

-0.251
0.123

0.033
0.543

Press?

0.143
0.354
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Exercise 2. Multiple Correlations.

Ten machines are used to manufacture 50 pF capacitors. Samples are taken every hour and the capacitance
is measured. If there is a strong correlation between any of the machines it may give an opportunity to
reduce sampling.

Analyse the data and check whether there is a linear correlation between any of the machines. What is
the strength of the correlation?

Worksheet: Capacitor

We can see that all combinations of machines appear to be correlated. As before we need to check if
the correlation is significant.
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The P value tells us that all the machines are correlated.

This may be good in terms of reducing sampling but in process terms it would be very beneficial to
understand why the machines are behaving in this way.

Correlations: Machine1, Machine2, Machine3, Machined, Machine5, Machines, MachineT, Machine8, Machine9, Machine10

Machinel Machine2 Machine3 Machined Machined Machinef Machine7? Machined Machined

NachineZ 0,853
0.o00
Nachine?d 0,853 0,851
0.o00 0.o00
Machined 0,842 0,838 0,791
0.o00 0.o00 0.o00
Nachines 0,543 0,873 0,856 0,830
0.o00 0.o00 0.o00 0,000
Nachinef 0,546 0,870 0,871 0.879 0,863
0,000 0,000 0,000 0.000 0,000
Machine? 0,846 0,840 0,837 0.814 0.794 0,880
n.oo00 n.oo00 n.oo00 0.000 n.oo00 0,000
Machined 0,862 0,866 0,818 0.865 0.a83 0,863 0.a08
0.o00 0.o00 0.o00 0,000 0.o00 0,000 0.o00
Machined 0,873 0,832 0,838 0,825 0,864 0.a72 0,885 0,868
0.o00 0.o00 0.o00 0,000 0.o00 0,000 0.o00 0.o00
Nachinell 0,933 0,917 0,300 0,918 0,933 0,942 0,913 0,938 0,936
0.o00 0.o00 0.o00 0,000 0.o00 0,000 0.o00 0.o00 0.o00

Cell Contents: Pearson correlation
P-Value

9.4 Introduction to Regression

As stated earlier, Regression is more about building
a mathematical model which describes the relation-
ship between one or more predictors and a single
response variable.

This course will split the topic of Regression into
Single Predictor Regression and Multiple Predictor
Regression. You saw the example given earlier
when we took Tyre Pressure as a single factor and
showed a cubic equation of how the response, Fuel
Efficiency, would vary with Tyre Pressure. This was
single predictor regression. If we wanted to reduce
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the error in the model we could add additional predictors such as vehicle weight, engine size and drag
factor. That would be multiple predictor regression.

Later we will also take a quick look at another type of regression which is Nonlinear Regression. This is
M16 only.

For Single Predictor Regression Minitab will work with the user to try and fit an equation. You have
already seen the cubic equation, the other types are linear and quadratic. We measure how well these
equations model our data and we call that the ‘fit'.

On occasion, there isn't much difference in the achieved fit between the different types of equation.
Sometimes, the simpler model is preferred as it is easier for subsequent work.

When using the Classic Menus we will use the Fitted Line Plot procedure. In M16, the Assistant offers us
Single Predictor Regression but not Multiple Predictor Regression.

Another key difference is that when using the Classic Method we validate the model using the Residuals.
The Assistant validates the model using the methods described in the Minitab White Paper for Regression.
That is by checking the sample size and checking for unusual data points. Advice on getting a valid
model can be obtained when starting the Assistant procedure. After the test procedure the summary of
the validity checks are given in the Report Card, as always.

The White Paper recommends a sample size of >40 in order to obtain a precise estimate of the strength
of the relationship and states that for this sample size the normality of the residuals is not an issue.
There is no reason for us not to use these guidelines to help ourselves when using the Classic Method.

9.5 Single Predictor Regression

4 )
Test e Single Predictor Regression
\ %
4 )
Whatls |t e |t is used to model an independent predictor variable against a
used for') dependent response variable.
\ %
4 )

e Assumptions should not be made about data that is extrapolated
outside the study range.
e Data for the study needs to be carefully collected so that it is rep-

Assumptions

a nd resentative of the population.
Limi . e The residuals are used to validate the model when using the
Imitations Classic Method. The Assistant informs us of the reliability of our

model within the Report Card.
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Example 3. Fitted Line Plot.

Researchers believe that the diameter of an apple determines its sugar concentration.

Analyse the data to establish if any kind of relationship exists. What is the strength of the relationship?
For an apple of 90 mm diameter could the mean sugar content be 32 mg/g?

For an apple of 120 mm diameter could the sugar content be 32 mg/g?

For an apple of 50 mm diameter could the sugar content be 24 mg/g?

Worksheet: Apple.

1. Open the Excel file and transfer the data | A | B !
into a new Minitab project worksheet. __1_J Diarneter  Sugar Content
e 105.1 3050
]| 134.4 242
4 | 714 31.66
| 73 3168
G | 174 2958

2. Click on Stat <<Regression <<Fitted Line Stat

plot. -

Regression »

L,iz Fitted Line Plat. .,

3. Select Sugar Content as the Response
and Diameter as the Predictor. We have a
one in three chance of guessing the cor-
rect model. If we want to stack the odds
in our favour we should select the Cubic
model first. Click OK.
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4. The Cubic model gives
an R-Sq(adj) of 81.9%.
This means that 81.9% of
changes in the response
can be explained by
changes in the predictor.

5. Go to the Session Window

Gequential Analvysis of Variance
and check the results of T ¥

the Sequential Analysis of &, DF g F P
Variance. We see that the  Linear 1 56.408 13.05 0.001
Cubic term is not actually ~ Quadratic 1 125.510 119.85 0.000
significant. As the next Cubic 1 1.855 l1.81 0.187

highest term, the quad-
ratic, is significant we
should select that model
instead.

6. Click on the Edit Last
button.

7. Select the radio button
for the Quadratic model.

8. Click on Graphs and select

the radio button for Four Residual Plots

in one Residual Plots. Individual plots
9. Click on OK and OK again.

+ Four inone
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10. Find the graph with the quadratic model on it. Note that the quadratic model has a slightly lower
R-Sq(adj) than the cubic model of 81.5%.

The R-Sq(adj) of 81.5% indicates that there is a strong relationship between Diameter and Sugar Content.

We will now move onto the second part of the question.

11. Click on the Edit Last button.

12. Then click on the Options button.

13. Select the tick boxes for displaying the
confidence and prediction intervals.

14. Click OK and OK again.
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15. The red dashed line is the 95% confidence interval for the mean. The prediction interval gives a
confidence boundary for individual points. We can be 95% confident that an individual point will
fall within the outer green dashed line. We can be 95% confident that if apple diameter was kept
constant the mean would fall within the inner red dashed line.

16. In order to help us answer the questions about
. o : Add ’
predicting means and individual points we can
add reference lines to the graph. Right click on Reference Lines, ..
the graph panel and select Add <<Reference
Lines

17. Enter the values as shown and then click OK. ]
Show reference lines at ¥ walues;

32
Show reference lines at 2 values:

Q0 120

Reference lines appear on the quadratic plot and we can use them to help us answer the second part of
the question.

We can say with 95% confidence that a diameter of 90 can give a mean sugar content of 32 as the inter-
section of the relevant reference lines lies within the confidence interval for the mean.
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We can also say that a
diameter of 120 is not
likely give a single sugar
content of 32. The inter-
section of the relevant
reference lines does not
lie within the prediction
interval.

An apple of 50 mm diam-
eter falls outside the
range of our data and
we would be extrapo-
lating. Therefore, we
must decline to answer
the third part of the
problem.

Finally we must check
the residuals to estab-
lish the validity of the
model.
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Starting from the top and going from left to right:

e The Normal Probability Plot shows that the Residuals are normally distributed.

e The Versus Fits Plot shows that the Residuals are equally distributed about the centre line.

e The Histogram Plot shows that the Residuals do not show extreme skewness.

e The Versus Order Plot shows that the Residuals are not displaying any patterns or ordered behaviour.
This is only relevant if the results were recorded in the order that the experiment was carried out.

In summary, there are no issues with the residuals within this study.

Example 4. Regression with the Assistant.

Researchers believe that the diameter of an apple determines its sugar concentration. Assume the data
has been collected and recorded in time order.

Use the Assistant to analyse the data in order to establish if any kind of relationship exists. What is the
strength of the relationship?

(The Assistant has it strengths but it does not have as many extra options available as the Classic Method.
At present the Assistant does not provide Confidence and Prediction Intervals as part of the analysis so
we will have to omit this section from the examples when using the Assistant.)

Worksheet: Apple.

1. Click on Assistant << Regression. fssistant

Reqgression. .,

The main screen for regression with the Assistant is shown. It contains advice on collecting the data,
evaluating the results and using the model. Clicking on any of the crosses will expand the selection and
gives us the advice we want. The hidden information gives us the rules for ensuring the model is correctly
validated and the rules to ensure we do not commit any of the common mistakes within Regression.
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An example is shown here in which we have expanded the very bottom selection.

Using the model
+ Do notuse the model beyond the range of the X values in your sample. —
The regression model should only be used to predict Y for values of X that fall within the range of the X

values in your sample data. Any predictions based on X values that are significantly outside of the values
inyour sample may he extremely inaccurate.

2. Click on the button - = :
in the top left cor- Click to |
ner labelled ‘Click to perform analysis

perform analysis’'.

3. Complete the menu
box as shown. As
we are saying that
the Sugar Content
is dependent upon
the Diameter of the
apple, the Diameter
is the predictor and
the Sugar Content
is the response.
Traditionally,  the
response is entered
on the y axis.

4. Select the  tick
box for ‘Data are
recorded in time
order’. If we don’t
tick the box we will
not get Diagnostic
Report 2.

5. Unlike the Classic
Method we have
the option of let-
ting Minitab check
for the most suita-
ble model or we can
make the selection
ourselves. We will
let Minitab choose
for us.

6. Then click OK.
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On the top left hand side of the Summary Report we are told that the P value is zero and that there is a
relationship between X and Y. Below that we are told that the R-Sq (adj) is 81.5% meaning that 81.5%
of the variation in Sugar Content can be explained by changes in Diameter.

The Assistant uses the same method as we did to select the best model. As it is the same method it has
also selected the quadratic model as shown in the plot on the top right.
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The Model Selection Report shows us the plot of the data with the selected fit. It has two points that
are deemed to be unusual.

At the bottom of the page we have the model selection statistics shown in a table. The cubic model was
rejected because the cubed term was not significant, with a P value of 0.187. The quadratic term in the
model was the highest order significant term so it was selected to be the basis of the model.
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Diagnostic Report 1 displays the plot of Residual versus Fitted Values. When this plot was shown in the
four in one residual plot we checked to make sure the Residuals were evenly distributed about the zero
line. Additionally, the Assistant gives us examples of patterns that would indicate problems with our
model.
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Diagnostic Report 2 displays the plot of Residual versus Observation Order. This plot is only displayed
when we indicate that the data was in time order in the data entry menu box.

When this plot was shown in the four in one residual plot we checked to make sure the Residuals did
not show any patterned behaviour.

Additionally, the Assistant gives us examples of patterns that would indicate problems with our model.

The Report Card validates our test procedure. We are told we had enough data to obtain a precise esti-
mate of the strength of the relationship and for the normality of residuals not to be an issue.
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We are given a warning that we had two unusual data points and that we should try and find the reason
why these data points were unusual.

Exercise 3. Fitted Line Plot.

Scientists have discovered three new materials. A pulling force is applied to each material and then
the length of the material is measured, both the force and the extension are recorded. This process is
repeated with a continually increasing force until the material breaks.

Use the Classic Method and the Assistant to establish if any kind of relationship exists between the force
applied and the extension of the material. What is the strength of the relationship?

Using the Classic Method establish if:

e A force of 1500 N on material A could give an increase in length of 150 mm?
e A force of 800 N on material C could give an increase in length of 250 mm?

Worksheet: Materials.

Material A

Initially, the cubic model was selected but the results in
the session window showed that the cubic term was not
significant. The quadratic model was then selected and

Jequential Analysis of Variance

) ) Jource LF 3] F F
this gave an R-Sq(adj) of 98.9%. We see that a force of Linear 1 433206 £23.07 0.000
1500 N cannot give an increase in length of 150 mm as Quadratic 1 15552 122.87 0.000
this point lies outside the prediction interval. The resid- Cubic 1 3 0.02 0.883

ual plots do not show any extreme patterns or behaviour.
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Material B

The results in the session window show that the lin-

Mat B Extension

Sequential Analysis of WVariance
ear model should be selected. With the linear model
selected an R-Sq(adj) of 99.9% is achieved. The residual ~ =ource DF LR F
plots do not show any extreme patterns or behaviour. ~ Linear 1 3172237 38773.61
Quadratic 1 g3 1.01
Cubic 1 49 0.59
Fitted Line Plot
Mat B Extension = 29,13 + 0.9449 Mat B Force
1000 5 5 9,04513
R-5q 99,9%
F-Sqfady) 99,9%
200
00+
00+
200+
04

T T T
200 400 &00

¥lat B Force

T T
200 1000

P
0,000
0,321
0. 443
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Material C

On this occasion the cubic model was selected and it gequential analysis of Variance

turned out to be the correct choice. The cubic model

gives an R-Sq(adj) of 99.5%. We see that a force of 800 N Hource DF 53 F 13

can give an increase in length of 250 mm as this point lies ~ Linear 1 5z0lzl 933.38 0.000

clearly within the prediction interval. Quadratic 1 10613 14.%7 0.000
Cubic 1 22487  196.75 0.000

The residual plots do not show any extreme patterns or

behaviour.
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Material A
On the Summary Report we see that the Assistant also selected the quadratic model. We see that the

relationship is significant and the R-Sq(adj) is the same as that calculated in the Classic Method. The
Assistant has also fitted the same equation as the Classic Method.

The Model Selection Report, not shown, had one residual which was deemed to be unusual.



Correlation and Regression 371

Material B
On the Summary Report we see that the Assistant also selected the linear model. We see that the rela-

tionship is significant and the R-Sq(adj) is the same as that calculated in the Classic Method. The Assistant
has also fitted the same equation as the Classic Method.

As the model is linear the Assistant displays the value of the correlation coefficient. The result is r = 1.
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Material C
The Assistant has selected the cubic model. The key results and the fitted equation are again the same
as the Classic Method.

The Model Selection Report shows that two residuals were deemed to be unusual.

9.6 Introduction to Multiple Predictor Regression

We have used the Fitted Line Plot and the Assistant to form models for single factor regression. If we
wanted to we could also have used the full regression models. However, in this course we have saved the
full regression procedures for their intended purpose which is Multiple Predictor Regression.

Life would be too easy if there was only one version of this procedure so we must rejoice that there are
two versions. M15 users must use the standard regression procedure found within Stat <<Regression
<< Regression. M16 users have both versions available to them but the version found under Stat
<<Regression << General Regression is the updated version. It can handle categorical predictors and can
directly model polynomial predictors and predictors with interaction. It is suggested that M16 users use
this version. This text will also use the General Regression procedure but we will on one occasion show
the M15 and M16 methodologies separately.
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9.7 Multiple Predictor Regression

4 )
Test e Regression
\ /
4 )
Whatls |t e It is used to model multiple predictor variables against a single
Used for') dependent response variable
. /
4 )

e Assumptions should not be made about data that is extrapolated
. outside the study range.
ASSU m ptlons e Data for the study needs to be carefully collected so that it is
d representative of the population.
an e If the predictors are dependent upon each other multi-co-linearity

Limitations may exist and it may be challenging to reduce the model.
e The Regression procedure will not automatically search for

quadratic or cubic relationships.

- J

Example 5.

The Admiralty have asked Captain Pilch to study factors which could affect the range of a standard naval
cannon used in galleons.

Analyse the data to establish which of the predictors are significant to the response? Then form the
regression equation.

The Admiralty have supplied nine sets of preset values of the predictors in columns K to P of the Excel
file. They want these values to be used to produce nine estimates of the firing distance using the regres-
sion equation. Also, they want the 95% confidence limits (CL) and 95% prediction limits (PL) for the
Firing Distance in each of the nine cases.

Worksheet: Cannon.

| A | B | © | D | E | F |6] H (B K | L | i | il | 0 | P |
1 Ball Wt Charge W Charge_GrWadding_"Annulus_RBarrel_Len  Distance Fired Pra_Ball_\Wt Pre_Charge_\4Pre_Charge_5 Pre_Wadding_ Pre_Annulus_FPre_Barrel_Len
2 5 77 77 9 21 112 2742 B 1100 16 10 2.1 110
=il 9.2 1132 19.1 8 2.1 116 3293 B 1120 17 10 2.1 110
Al mna 1174 197 R TR 117 ARA R 1140 1R n Fa n

1. Open the Excel file and transfer all of the data into Minitab. Columns K to P contain nine rows of
data that we will use to produce estimates of the firing distance after we have formed the regres-
sion equation.
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2. We need to view the graphical rela-
tionship between the predictors to
check whether they are independ- Matrix Plot, .,
ent. Click Graph <<Matrix Plot.

Graph

3. Select Simple and then click OK.

4. Select all the data columns as the 5raph variables:

Graph variables. ‘Ball_wt'-'Barrel_Len' 'Distance Fired'

5. Click on Matrix Options.

6. Under Matrix Display select the Matrix Display
radio button for Lower left (per-  Ful
sonal preference). =

7. Click OK and OK again.

" Upper right
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Distance Fired is our response variable.

It is okay if we see patterns between the response and the predictors. However, all the predictors should
be independent from each other.

Graphically, it can be seen that the predictors are independent but we will check the correlation coef-
ficients as well.

8. To check the strength of the correlation and whether Stat
it is statistically significant click Stat <<Basic Statistics =
<<Correlation. Basic Statistics 4

@ Correlation. ..
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9. Select all the Variables and then click OK.
10. Select the session window icon to see the
results.

We see that Charge_Wt and Ball_Wt have a significant correlation. Also, Barrel_Len and Wadding_Thk
have a significant correlation. This means that there may be instability within our model. When it comes
to reducing our model we should only remove one predictor at a time.

We are now ready to carry out the regression analysis.

Correlations: Ball_Wt, Charge Wt, Charge_Grind, Wadding_Thk, Annulus_Radius, Barrel_Len, Distance Fired

Ball Tt Charge Tt Charge Grind Wadding Thk Anmualus Fadius Barrel Len
Charge_ Wt -0.521
0.00s8
Charge_Grind 0.za7 0,144
0.178 0.474
Wadding Thi -0.174 0.175 -0.156
0.386 0.38z 0.438
Armluz_Radius -0.116 0.2a7 0.:296 ~-0.07%6
0.564 0.174 0.135 .70y
Barrel Len 0.154 -0.07z 0.:z68 —-0.440 0.036
0.444 0.7zz 0.179 0.0z1 0.859
Distance Fired -0.1a8 0.521 0.874 -0.048 0.258 0.1a83
0.40z 0.005 0.oo0 0.508 0,193 0368l

Cell Contents: Pearson correlation
P-Value
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11. Click on Stat <<Regression Sy
<<General Regression. M15 B
users will have to use Stat .
<<Regression <<Regression. |é2 General Regression...
The results of this example
should be virtually the same
for both test procedures.

12. Select Distance Fired as the
Response and C1 to C6 as
the predictors.

13. Click OK.

14. As yet there are no graphi-
cal outputs from this pro-
cedure. Click on the session
window icon as all the results
are in the session window.

The regression equation is
shown below.

Regressiaon b

Distance Fired = 46.534 - 5.42601 Ball Wt + 0.182509 Charge Wt + 5.00111 Charge Grind - 0.176265 Wadding Thik - 8.79371
Anmulus_Radius - 0.0566777 Barrel Len

15. The regression table shows all  rpefficients

the predictors and whether

they are significant or not  Term Loef SE Coef T F

in terms of the P value. We  Constant 46.5340 21.0939 2.2060 0,039
. Eall Wt -5.4260  0,3412 -15.9034 0.000

see that Wadding_Thk and ¢, = "y 0.1825 0.0134 13.6148 0.000

Barrel_Len are not signifi-  ryparge gring 8.0011 0.1477 54.1725 0.000

cant. Previously, we found  Wadding Thk -0.1765  0.2673  -0.6595 0,517

these predictors to be corre- Armrmlus_Fadius -8.7937 1.0889  -3.0758 0.000

lated so we should be care- EBarrel Len -0.0567  0.1223  -0.4633 0.648

ful and remove them one at
a time. We will go through
the regression exercise again
and remove Barrel Len as 3 = 3.07570 F-5q = 99, 55% R-Sqiadj) = 99,42%
a predictor. Also, note the  FRE33 = 354,400 R-3g(pred) = 33.17%

R-Sq(adj) value, this is a good

fit for the process.

Summary of Model

16. Click on the Edit Last button.
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17.

18.

19.

20.

21.

Change the selection for the
predictors so that Barrel_Len is
not included and Click OK .

If multi colinearity had existed
Wadding_Thk would have
become significant but this has
not happened. We can proceed
and remove Wadding_Thk as
well. Click on the Edit Last icon.

Change the selection for the
predictors so that both Barrel_
Len and Wadding_Thk are not
included.
Click OK.

In the session window look at
the regression table, it now
only includes significant pre-
dictors and we have a very
good fit of 99.5%.

Fegression Equation

Response: | 'Distance Fired

Maodel;

‘Ball_wt' 'Charge Wt 'Charge_Grind' "Wadding_Thk'

‘Annulus_Radios'

Predictor Coef
Constant 39.98
Eall_Trc -5. 4279
Charge_ Tt 0.15257
Charge Grind 7.9868
Wadding Thk -0. 1256

Arruilus_Radius -3.785

Response: | 'Distance Fired'

Model;

2E Coef

15.35

0.3347

0.

01315

0.1417
0.2392

1.0a7

"Ball_wwt' 'Charge_wt' 'Charge_aGrind' ‘annulus_Radius

Coefficients

Term Coef
Constant 40,0673
Ball Wt -5.4220
Charge Tt 0.1815
Charge_Grind 7.9988

Anmmlus Radins  -5.7163

Summary of Model

3 = E.96754

= O O O

PRESS = 295.565 R-Sqipred)

Coef

L0931
L3290
L0123
L1381
. 0449

F-3q = 99.54%

= 99,

T P
Z.60 0,017
-16.22 0.000
13.58 0.000
fe.36  0.000
-0.5Z 0.e05
-g.22 0.000
T P
Z.6547 0.014
-la. 4812 0.000
14,2166 0.000
57,8857 0.000
-§.3414 0.000
E-Ggladj) =

30%

239,

46

o

%

Distance Fired = 40.0673 - 5.42203 Ball Wt + 0.15145 Charge Wt + 7.99655 Charge Grind - §.71625 Annualus Radius



The final regression equation with only significant
predictors is shown above. As the R-Sq(adj) is high we
can be confident that our regression equation will
give us an accurate model to predict distance fired.

22.

23.

24,

25.

26.

27.

We can now ask Minitab to use the regression
equation and our preselected values for the
predictors to calculate what firing distance they
will give us including the confidence and predic-
tion limits. Click on the Edit Last icon and then
the prediction button. M15 users need to click
on the Options button.

In the menu box for New Observations for con-
tinuous predictors enter the pre-defined values
for our significant predictors. Under storage
select the tick boxes for Confidence limits (CL)
and Prediction limits (PL).

Then click OK.

Again we must check the validity of the model
by looking at the residuals. To do this click on
Graphs.

Then select Four in one under Residual Plots.
Click OK and OK again.

Since we had asked for the results of the CLs
and PLs to be stored they appear in the current
worksheet. They also appear in the session win-
dow. To view them click on the Session Window
icon.
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M16 M15

Prediction, .,

Options. ..

Mew observation for continuous predictors:
harge_wt' 'Pre_Charge_Grind' 'Pre_annulus_Radios'

Mew observation for cakegorical predictors:

Skarage

Fiks

SEs of fits
v Confidence limits
v Prediction limits

Graphs. ..

Residual Ploks
7 Individual ploks
B
B
B
I

f* Four in ong
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There were nine rows of pre-defined predictor values and we were asked to find the estimated Distance
Fired and the Cls for the mean and PIs for additional points. Each row in the session window corresponds
to each row of data, in order.

For our first set of data the Distance Fired would be 316.772, the mean firing distance would be between
314.3 and 319.3. The Prediction Interval for additional points is 310.1 and 323.4.

We will now check the residual plots to confirm the validity of the model.
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Starting from the top and going from left to right:

The Normal Probability Plot shows that the Residuals are normally distributed.

The Versus Fits Plot shows that the Residuals are equally distributed about the centre line.

The Histogram Plot shows that the Residuals do not show extreme skewness.

The Versus Order Plot shows that the Residuals are not displaying any patterns or ordered behaviour.

In summary, there are no issues with the residuals within this study.

Example 6.

Prawn wants to buy a car and is very interested in the power output of the engine. He knows that the
power delivered by a car engine is affected by a number of factors and sets about collecting data on four
key predictors that he feels will be significant.

Analyse the data Prawn has collected in order to establish which of the predictors are significant to the
response?

Form the regression equation.
Worksheet: Engine Power.

1. Open the Excel file and transfer
the data into Minitab.

2. Click Graph <<Matrix Plot. Graph

Matrix Plot. .,

3. Select Simple and then click OK.
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4. Select all the data columns as the graph
variables.

Graph variables:

'"Comp ratio’-'Air Density' Power

5. Click on Matrix options.

6. Under Matrix Display select the radio but-
ton for Lower left (personal preference). “ Eul
7. Click OK and OK again. =

" Upper right

Matrix Plot of Comp ratio, EngTemp, MPG, Air Density, Power

Comp ratio
o= i
o @
o et
o] ¢ @ * o
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504 %0 s @&
o1 : .
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e . ®
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All the predictors appear to be independent from each other. Comp ratio and Power appear to have a
strong positive correlation.

We will also check the correlation coefficients.
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8. To check the strength of the correlation
and whether it is statistically significant
click Stat <<Basic Statistics <<Correlation. Basic Statistics »

Stat

COR Correlation...

9. Select all the Variables and then click OK.
10. Select the session window icon to see the
results.

We see that Comp ratio ) ) ) )
and Power have a sig- Correlations: Comp ratio, EngTemp, MPG, Air Density, Power
nificant correlation.

Comp ratio EngTeup MPG Air Density
None of the predictors  EpgTenp -0.113
are correlated so when 0,559
it comes to reducing our
model we can remove .. _0.041 0,072
more than one predic-
tor at a time. 0.823 0.703
We are now ready to  Alr Density -0.055 -0.0%a 0.173
carry out the regression 0.772 0.630 0.344
analysis.
Power 0,958 -0.094 -0.010 0.023
0.000 0.620 0.959 0.904

Cell Contents: Pearson correlation
P-Value
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11. Click on Stat <<Regression syt

<<General Regression. .
Redgression k

E General Regression. ..

12. Select Power as the response Response:
and all the other variables
as predictors. Click OK. Model:
"Comp ratio’-'air Density'

Pawer

13. Click on the session window

. i Term Coef BJE Coef T P
icon. The regression table  copgrant  -1953.18 258.5a0 -7.5546 0.000
shows that EngTemp and cComp ratio 190.96 4.935 38.6956 0.000
MGP are not significant. We  EngTenp Z.10 Z.380  0.85811 0.357
can remove them from the MNFG Z.25 3.729 0.e033 0,552
model. As they were not bir Density 290.62 95.345 2.9551 0.007
correlated we can remove
them in one iteration. Summary of Model
5 = 211.754 B-3q = 93.37% B-3giady) = 98.11%
FRESS = 1713645 BE-Sogipred) = 97.51%
14. Click on the Edit Last icon. =
15. Change the selection of the  pecnonee: [ poper
predictors to Comp ratio
and Air Density. Then click Madel:
OK. "Comp ratio’ "air Density!
16. Click on the session window  Power = -1704.22 4 190,35 Cowp ratio + 294,035 Air Density
icon. The regression table
only includes significant o
. Coefficients
parameters. The R-Sq(adj)
has improved from 98.1 to Term Coef SE Coef T P
98.2%. Constant -1704.22 127.638 -13.3519 0.000
Comp ratio 190, 35 4,830 39,4105 0.000

Air Density 294.03 94,989 3.0%81 0.005

17. In order to check the residu-
als click on the Edit Last icon.

L] |
vinll




18. Then click

19. Under Residual Plots select

Four in one. ™ Individual plots
20. Click OK and OK again. [
-
-
=
f# Four in one
Normal Probability Plot
99
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!
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Starting from the top and going from left to right:

on Graphs.

Graphs. ..

Residual Plots

Residual Plots for Power

Residual
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e The Normal Probability Plot shows that the Residuals are normally distributed.

e The Versus Fits Plot is showing patterned behaviour. We need to investigate why this is happening.
Strong curvature indicates that the data is not well explained by the regression model.

e The Histogram Plot shows that the Residuals do not show extreme skewness.

e The Versus Order Plot shows that the Residuals are not displaying any patterns or ordered behaviour.

385

In summary, the Versus Fits plot is indicates that the model does not fit well. We need to go back and
investigate why this is happening.
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If we go back to the matrix plot we can see
that the relationship is not quite linear. It
may be quadratic. We can explore this in the
regression model. The General Regression
procedure in M16 has made this very easy.
Initially, we will go through the method
that M15 users need to use to investigate
interactions and higher powers as predic-
tors. The start of each step will indicate
whether it is for M15 or M16 in order to
highlight the version methodology.

21. M15. Change the title of column C8 to
Comp Ratio”2. ‘A’ is to designate rais-
ing Comp ratio to the power of two.

22. M15. Click on Calc <<Calculator.

23. M15. In the Calculator menu store the
results in column C8 and enter the
expression Comp ratio*Comp ratio.

24. M15. Then click OK.

25. M15. We have created our Comp ratio
squared term in C8.

26. M15. Click on Stat <<Regression
<<Regression.

Comp Ratio

8

Comp Ratio®2

Zalc

i Calculatar. .

C8

Comp Ratio®2

262 44|

800.00
774

ANa 4

Stat

Regression

b

E Regression...

Power
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27. M15. Change the selection of the predictors
to Comp Ratio, Comp Ratio”2 and Air Density.

Then click OK. Predictors: | 'Caomp ratia’ 'Bir Density' 'Comp
Ratio™Z2

| T
Response: | Power

For M15 we have to manually create a column if
we want to enter a polynomial or an interaction
term. With M16's General Regression menu we can
enter the terms directly into the menu as shown
next.

28. M16. Click on Stat <<Regression << General Stat

Regression. Reqgression *

ﬁ General Regression, .,

29. M16. Change the selection of the predictors Response:
to Comp ratio, Comp ratio*Comp ratio and
Air Density. Then click OK. Model:
"Comp ratio' ‘air Density' Comp rakio™® "Comp ratio’

Power

The results in the session window are the same for both methods. The regression table shows that the
quadratic term is significant. Also note the improvement in R-Sq(Adj).

Let's check the residuals and see if they have improved.

Term Coef 5E Coef T P
Constant -332.414 57,2955 -5.8017 0,000
Comp ratia 15.455 6. 6641 2.3192 0,029
Air Density 292,104 15.2835 15.9781 0.000
Comp ratio*Comp ratio 4.611 0.1740 26.5038 0.000
3 = 40,1885 BE-53q = 99,94% B-3gfad)) = 99,93%

FRESS = 53575.3 R-Sgipred) = 99.92%

Power = -332.414 4+ 15,4553 Comp ratio + 292,104 Air Density + 4.61091 Cowp ratio*Comp ratio
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The pattern in the Versus Fits plot has gone. We have successfully produced a model with a quadratic term.

Example 7. Multi Colinearity

Miff also wants to buy a car and is interested in the power output of the engine. Miff believes that
engine power is most affected by a different set of parameters to Prawn.

Analyse Miff's data to establish which of the predictors are significant.
Form the regression equation.

Worksheet: Engine Power2.

1. Open the Excel file and transfer A ‘ B ‘ & ‘ B :E| B |
the data into Minitab. Note that - - - '

) _ 1 |EngTemp MPG Air Density  Outside Temp Power
:c\/llff k_\as changed the predictors 5 48 A1 1075 19 5 63
or this example. =

3] 473 32 38725 g 5270
N H3b ils) 385 12 7520
5 8y 48 ad 11 T4 .80
[ fall ]l 14975 4 B7.05




Correlation and Regression 389
2. Click Graph <<Matrix plot. Graph

Makrix Plot. ..

3. Select Simple and then click OK.

4. Select all the data columns as the Graph variables:
Graph variables.

Comp ratio'-"air Density' Power

5. Click on Matrix Options.

6. Under Matrix Display select the Mkt Bisplas
radio button for Lower left (per-  Ful
sonal preference). Gy

7. Click OK and OK again. ~ upperru;ht
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All the predictors appear to be independent from each other apart from Air Density and Outside Temp.
MPG is about the only predictor that does not appear to be correlated with Power.

We will also check the correlation coefficients.

8. To check the strength of the correlation and whether

Stat
it is statistically significant click Stat <<Basic Statistics =
<<Correlation. Basic Statistics ;
cor Correlation..,
9. Select all the \{ariab.les and.then click OK.
10. Select the session window icon to see the results. —_—
C1  EngTemp Yariables:
2 MPa

EraTemp-"Cukside Temp'

Z3  Air Densiky F‘l:lwer|

4 Qukside Temp
Z6  Paower
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As suspected, out of the predictors, Air Density and Outside Temp are strongly correlated.

We will now carry out the regression analysis.

11. Click on Stat <<Regression <<General Regression. Shak
Redgressian g

ﬁ General Regression, .,

12. Select Power as the response and all the other vari-

. . Responset | Pawer
ables as predictors. Click OK. |

Predickors: EngTermp-"outside Temp'
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13. Click on the session window icon. The

. . Predictor Coef 3E Coef T I3
regression table shows that Outside Constant 35,23 18.73  1.88 0.072
Temp and Air Density are not signifi- EngTeup 0.88432 0.08335 10.61 0.000
cant. We should be able to remove MFPG -0.86582 0.09368 -9.24 0.000
them both from the model. Air Density -2.063 3.129 -0.66 0,516

futside Tenp 0.59z28 0.3248 1.583 0.080

5 = 5.68767 R-3q = 92.5% R-3giadi) = 91.3%

14. Click on the Edit Last icon.

=
il

15. Change the selection of the pre- Response: |Power
dictors to EngTemp, MPG and Air

Density. Then click OK. Predictars: | EngTemp MPG ‘i Density”
16. Click on the session window icon.

After removing Outside Temp notice that

. . . . Predictor Coef 3E Coef T F
Air Density has become significant. This Constant 66,857 2 441  B.98  0.000
is because the two parameters were cor- EngTeup 0.820658 0.07904 10.33 0.000
related and they were causing instability MEPiG -0.82707 0.09526 -5.65 0.000
within the model. This is known as multi Lir Density =7.403 l.183 -&.37 0.000

colinearity and the best way to find the
best combination of predictors is to use
a procedure like Best Subsets or Stepwise
Regression. We will look at Predictor
Selection Procedures after the exercise.

§ = 5.93745  R-3g = 91.5% R-Sgladj) = 90.6%

Exercise 4. Multiple Predictor Regression.

The drying rate of plasterboard within an industrial dryer is affected by a number of factors. Hawk
wants to understand which factors are significant and then wants to form a model which can be used
to optimise the drying rate.

Analyse the data to establish which of the predictors are significant to the response.

Form the regression equation and then check the residuals to establish if the model is valid.

Worksheet: Drying Rate.
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All the predictors appear to be independent of each other.

Humidity and Drying Rate appear to have a strong negative correlation.
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None of the predictors are correlated so when it comes to reducing our model we can remove more than
one predictor at a time.

Temperature Hmidity Air Pressure  EBoard Area Air Speed
Humidity -0, 198
0,294
hir Pressure 0,141 -0.006
0,458 0,976
Eoard irea 0,252 0,091 0.174
0,179 0,632 0,358
Air Speed 0,039 -0.077 0,150 0.0z9
0,602 0.686 0.428 0.879
Drying Rate 0,537 -0.308 0,093 0.003 0,303
0,00z 0,000 0.624 0.986 0.104

Cell Contents: Pearson correlation
P-Value

On the first run Air Pressure is the only

. . L Predictor Coef BJE Coef T P
predictor that is not significant. Constant 38.00 19. 43 1.95 0.062
Temperature 4.583085 0.03065 60.52 0.000

Humidity -2.01583 0.0l403 -143.66 0.000

Air Pressure O.0Z122 0.01087 1.95 0.063

Eoard Area -5.061 1.431 -3.42 0.00z2

Air Zpeed 20.3942 0. 5642 36.15  0.000

3 = 9.958008 E-8g = 99.9% PR-Sgfadl) = 99.9%



On the second run all
the predictors are sig-
nificant. The regression
equation for this model
is straightforward.

We need to check the
residuals to ensure the
model is valid.

Predictor
Constant
Temnperature
Humidity
Eoard Area
Air Speed

3 0= 10.53257

The regrezsion equation iz

Drying Rate = 36,6 + 4.89 Temperature - 2,02 Humidity - 4.65 Board Area + 20,5 Air 3peed

There do not appear to be any issues with the residuals.

Hawk now understands that the parameters affect drying rate are temperature, Humidity, Board Area
and Air Speed. Air Pressure does not affect the drying rate.
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Coef
36.63
4,890483
-2.01557
-4, 5449
20,5479

B-3g =

SE Coet
20,48
0.o0s473
0.01480
1.547
0.5892

57,
-136.

4.

T

.79

7
20

.0l

g7

.9%  R-Sqiadi)

Lo e Y s Y s e

29,

F

L0386
.0ao
.0ao
.06
.03ao

EE
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9.8 Predictor Selection Procedure

4 N
Test e Best Subsets and Step Wise Regression
\ /
4 N
Wh at's it e They are used to select the best predictor variables when fitting a
Used for') model. They do not carry out the regression.
. %
4 N
\
e Both procedures usually produce consistent results.
: e They become particularly useful when multi colinearity is causing
Assu mpthnS problems in reducing the model.
and * A combination of metrics is used to show the best predictors for
. . the model.
Limitations e Neither procedure will attempt to find models with interaction or
higher order terms..
)
. J

Example 8. Predictor Selection Procedure.

Using the cannon data set from Example 5, use Best Subsets and Stepwise selection to evaluate the best
combination of predictors.

Worksheet: Cannon.

1. Open the Excel file and

transfer the data into

Minitab.

<<Best Subsets

2. Click Stat <<Regression

Ball Wt  Charge W Charge GrWadding “Annulus RBarrel Len  Distance Fired

5 1177 77 4 21 112 27472
52 1132 19.1 d 21 116 3293
Skat
Regression 4

g Best Subsets...
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3. Select Distance Fired as the
Response and C1 to C6 as the
Free predictors. Then click
OK.

4. Select the session window
icon to see the results.

Minitab works through a number

) - . Response iz Distance Fired
of models using different combi-

nations of predictors. We select 4
the best combination of predic- c n
. I
tors by looking at the results table. b
aalkE
Generally, we are looking for the Crdua
highest R-Sq and R-Sq(adj) values. 5 1; : Eil °
We use R-Sq when comparing ar _nRe
models with the same number of lgGgal
predictors and R-Sq(adj) for dif- lLer _d_
fering numbers. We also want the - 111 E 111 2
lowest Mallows C_and the lowest Vars R-%q B-3giadj) Mallows Cp S rrdkasn
S value(S can be thought of as the 1 77.0 76,1 1007.2 19,744 by
standard deviation of residuals). 1 271 24,2 3247.3  35.178 b
2 94.5 24,1 225.4 9.8552 X X
2 92.9 92,3 296.0 11.178 X X
For the example we would select 3 as.l a7, q 66.3 E5.9215 ¥ ¥ ¥
the model with Mallows C, =35 3 95.4 94,7 189.6 9.2633 X X X
as this row gives us the best ill gg-i 32-; sg'g 2-32;3 i i i . A
results for R-Sq, R-Sq (adj) and S. 5 98.5 99, 4 5.2 3.0176 XX X XX
Incidentally, this gives the same 5 99.5 99,4 5.4 3.0340 XXX XX
combination of predictors as the 6 99.6 99, 4 7.0 3.0757 HHH KKK
result in Example 5.
Now we will carry out the same =
procedure but this time using - :
Regression k

Stepwise selection.

H’_E[l Skepwise, ..

5. Click Stat <<Regression
<<Stepwise.
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6. Select Distance Fired as the
Response and C1 to C6 as the
Predictors. Then click OK.

7. Select the session window
icon to see the results.

Again, the procedure works
through a different combination
of predictors until it finds the
best model.

The Stepwise procedure can be
modified in the initial set-up. It
can be set to add predictors or sub-
tract them. In the default mode it
will add and then subtract. It can
also be asked to stop after a num-
ber of iterations.

The result is the same as that for
Best Subsets and the combina-
tion of predictors we selected in
Example 5.

Atep
Constant

Charge Grind
T-Walue
P-Walue

Ball Wt
T-Walue
P-Value

Charge Tt
T-Walue
P-Walue

Anrmlus_FRadius
T-Walue
P-¥alue

51

F-3q
B-Gg(ad])
Mallows Cp

1
134, 46

7.31
9. 16
0.aoa

19,7
.04
7e.12

loo0%.2

2
£35.65

g.27
z0.0z2
0.aoa

=7.70
-g.74
0,00

9,86
94.51
94.05
2z5.4

3
39.56

7.87
29.01
0.o00

-5.17
-7.91
0.o00

0.166
a. 59
0.o00

5.92
98.10
97.585

B6.3

4
40.07

g.oo
57.89
0.o00

-5.42
-16. 435
0.o00

0.151
14,22
0.o00

-3.7
-g.34
0.o00

Z.97
99.54
99,46

3.5
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Exercise 5. Predictor Selection Procedure.

After we discovered the multi colinearity in Example 7 we did not complete the exercise. Using the data
set from Example 7 use the Best Subsets and Stepwise selection procedures to evaluate the best combi-
nation of predictors for the regression model.

Worksheet: Engine Power2.

Using Best Subsets, the best model Response is Power
appears to be one with EngTemp, MPG
and Outside Temp as predictors. It does 0
not select Air Density as a predictor. L u
it
¥ =
i
E D d
n B B2
g n
T =T
e Mie
Mallows mPtmn
YVars ER-3g EBE-3giadj) Cp 3 pGyonp
1 4a.5 44,6 1553.1 14.354 x
1 4l1.8 39.8 lag.7 14.993% X
2 Ta.3 76,7 45.5 9.3207 K X
2 67.0 6d. 6 g6.5 11.508 X "
3 9:2.4 91.5 3.4 5.8255 X H *
3 8l.5 0.6 B.3 5.9375 WX E
4 82,5 91.3 5.0 5.8877 W HK KX
The Stepwise procedure selects the
. Step 1 z 3 4 5
same predictors as the Best Subsets .o, 108.01 57.63 66.86  35.23  23.43
procedure.
Lir Density -12.8 -9.49 -7.4 -2.1
T-Value -4.93 -4.54 -6.37 -0.66
P-Value o.o0o0  0.00o0 0.00o 0.51&
EngTenp 0.591 0.521 0.554 0.91:2
T-Walue 4,089 10. 38 10.61 12.88
P-Value 0.a0o 0.o0o 0.00oo 0.oao0
MP= -0.827 -0.866 -0.854
T-Value -8.68 -9.24 -10.00
P-Value 0.00o 0.00o 0.oao
Outzide Temp 0.59 0.79
T-Walue 1.583 6.94
P-Value 0.0s0 0.oao0
5] 14.4 11.5 5.94 5.69 5.63
F-3q 46.50 /700 91.54 92,53 92.40
BE-3gfad]) 44,59 64,55 Q0. 56 91.34 91.53

Mallows Cp 153.1 ga. 5 G.3 3.0 3.4
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9.9 Nonlinear Regression

4 N
Test e Nonlinear Regression
\ /
4 N
Wh at's |-t e Itis used when you cannot model the relationship with linear
parameters. Linear models have only additive terms with only one
used for? parameter in each term.
\ /
4 N
. . . )
e Response variables must be continuous, predictors must be con-
. tinuous or indicator variables (i.e. 0, 1).
ASSU m ptlons e The procedure uses an iterative algorithm to fit the best model
d and therefore requires starting values for the iteration.
an e Prior to running the procedure the expectation function needs to
Limitations be specified. Due to the almost infinite number of nonlinear func-
tions prior knowledge of the model is almost mandatory.
e Nonlinear Regression is M16 only. )

- J

Example 9. Nonlinear Regression.

Zaf, the chemical engineering consultant, is conducting evaluation trials on a new granular active car-
bon (GACQ) filter. He is checking its ability to remove sulfur dioxide (SO,) from a gas stream. A gas stream
with a constant 200 ppm SO, content is passed through the filter at varying flowrates. The exhaust con-
centration (Conc) of SO, is recorded against the flowrate.

Zaf has conducted a literature search and has found that a Power (concave) function will be the most
appropriate model to fit.

Help zaf by forming a model for the relationship between Flow and Conc. Can a flow of 30 kg/min give
a concentration of 20 ppm.

Worksheet: GAC Filter.

1. Open the file GAC filter and transfer the data into a new Minitab project Flow Conc
window. 403  93.097
2082 12325

As a comparison we will display the results of using the Regression <<Fitted Line
Plot procedure on this data. We have used a cubic model and from the session 4144 5244
window we can see that the cubic term is significant. g9l =O0as
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The Fitted Line Plot shows a fairly good fit with an

. . . i Zequential Analysiz of Variance
R-Sq(adj) of 92.9% which also indicates a good fit.

Source LF o5 F P
Linear 1 1lg768.4 86.22 0.000
(uadratic 1 7191.4 90.14 0.000
Cubic 1 2928.8 90.89 0.000

The Four in One residual
plot indicates problems with
the model. The histogram is
extremely skewed and the
versus fit plot shows that
the residuals are not evenly
distributed around the zero
line. In fact we are seeing
strong curvature indicating
the datais not well explained
by the model. Clearly, we
need to attack this problem
in a different way so we turn
to Nonlinear Regression.
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2. Click on Stat <<Regression <<Nonlinear Regression. S
Regression 4
E Monlinear Regression. ..
3. Enter Conc as the Response variable. Response: | Conc

4. We have the option of using the calculator to form
our own function or we can use a predefined function
by clicking on Use Catalog. Click on Use Catalog.

5. Select the Power (concave) function from the list. We

Expectation Function

Ilse Calculatar, .

see that it uses one predictor and two parameters.
6. Click on OK.

7. We can see the algebraic form of the equa- Thetal * x~Thetaz
tion we have selected. We must now let the
procedure know which column represents Choose an actual predictor For each placeholder:
X in the equation. Select Flow and then -
click OK. Placeholder Actual Predictor
X [Flan

8. As the Nonlinear Regression procedure uses Required starting values:

an iterative process to produce the model

d . . | Click Parameter Yalues Locked
we need to estimate starting values. Clic Thetal 01 r
on the Parameters button to enter the Thetaz 0.1 [

starting values for the iteration.

9. Looking at the proposed equation and the
data that has been generated | guessed the
starting values. (Actually, on the first occa-
sion | used 0.01 but the iteration stopped
after four loops.) Enter 0.1 as the starting val-
ues for Thetal and Theta2 and then click OK.



10.

11.
12.

13.

14.

Click on the Graphs Button. Click on
the tick box for Display prediction
intervals as this will help us to answer
a part of the question.

Select the Four in one residuals plot.
Select OK and OK again.

Within the Session Window we see the
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Lack of Fit
Lack of Fit test. We only get the results
of this test if there are replicates Source DF 3 ik F P
within our data. If the P value was Error BE #5.1460  1.37332
below our a level then there would be Lack of Fit 61 £4.3395 1.38282 1.71 0.552
evidence to show that model did not Pure Error 1 0.8064  0.80645
fit the data. However, this is not the
case.
Go to the Fitted Line . .
Fitted Line Plot
Plot. We can see the Conc = 507.388 * Flow ~ -1,20422
equation that has
been developed and 1204
the PredictionInterval Reopessinn
for new points has 100 4 —— 95% PI
been plotted.
a0 -
=
= a0 -
o
40 1
20 1
0
T T T T T T
a 10 20 30 40 a0
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15. Right Click on the graph area and then
select Add <<Reference Lines. Complete
the menu box as shown with reference
lines at X =30 and Y = 20.

Show reference lines at ¥ values:
20

Show reference lines at ¥ values:
30

As the intersection point of the two lines lies outside of the prediction interval we can be confident that
a flow of 30 kg/min will not give a concentration of 20 ppm.

We need to check the residuals to validate the model.

Fitted Line Plot
Conc = 507,338 *SIEIJow ~1,20422

12004

: Fegression
1001 4 — 95% PI

=0

S0

404

20

Conc
-
(=




There do not appear to be any issues with the residuals.

Exercise 6. Nonlinear Regression.

The reaction rate of a new enzyme is being evaluated. The concentration of the substrate (Conc) is var-
ied and the resulting rate of reaction (RoR) is measured.
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For this type of study it is known that the Michaelis-Menten equation is usually appropriate to model

enzyme kinetics.

Form a model for the relationship between Conc and RoR.

Worksheet: Enzyme.

Within the session window we see the
Lack of Fit test. We see that the P value
is above 0.05 which indicates that we
cannot say that our model does not fit
the data.

Lack of Fit
aJource DF
Error 98

Lack of Fit 893
Pure Error 5

33
0.0036535
0.0034743
0.0002145

M3 F P
0.00005837
o.o0oo2ll  E2.12  0.203
O.o00o04z9
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The Fitted Line Plot shows the param-
eters within the Michaelis—-Menton
equation that have been developed
for this study.

Starting values of 0.1 were again used
for thetal and theta2.

Although the residuals could be better we don’t have enough abnormality to reject the model.



CHAPTER 10
Design of Experiment

10.1 Why Use Design of Experiment?

Energy

Temperature
Flow %
Concentration 7

Viscosity

Length

Process mmmmm) \Weight

Noise Variables

Design of experiment (DOE) is used to assess the input factors and interactions that are important to our
response. In a series of designed experiments, where the number of experimental runs are optimised,
the important factors and interactions are identified. We can then look at optimising the significant
input settings in order to achieve our desired output.

10.2 Types of DOE

The type of DOE and the number of runs it uses depends on our objectives.

Screening DOE Characterisation DOE Response Surface Taguchi Designs
Designs
Used to reduce a large Used to evaluate main factors | Used to model curvature Used to reduce variation
number of factors to the few | and their interactions. Leading | within the design and reduce sensitivity to
significant factors that are us to a prediction equation. noise factors.
relevant.

Problem Solving and Data Analysis using Minitab: A clear and easy guide to Six Sigma methodology, First Edition. Rehman M. Khan.
© 2013 John Wiley & Sons, Ltd. Published 2013 by John Wiley & Sons, Ltd.
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10.3 DOE Terminology

In order to explain some
of the DOE terminology
we are going to look at
an example of a Two Level
Full Factorial DOE.

We are going to look at
a mopping process. We
are interested in how the
detergent concentration
and water temperature
affect the grime concen-
tration after mopping.
Our factors are Dconc and
Wtemp and the response
is Grime.

We carry out four experi-
ments using low and high
levels for each factor as
shown. As each combina-
tion of factors is run only
once we say there are no
Replicates. It is preferable
to have Replicates within
a DOE as it allows Minitab
to calculate the variability
within the experiment. (In
reality our example DOE
would not work without
replicates.)

One of the main benefits
of using DOE is that it
optimises the number of
experimental runs that
are needed.

Let's just look at how many
runs would be required if
we had not used a Two
Level Factorial approach
but decided to use six lev-
els for each factor.

Wtemp

Wtemp

30

25+

20+

15+

10+

Dconc

Low=15
High=30

Witemp
Low=10
High=20

30

25+

20

154

104

5 10

15 20 25
Dconc

45

45



From needing four experimen-
tal runs we have now gone to
needing 36.

The experimenter needs to
decide if the cost and time
required to do the extra runs
is beneficial in terms of the
information that is likely to be
gained and how much value
that information will have.

As we are carrying out a Two
Level Factorial DOE we look at
each factor at a high and low
levels only. We call these our
Corner Points and we assume
a linear response between the
corner points. Other types of
DOE have additional points to
look for curvature.

With this type of DOE:

e For two factors we need
four runs.

e For three factors we need
eight runs.

e For four factors we need
16 runs.

We call this a 2% factorial, where
k is the number of factors.

Design of Experiment 409

204 @ ) L ® L] L]

154 ] 1] L] L] @ L]

=I_1E|— @ @ @ ® ® @

£

[

L=

3 144 @ L & L] ® @

124 L] @ L ] & L ®

104 ® ® ® ® ) ®
T T T T T T T
15.0 17.5 20.0 22.5 25.0 275 30.0

Dconc

2 Factor Design

3 Factor Design

4 Factor Design
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Let’s have a look at the Design Matrix for
our experiment.

We can change the values into Coded
units where the high values are repre-
sented by +1 and the low values by -1.
We can also add the interaction term.
Notice that the interaction term is the
product of the coded units of the factors.

Our design is Balanced because it con-
tains the same number or runs at each
high value and low value for each factor,
that is two.

The design is Completely Orthogonal
because the sum of the products of the
coded factors is zero. Also, the Pearson
correlation coefficient for the coded fac-
tors and interaction term is zero, that is
No Correlation.

Let's say we have carried out the experi-
ment. The results are shown in the table.

Wtemp Dconc
10 15
10 30
20 15
20 30
Wtemp Dconc Wtemp*Dconc
-1 -1 1
-1 1 -1
1 -1 -1
1 1 1
Sum of Column =0
Wtemp Dconc Grime
10 15 212
10 30 135
20 15 187
20 30 90

The higher the grime value the dirtier the sample was after mopping.

The Cube plot shows the results in a very graphical and straight forward manner.

Let's have a look at the Main Effects plot and Interaction plot and see how the results were calculated.

135

20
+1
Wtemp
11212
10 -

15 -1

Dconc

30
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Let's start with the Main Effects plot and see how the Main Effects are calculated.

411

Average of Average of
Factor Effect = responsesat - responses at
high levels low levels
Deonc Effect 133790 212+187 o | — _ -
2 200 -
Equation (10.1)
180
187+90 212+135 '
Wtemp Effect = ——- 22 217132 _ 35
2 £ 160
L)
Equation (10.2) z
140 »
120
L]
1004 , ;
15 30 10 2

Let's have a look at the Interaction plot and see how the Interaction is calculated.

212-135 187-90 _
2 2

Equation (10.3)

Interaction = -10

Now that we understand more about the terminology let’s work through the full example.

212-135 A

- —187-90
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10.4 Two Level Factorial Designs

/

Procedure

~

e Two Level Factorial Designs

Y

What's it
used for?

AN

¢ The design of experiment process is used to understand the effect
of process inputs and their interactions on the outputs of the
process.

Yo

N

Assumptions
and
Limitations

AN

e A two level factorial DOE evaluates the changes in response when

combinations of high and low levels of each factor are tested.

e This type of DOE cannot detect curvature within a single run.

e This type of DOE can be used for characterisation or screening but
of the two it is more likely to be used for characterisation.

~

J

Example 1. Setting up the experimental design.

We are going to expand on the mopping example. We are interested in how the detergent concentra-
tion, water temperature and material of the sponge on the mop affect the grime concentration after
mopping. Our factors are Dconc, Wtemp and Material and the response is Grime. Initially eight runs
were carried out on day1 and then the eight runs were replicated on day?2.

If the historical standard deviation is 10 and the effect of the factors is at least 20 what is the minimum
power for this experiment?

Also, set up the experimental worksheet.

No File.

Design.

1. Click Stat <<Power and Sample Size <<2 Level Factorial stat

Power and Sample Size *

O 2-Lewel Eactorial Design...



Design of Experiment 413

2. Complete the menu box as shown.
Standard deviation and Effects are
estimated from historical knowledge
of the process.

3. Click on Designs.

4. In order to highlight how to use
Blocks we said that the experiment
was carried out over two days. We
need to know if carrying out half the
runs on one day and half on the next
affects the results. In order to check
if this has changed the experiment
we click on Include blocks in model
and we specify 2 as the number
of blocks. In this way using Blocks
allows us to assess whether a noise
variable is affecting the experiment.

5. Click OK and OK again.

6. The graph that pops open shows the Power Curve against Effect. With the data that we specified
we will have a 92.7% chance of recognising a difference if one exists.
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2. Go to the session window to see
the summary of the data. As we
are happy with the power we
can now set up the worksheet
for the experiment.

3. Click Stat <<DOE <<Factorial
<<Create Factorial Design...

4. \We are going to use a ‘2-level
factorial’ design which should
be selected by default. Change
the Number of factors to 3
and click on Display Available
Designs.

A matrix of available two level facto-
rial designs is shown here. The roman
numerals are the resolution of frac-
tional designs, which we will cover
later. We do not need to select any-
thing from this menu. Click OK and
then Designs.

Stat

Eactarial

4

EI iCreate Fackorial Design. ..
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5. Ensure Full Factorial is high-
lighted. Complete the remain-
der of the menu box as shown.
Click OK.

6. Notice how the remaining but-
tons become selectable. Click

Designs... Facktors...
on the Factors button.

Options. .. Results., ..

Display Awvailable Designs. ..

QI Cancel

7. Thisis where we enter the name,
type and values of high and low
settings for our factors. Notice
that we are using a categori-
cal value for Material. Copy the
menu box and click OK.

8. Click on the Options button.
Folding a design is concerned
with Fractional designs. For the
example we are going to dese-
lect Randomise runs so we can
see the structure of the experi-
mental runs in the project
window. Normally we would
randomise the runs to reduce
human influence on the experi-
ment. Click on OK and OK again
to produce the worksheet.
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9. Go to the project window and 1 c? 3 4 5 Ch CiT
look at how the sheet is laid  gtdOrder RunOrder CenterPt Blocks Dconc Wtemp Material
out. Notice that there are eight 1 1 1 1 15 10 A
runs within each block. Each 5 5 1 1 0 10 A
bIock_con.tains all the possi_bl_e 3 3 " 1 e I
combinations of factors. This is
the sheet that will be used to 4 4 1 ! 30 0|4
collect the response data. 5 5 1 1 15 0B

G G 1 1 30 10 B
7 7 1 1 15 20 B
a a 1 1 30 20 B
9 9 1 2 15 1 A,
1 1 1 2 30 1 A,
11 1A 1 2 15 20 A,
12 12 1 2 30 20 A,
13 13 1 2 15 B
14 14 1 2 30 10 B
15 15 1 2 15 20 B
16 16 1 2 30 20 B

Example 2. Analysing the experiment.

Just in case you forgot, our factors are Dconc, Wtemp and Material and the response is Grime. We now
have the experimental results. Eight runs were carried out on day1 and then the eight runs were repli-
cated on day2.

The researchers want to know which factors have affected the response and whether carrying out the
replicates the next day affected the experiment. Also, are any of the interactions significant?

Use the worksheet window from example 1.
All data sets for this chapter are within Excel file 10 DOE.xIs.

Worksheet: Mopping.

1. Copy the data from column H
H, which is the response ~ S7™=
data, into column C8. 169.5
186
143
204
164.2

175 7
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2. Click Stat <<DOE <<Factorial
<<Analyze Factorial Design

. For Responses, select Grime.

4. Click on the Terms button.

w

5. Ensure that blocks are
included in the model and
the selected terms appear as
shown.

6. Click OK then click on the
Graph button.

>

7. Under Effects Plots select Effects Plcts _
Pareto. We won't select the | Morma Half Mormal - W Pareto
residual plots until the model  ajpha: | 0.15
has been reduced.

8. Click OK and OK again.

The Pareto Chart that is gener- Pareto Chart of the Standardized Effects
ated shows the significance of the (egparssisGiimey Apha=0:05)
2,36
terms. If any of the bars represent- i Famer Tiame
. i o Dconc
ing the terms go beyond the red & ‘ B e
line they are significant. B ‘
C4
E B
z
ARC A
A
AB
a s 10 15 20

Standardized Effect
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Within the session window find the
Estimated Effects table. The Pvalues

Factorial Fit: Grime versus Block, Dconc, Wtemp, Material

Eztimated Effectz and

Coefficients for Grime [(coded units)

listed will tell us which of the factors

. . . .pe Effect
and interactions are significant. We

Term Coef 3E Coef T FP

Constant 173.50 1.114 15&.11 o.ooo
H Elock -0.63 1.114 —-0. 56 0.59z2

also see that our BIOCk was nOt Slg- Dconc —41. 22 -Z0.61 1.114 -1&.50 o.ooo
n|f|cantl SO carry|ng out the expen- Wtenp -33.45 -16.7Z2 1.114 -15.01 0.000

haterial —-13.00 -6.50 1.114 -5.84 0.001
ment over two days had no effect. DeoonovWteny n.1z 0.0s 1.114 0.06 0.957

Doconc*Material —-0. 53 -0.zZ6 1.114 -0.24 0.820

Menp*Material -1l.05 0.5z 1.114 —-0. 47 0.852
We W|” now dlSCUSS reduc|ng the Doonc*tenp*Material —-0. 98 -0, 43 1.114 -0.44 D0.6785
model.

5 = 4.45581 PREZS = 7Z6.100

FE-S0q = 95.55% R-Sg(pred] = 94,00% R-Sgiadi] = 97.54%

This flow sheet shows the procedure that should be followed when removing insignificant terms from
DOE models.

It is good practice to follow the procedure for all DOEs but it is not required for orthogonal designs with
replicates.

Although not highlighted within the flow sheet we can remove all nonsignificant terms of the same
order at the same time.

Identify highest order
nonsignificant term.
e.g. 3-Way interaction.

Select the next
lowest nonsignificant
term.

Remove term from
Model and refit model.

Is the next lowest N
term a main effect?

Y

Is the main effect
present in any
significant
interactions?

Y N

Remove Effect from

Keep Main effect. Model and refit model.

Model reduction
is complete.
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. We are now going to
reduce the model as per
the flow sheet shown on
the previous slide. Click
on the Edit Last button.

. Click on the Terms button.

1]
i [l

. Deselect Blocks and the
3-Way interaction from
the model.

. Click OK and OK again.

- The three way interaction Pareto Chart of the Standardized Effects

haS been removed from (response is Grime, Alpha = 0.05)
the Pareto Chart and we 2.31
can see that all of the two " ' AT D
way interactions are also . : € Matesial
not significant. B1
cd
E L
= BCd |
ALC A
AB
0 5 10 15 20
Standardized Effect
. Within the session win-  Eztipated Effects and Coefficients for Grime [coded units)
dow the effects table
also shows that the two Term Effect Coef 3E Coef T P
way interactions are not Constant 173,50 1.017 170.94 0,000
significant. Doone -41.22 -20.6l 1,017 -20.26  0.000
Wtenp -33.45 -1l6.72 1.017 -16.44 0,000
Material -13.00 -6. 50 1.017 -6.39 0.000
Doonc*Wtenp 0,13 0. 0a 1.017 0.06 0,952
Deoonc*Material -0.53 -0. 26 1.017 -0.26 0.502
Wtenp*Material -1.05 -0, 53 1.017 -0.52 0.818

8 = 4,06930 FRESS = 471,016
B-3q = 95.77% FR-3gipred) = 96.11% R-3g{adj) = 97.95%
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15.
16.

17.

18.

19.
20.

21.

22.

Click on the Edit Last button.

Click on the Terms button.

Remove the two way interactions
from the selected terms. As only
the significant terms remain we
can now produce the Four in One
Residual Plot.

Click OK.

Click on the Graphs button.
Select the Four in one Residual
Plot.

Click on OK and OK again.

With the two way interactions
removed from the Pareto chart
only the main factors are show-
ing as significant.

i

Selected Terms:

A:Dcanc
E:'Whemp
C:Material

Residual Ploks
Individual plats

* Fourin ong

Pareto Chart of the Standardized Effects
(response is Grime, Alpha = 0.05)
2.18

Dconc

Wtemp

Term

Material

0 5 lb 1|5 20
Standardized Effect

25



23. In the session window we
see confirmation that the
main factors are significant
in the Estimated Effects
table. R-Sq(adj) is 98.4. This
means that 98.4% of the var-
iation seen within Grime can
be explained by the changes
within our factors.

Also listed within the session win-
dow we have a group of numbers
listed under the line ‘Estimated
Coefficients for Grime using data
in uncoded units’.

These are the coefficients that can
used to build a prediction equa-
tion for the Response. The full
prediction equation for Grime is
shown here for your convenience.

We also need to confirm the validity of the model by checking the residuals.

Eztimated Effect

Term Effect
Constant

Doone -41.22
Wtenp -33.45

Material -13.00

3.58942

-
F-3q = 95.72% B-Sqipred) = 97.73%

Term

Constant 28
Dconc -a.
Wtenp -3.

haterial -f.

Design of Experiment 421

2 and Coefficients for

Coet
173,90
-20.61
-16.72

-&. 50

FREZS =

Coet
5.913
74533
34500
saooo

SE Coef
8974
8974
8974
8974

Lo o e Y

274.858

193

-Z2.
-15.
-7,

Grime = 285.9 — 2.74*Dconc - 3.35*Wtemp - 6.5*Material

where Material would have values of 1 or -1

Equation (10.4)

Grime [coded unita)

T
.78
a7
a4
24

F
0.0o00
0.0o00
0.0o00
0.0o00

BE-%giad])

= 95.40%
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Residual Plots for Grime

Normal Probability Plot Versus Fits
99
6 @
&
90 3 .
- [ ] ¢ &
m
3 L ]
= 0 ® 3
9
¢ -3 y
™ L]
.6 o
L]
4 8 140 160 180 200 220
Residual Fitted Value
Histogram Versus Order
6.0 51

A /\/\ /°

i =
£ S
3 3.04 2 Y y
0
] &
1.5
.6_
0|0 T T T T T T T T T T T T T T T T T T T T T T T
-6 -4 -2 0 2 4 6 1 234 56 7 8 9 10111213 14 1516
Residual Observation Order

e Residuals are normally distributed on the normal probability plot.
e Residuals are equally distributed about the centre line on the versus fits plot.
e Histogram of residuals does not show extreme skewness.

e If the original data was collected in time order then the residuals should not show any ordered
behaviour on the versus order plot.

As there are no issues with the Residuals we will now produce the Main Effects and Cube Plots.

24. Click Stat <<DOE <<Factorial << Factorial Plots Stat
LoE k

Eactorial 3

EF Eactorial Ploks, .,



25.

26.

27.

As there were no significant
interactions we will only look
at the Main Effect and Cube
Plots. Go into Setup for Main
Effects.

Select Grime in the Responses
and then select the three main
effects as the factors within the
plots. Then click OK. After set-
ting up the Cube Plot in exactly
the same way click OK and OK
again.

We want to minimise the Grime
response. The Main Effect Plots
show the levels we need to
use in our factors to minimise
Grime. As the y axis units are
the same we can see the Main
Effect that has the steepest
line has the greatest effect on
the response.

Mean
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Main Effects Plot for Grime

Data Means

190+
180
1704
160
150

15

Deonc

Material

Wtemp

10 20

190 4
180

170+
1604
150+
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28. The cube plot shows us all the fac-
tors together. The corners show
the average response for the cor-
responding factors. The corner rep- R
resenting Material = B, Dconc = 30
and Wtemp = 20 gives the lowest
Grime value and this is marked on
the cube.

Example 3. The Gamer.

Humzah has bought the latest Cawl of Duty game for his PC. Unfortunately, the game does not run fast
enough so he buys some new hardware for his PC. He runs a two level factorial DOE in order to optimise
his hardware settings. His response is frames per second (FPS), however he realises that on occasions his
CPU overheats. This means that he needs CPUtemp as a response as well. The factors that he is trying to
optimise are:

FSB = Front Side Bus speed (200, 220)

CPUX = CPU Multiplier (10, 12)

Memspeed = Memory speed (333, 400)

GPUspeed = Graphics Processing Unit speed (500, 600).

Establish which of the factors and interactions are significant. Use the Results Optimizer to establish the
settings to use to minimise CPUTEMP and maximise FPS. CPUTEMP is more important and the target for
that is 65 with an upper limit of 70. He wants a target of 200 for FPS with a lower limit of 180.
Worksheet: Gamer.

As there are two responses we must carry out the DOE analysis twice to decide what the significant
factors are for each response before we use the Results Optimizer. Also, as we are going to be import-
ing the complete results table into Minitab we must first initialise the design. This is done by using the

Define Custom Factorial Design procedure. Basically, we need to tell Minitab that the results we have
imported in are from a DOE procedure.
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. Copy the data from the Excel file into Mem GPU CPU

a new Minitab project window.
FSB CPUX Speed Speed FPS TEMP

. Click Stat <<DOE <<Factorial <<Define 200 10 333 500 153.41 58.72
Custom Factorial Design. 290 10 333 500 153.41 6747
200 12 333 500 15591 73.55
220 12 333 500 158.01 B84.01
200 10 400 500 182,10 V2.80

. Select the four factors. Two level fac-
torial should be selected by default.

. Click on the Low/High button.

. Minitab will automatically pick up
the high and low values of all of the
factors. Note that uncoded units is
selected by default.

. Click OK and then click on the Designs
button.
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10.

11.

12.
13.

. We don’t need to change anything but

we could specify the data order, center
points and blocks within this menu.

. Click OK and OK again. Now that we have

defined our factorial design Minitab will
be happy to analyse it for us.

. Click Stat <<DOE

<<Factorial <<Analyse
Factorial Design. Select
FPS as the response.
We are going to carry
out the DOE analysis
procedure for FPS first
and then CPUTEMP.

Click on the Terms button. All terms up to the fourth
order should be preselected. Click OK.

Click on Graphs.

Under Effects Plots select Pareto.
Click OK and OK again.

Effects Ploks
Morrmal

flpha: | 0.05

Half Marral

v Pareto
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14. On the Pareto Chart
all the bars that go
beyond the red line
are significant.

15. In the session window Analysis of Variance for FPS [coded units)
the Analysis of Variance

Source DF  Seq 55 Adj S35 Adj M F P
table shows the break- Main Effects 4 15269.7 15269.7 3817.43 2595.42 0.000
F3E 1 20,5 20,3 20,3z 15.41 0.001

down of the terms that CPITX 1 45.8 a5.8 45.84 34.77 0.000
are S|gn|f|cant |t can Memipeed 1 7624, 3 7624.3 Ye24.33 5782.56 0.000
GPUIEpeed 1 7579.Z TE79.2 7579.21 GE743.63 0.000

be seen that the three 2-TWay Interactions & lo8.7  1los.7  18.11  13.74 0.000
way and four way inter- FSE*CPI 1 1.8 1.8 1.76 1.33 0.265
) o F3E+*Menipeed 1 2.7 2.7 2,70 Z.05 0,171
actions are not signifi- FSE*GPUSpeed 1 0.8 0.8 0.81 0.62 0.444
. CPIX*MenSpesd 1 0.4 0.4 0. 43 0.32 0.577

cant. However, we will CPII*GPTSpeead 1 0.3 0.3 0. 30 0.23 0.840
use the recommended MenSpeed*GETSpeed 1 102.7 102.7  10Z.68 77.85% 0,000
. S3-TWay Interactions 4 4.6 4.6 1.15 0.587 0.502
stepwise procedure to FSE+*CPI*Menspeed 1 3.1 3.1 3.06 Z.32  0.147
reduce the model. F3E+*CPIL*GFUSpeed 1 0.4 0.4 0.43 0.3z 0.577
FSE*MenSpeed*GPUSpeed 1 0.6 0.6 0.63 0.45 0.49%

CPIX*MenSpesd*GPTEpeed 1 0.5 0.5 0. 45 0.36 0,557

4-Tay Interactions 1 4.0 4.0 Z.90 .03 0.101

FSE*CPIE*MenSpeedtGPSpeed 1 4.0 4.0 3.99 3.03 0.101

16. Click on the Edit Last
icon.

17. Then click on the Terms
button.

18. Deselect the ABCD term
or change the selec-
tion so that only terms
up to order three are
considered.

19. Click OK and OK again.
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20.

21.
22.

23.

24.

25.

The Pareto chart shows
that we can also remove
all three way interactions
so we will do that next.

Click on Edit Last.

Then click on the Terms
button.

Change the selection so
that only terms up to
order two are considered
or manually remove all
four of the three way
interactions.

Click OK and OK again.

The Pareto chart shows
that we can also remove
all two way interactions
with the exception of CD
which is significant.

Term

Term

e

Pareto Chart of the Standardized Effects
{response is FPS, Alpha = 0.09)
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Pareto Chart of the Standardized Effects
(response is FPS, Alpha = 0.05)
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26. Click on the Edit Last icon.
27. Then click on Terms button.

28. Change the selection so that only CD
and the main effects are selected. Click
OK.

29. As this is the last iteration we will also
produce the residuals plot. Click on
the Graphs button and then select the
Four in one residual plot. Click OK and
OK again.

30. The Pareto chart shows only significant
terms as expected.
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Selected Terms:

&:F5SE

B ZPLS
ZiMemSpesd
D GPUSpeed
D

Residual Ploks
Individual plats

* Fourin one

Pareto Chart of the Standardized Effects
(response is FPS, Alpha = 0.05)
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Standardized Effect
31. In the Session window Tern Effect Coef  SE Coef T P
the Estimated Effects Constant 184.18% 0.2071 889.33 0.000
table shows that the FSE 1.594 0.797  0.2071 3.85 0.001
main effects are signif- CPIN 2.394 1.197 0.z071 5.78 D0.000
icant and the CD term MenSpeed 30,871 15.436 0.2071  74.53  0.000
which is the interaction GPUSpeed 30,780  15.390  0.2071  74.31  0.000
MenSpeed*GPUSpeed  3.5383 1.791  0.2071 5.65 0.000

between MemSpeed
and GPUSpeed.

5 = 1.17155
B-3q = 99.77%

We can confirm the validity
of the model by looking at
the residuals for FPS. After
which we will look at the
Main Effect and Cube plots.

PRE33 = 54.0583

R-3qipred) = 99.865% R-3qiadj) = 99.72%
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Residual Plots for FPS

Normal Probability Plot Versus Fits
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Residual Observation Order

Residuals are normally distributed on the normal probability plot.
Residuals are equally distributed about the centre line on the versus fits plot.
Histogram of residuals does not show extreme skewness.

If the original data was collected in time order then the residuals should not show any ordered
behaviour on the versus order plot.

As there are no issues with the Residuals we will now produce the Main Effects and Cube Plots.
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32. Click Stat <<DOE <<Factorial <<Factorial Plots.
Select Main Effects Plot and Cube Plot. We
won't plot the Interaction Plot to see our single
interaction term.

33. Both plots need to be set up in exactly the
same way before they can be displayed. Click
on Setup then select FPS as the Response and
select all the main effects as factors to be plot-
ted. Carry out the same setup for both plots
and then click OK and OK again.

34. The Main effects plot shows that MemSpeed and GPUSpeed are having a relatively large effect on
the response.
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35. The Cube plots show the mean response that we got at the different levels. The changing levels
of the main effects can be seen to be changing the response, bearing in mind that there is also an
interaction present but it is hard to see in this cube plot.

We will now analyse the other response.

Cube Plot (data means) for FPS

=5 W= =7 F= = _:_-il
A V' J J
| / !
Ao i Iy
iz [==0r]! (B3] [Bizras:2y] [TEs 15
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|
= |
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_r"r Meam Spead i
87,754

=00 (=0 1)
GR_Speed

36. Click Stat <<DOE <<Factorial <<Analyse Factorial

Responses:
Design. We are going to carry out the DOE analysis CPLITEMP
procedure for CCUTEMP so that needs to be selected
as the Response.
37. Click on the Terms button. Ensure all terms up to the
fourth order are preselected. Click OK.
38. Click on the Graphs button.
39. Deselect the Residual Plots. The Pareto plot remains Residual Plats
selected. * Individual ploks
40. Click OK and OK again. Histagram
Mormal plak

Residuals versus fiks
Fesiduals versus arder
Four in one



41.

42.

43.

44,

Again, on the Pareto
Chart all the bars that
go beyond the red line
are significant.

In the session window
the Analysis of Variance
table shows the break-
down of the terms that
are significant. It can
be seen that the four
way interaction is not
significant but one
three way interaction
is significant.

As a mini exercise |
will leave it to you to
reduce the model.

The final Pareto chart
shows that the main
effects were all signifi-
cant with the excep-
tion of D (GPUSpeed),
however, this is kept
in the model because
there are significant
interactions that con-
tain GPUSpeed.
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Pareto Chart of the Standardized Effects
(response is CPUTEMP, Alpha = 0.05)
2.12
c - 1 Factor  Maame
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AD
BD
AC
ol
= BcoD
BC 4
cD
aep |
ACD
ABCD
[+]
li] 5 10 15 20
Standardized Effect
Estimated Effects and Coefficients for CPUTEMP (coded units)
Term Effect Coef 3E Coef T P
Constant 75,3992 0.3692 Z12.36 0.000
FRE 7.2567 3.6253 0.3692 9.53 0.000
CPIT: 13.0733 f. 5367 0.3692 17.7%1 0.000
Menipeed 14,3017 7.4505 0.3692 20.15 0.000
GPT3peed 0.01z5 0.00635 0.3692 0.0z 0.957
FEE*CPITA 0. 64535 0.324=2 0.3692 0.58 0.393
FiB*Menipeed 0.72a7 0.3633 0.3692 0.98 0.340
FRB*GPIapeed -1l.5625 -0.7812 0.3692 -2.12 0.050
CPIT{*Menipesd -0.4%00 -0.2450 0.3692 -0.66 0.516
CPIT{*GPISpesd -1.0375 -0.5187 0.3692 -1.41 0.179
Menlipeed*GPUSpeed -0.4625 -0.2312 0.3692 -0.63 0.540
FEB*CPII*Menspeed -1.6817 -0.58408 0.3692 -2.28 0.037
FEB*CPIIL*GEUSpeed -0.3125 -0.1563 0.3692 -0.42 0.878
IFSB“‘HEDlSpEEd“‘GPUSpEEd 0.06z25 0.0315 0.369:2 0.08 0.934
CIT*MenSpeed*GPI5peed 0.5375 0.2687 0.369:2 0.73 0.4797
FEE*CPL*Menlipeed*GPUSpeed 0.06z25 0.0315 0.369:2 0.08 0.934
Pareto Chart of the Standardized Effects
(response is CPUTEMP, Alpha = 0.05)
2.06 ;
Factor  Mame
A
G- B o
[ MemSpeed
D GMLSpesed
B L 1
A
E
L")
= aBC
AD
D
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Standardized Effect
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45. The Estimated Effects

Eztimated Effects and Coefficients for CPUTEMP (coded units)
table also shows the

same information. Term Effect Coef SE Coef T P
46. As another mini exercise Constant TE.3092 0.3408 230,23 0.000
plot the Main Effects FSE 7.2567 3.6283  0.3405 10.66 0.000
o e o Dot I e v e s
put GPUSpeed into the  pye oy 0.0125 0.0063 0.3405  0.02 0.986
cube plot. FSB*GPUSpeed -1.5625 -0.78l3 0.3405 -2.29 0.030
FSB*CPU*MenSpeed -1.6817 -0.8408  0.3405 -2.47 0.021

5 = 1.92630 FRESS = 151.967
R-3q = 97.49% R-Sqipred) = 95.89% R-3giadj) = 96.89%

47. The Main effects plot Main Effects Plot for CPUTEMP
shows that CPUX and atn Bree :ata?qea:;r

MemSpeed have a rela- | = I SR

tively large effect on the 85+ [ »
response, whereas FSB -
has slightly less effect

804

|
and GPUSpeed has no 75 | -
effect at all. - ?J‘ _ .
2 200 220 10 12
= I MemSpeed GPUSpeed
85 d
80 !
t - -
:-'SJ
70 s : I : :
333 400 500 600
48. Part of the ABC inter- Cube Plot (data means) for CPUTEMP
action can be seen
within the cube plot. As (BE6667 (956167

GPUSpeed did not have
an effect we did not put _ )
it into the cube plot as [73.3000] B2.1800]

.. 12 b
an additional factor.

CPUX 75.0500 | [84.0667 |
»——————————— = —_ _‘
/ 400
| 4 MemSpeed
[62.0667 [66.2667
10 - -
333
200 220

FSB
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We now need to use the Results Optimizer
to establish the levels of the factors that we
want to use to minimise CPUTEMP and max-
imise FPS. It was said that CPCUTEMP was more
important and the target for that was 65 with
an upper limit of 70. The target for FPS was
200 with a lower limit of 180.

49. Click Stat <<DOE <<Factorial <<Response
Optimizer.

50. Select both of the responses. Then click
on the Setup button.

51. Complete the header of the menu box
as shown. Note how the menus are
completed with our required response
information.

52. Click OK and OK again.

Response Goal Lower Target Upper Weight Importance
Ce FPS Maximize - 130 200 1 z
C7 CPUTEMP Minimize - &5 7o 1 1
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Minitab will open the Response
Optimizer showing the Optimal
settings. Along the top are the
four main effects. The red value
in square brackets shows their
current settings and these val-
ues represent the best settings
we can use to achieve the goals
that have been set. However, if
the user wishes to explore new
values they can be changed
by dragging the correspond-
ing vertical line. The Optimal is
given as a graphical matrix, on
the left hand axis we have the
Responses. An FPS of 193.6 and
CPUTEMP of 67.5 are the opti-
mal response values we can
achieve. ‘d’ is the desirability
factor for each response. The
Composite Desirability is 0.614,
as shown in the top left.

The lower plot shows the
effects on the responses and
desirability when the values of
the Main Effects are changed
by dragging the red lines. Have
a go yourself and see how the
values change.

Exercise 1. Artificial Diamonds.

Princess Raeesa has developed a new press to make artificial diamonds. Pure carbon powder is placed
into the press and then exposed to extreme pressure and temperature for a set amount of time to
produce artificial diamonds. The settings of time, pressure, temperature and particle size of the carbon
need to be optimised to give a yield of 50%.

If the yield is higher than 55% the diamonds lose clarity; and any lower than 45% and the process
becomes uneconomic. A series of experiments were carried out at the following levels of each of the
factors and the yield was measured.

Particle size = Partsize (10, 40)

Time = Time (400, 600)

Pressure = Press(30, 60)

Temperature = Temp(800, 900)

Establish the settings required to obtain a yield between 45 and 55%.
Worksheet: Diamond.



Using the Pareto Chart the
model can be reduced to sig-
nificant terms only.

It can be seen that all the
main terms are significant as
is the Partsize*Press interac-
tion. Although, not part of
the question we will have a
look at the main effects and
interactions plot for the AC
term.

The main effects plots show
that all the main effects have
a positive effect on yield.

Design of Experiment

Pareto Chart of the Standardized Effects
(response is Yield, Alpha = 0.05)

437

2.011
5 |
A |
o |
] |
c |
BC |
(=5 [
E w |
ol AD - [
ABCD
ACD -
AB -
ABD |
ABC
BCD
0 1 2 3 4
Standardized Effect
Pareto Chart of the Standardized Effects
(response is Yield, Alpha = 0.05)
2.002
[ Factor  MName
A Partsioe
B B Time
[ Prass
D Temp
A
E
D 4
o
AC
C
0 1 2 3 4
Standardized Effect
Main Effects Plot for Yield
Data Means
Partsize Time
48.0 . e
46.5 - '
45.0- .
435 ~
- -
£ 420 : . . .
o 10 40 400 600
= Press Temp
48.0 -|
.r.
46.5 -
45.0 - = B
43.5 .«
42.0- . . ; :

30 60 800 S00



438 Problem Solving and Data Analysis using Minitab

The interaction plot shows
that there is a strong inter-
action between particle size
and pressure.

We can now check the resid-
uals to establish the validity
of the model.

Mean

524

504

48

46+

424

Interaction Plot for Yield

Data Means
Partsize
. - 10
. 40
-
- = -
30 60
Press

e Residuals are normally distributed on the normal probability plot.
e Residuals are equally distributed about the centre line on the versus fits plot.
e Histogram of residuals does not show extreme skewness.
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e If the original data was collected in time order then the residuals should not show any ordered
behaviour on the versus order plot.

We must now use the Response Optimizer to establish the settings we need to get a yield of 50%.

Minitab gives us a solu-
tion to get a yield of 50%.

However, this plot shows
a different solution. There
is still freedom within
the other parameters to
change the settings and
still obtain a Yield of 50%.
(The accuracy of the slider
stops us getting exactly
50%.)

10.5 Fractional Factorial Designs

As can be seen from Minitab's table of available designs the experiment must have at least three factors
for a fractional factorial design to be employed.

With Fractional designs we say the number of runs required is 2", where k is the number of factors 53,4

n indicates the fractional level of the design. Where Fractional Level = in (e.g. when n =2 we have a
quarter fractional design). 2
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A, 253 would be an eight fractional
design with six factors and it would . .Factnrs ]
require eight runs. Notice that we |pyn 2 3 4 5 6 7 8 9 10 11 12 13 14 15
don't actually subtract one power 0 T T i
from the other in order to show the
type of experiment we are running.
Locate the design in the table shown
above. The ‘llI' indicates that the
design has a resolution of three; this
will be explained soon.

If we wanted to run a Full Factorial
experiment with three factors it
would require eight runs, whereas
a Half Factorial with three factors
would require four runs, (23" = 4).

Both of these experiments can be
represented by the cube plots shown
here. On the Half Factorial the points
represented by the grey dots would
not be tested.

Let’s say that the three factors were
A, B and C. Let's have a look at the
Coded levels we would be using in
the experiment.

Full Half
Factorial Factorial
The table opposite shows the coded A B C A*B A*C B*C | A*B*C
levels that would be used for the full
factorial experiment. The table also 1 1 1 1 1 1 1
contains interactions and the results -1 1 1 -1 -1 1 -1
of multiplying out the coded units. 1 - 1 - 1 - -
-1 -1 1 1 -1 -1 1

In order to form the half fractional
experiment Minitab takes the lines ! ! - ! - - -
where the A*B*C interaction is 1 -1 1 -1 -1 1 -1 1
and uses them to form the fractional 1 -1 -1 -1 -1 1 1
experiment. | | | 1 1 1 1
However, there is now a problem in F |
that column A is now the same as A B C A*B A*C B*C " | A*B*C
B*C. This means that our estimation I 1 I 1 1 1 1 I 1 I 1
of the effect of A will be the same as ] ] 1 1 ] ] 1
the B*C interaction. i i ] ]

P01 1 1 1 0 4

Liagl -1 -1 -1 |t gl
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We say that the main effects are ‘confounded’ or ‘aliased’ with the two way interactions as the same can
be said for B & A*C and C & A*B.

It can be seen that the advantage of fractional designs is the reduced number of runs, which reduces
time and no doubt cost. However, the assumption is made that lower order terms are responsible for the
changes and not the higher order interactions.

We previously stated that this experiment had resolution lll. This means that the first order terms (main
effects) are confounded with the second order terms (two way interactions). Aslll =1+ 2.

Similarly, for a resolution V design the following terms would be confounded:
First and fourth orders

Second and third orders.

To understand what the term = A*E
Design Generator means it is

better to look at things from = L

the other direction. If we had = < 1

a two level full factorial with 1 1 -1
two factors it would look like 1 -1 5 !

the table shown here.

For a half fractional design we
essentially squeeze another
factor in which is identical
to A*B. The combination of
1s and -1s are the same for C
and A*B. This means that the
estimate of the main effect -1
will be the same. However, 1
We assume that A*B will be
negligible when compared to
the effect of C.

A
We say that the Design 1
Generator is C= AB because C 1 1 1

is aliased with A*B. This term
is the Design Generator even
though other terms are con-
founded. In more complex
designs the Design Generator
can be manually selected.

i

s

=

i

(=]
"|-|-I:e
= =

Negligible
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4 )
Procedure e Fractional Factorial Designs
\ /
4 )
Wh at's |t ¢ The design of experiment process is used to understand the effect
of process inputs and their interactions on the outputs of the
used for? process.
\ %
4 )
. . o )
e Fractional designs will tend to be used for screening important
: factors.
ASSU m ptlons e Fractional designs are used when it is thought that higher order
a nd terms are not having an impact on the response.
L. . . e Fractional Designs will contain terms that are confounded.
Imitations * This type of DOE cannot detect curvature within a single run.
e This type of DOE is not orthogonal. y
- J
Example 4. The column.
Engine.ers want tq understand .the Gas to <
Qperatlon of thlelr sulphur diox- atmosphere
ide (SO,) scrubbing column. They
want to know what factors are <=
important and affect the concen-
tration of SO, (SO,Conc) leaving
the column in the gas stream.
The SO, is removed from the gas ScrUbbl_ng )
going into the column by spraying A water circuit
water into a column containing
a packing material. The packing
material provides a high surface Height of
area for contact between the gas i
stream and the water. The number packing
of nozzles within the column can
be adjusted. The engineers also
monitor the pressure within the Vv N
column and the pH of the water.
The engineers can actually set the

pH of the water using a separate
control system.

Gas in
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The factors that the engineers will be considering are:
GasFlow (20, 30)

GasPressin (4, 8), gas inlet pressure

Nozzles (3, 4)

HofPacking (22, 30), height of packing

FRWater (100,150), flow rate of water

pH (3, 7)

ColPress (20, 50), column pressure.

A two level factorial would require 128 runs which would take far too long. The engineers are willing
to consider a half fractional DOE. Set up the worksheet for them and note which terms are confounded.

No Data File.
1. Click Stat <<DOE <<Factorial <<Create Stat
Factorial Design... OOE »

Eactorial k

EI Creake Factorial Design. ..

2. In the menu box that appears change

the Number of factors to 7. H R CRECE U _Rd

3. Click on the Display Available Designs
button. We see that a half factorial
design with seven factors has a resolu-
tion of VII. This means the following
order terms will be confounded: first
and sixth, second and fifth, third and
fourth order terms. Click OK.

el (3]
128 CFullt

4. Click on the Designs button. Select the
half fraction design then click on OK.
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5. tcy:ide cin.lthef Fﬁctors b;Jttfn. EI\:\t:r Factor Name Type o High | *
e details of all seven factors. Note
that we are entering Nozzles as a i Numerfc T 20 3
text value as we can only have three 5 GasPressin | Mumeric = 4 8
or four nozzles physically within the - hiozzles Text == 4
column. Click OK when complete. D HofPacking | Numeric | 22 30
E FRMfater  Mumeric 100 150 |

6. Click on the Options button. Ensure
that Randomise runs is not selected.
Normally, it would be better to ran- Randomize runs
domise runs to reduce human influ-
ence but we want to be able to copy
in the table of results later. Click OK
to produce the experimental work-
sheet in the project window, as
shown below.

1 c2 c3 c4 c5 C6 C7-T cB8 c9 c10 C11
StdOrder RunOrder CenterPt Blocks GasFlow GasPressln Nozzles HofPacking FRWater pH ColPress

1 1 1 1 20 43 22 100 3 a0
2 2 1 1 30 4 3 22 100 3 20
3 3 1 1 20 g 3 22 100 3 20
4 4 1 1 30 23 22 100 3 50
5 5 1 1 20 4 4 22 100 3 20
B B 1 1 30 44 22 100 3 50
7 7 1 1 20 24 22 100 3 =i
= = 1 1 an = | a7 10 2 an

The session window gives the design Fractional Factorial Design

summary. The design generator is G

= ABCDEF. The defining relation | = Factors: 7  Basze Design: 7, 64  EResolution: VII

ABCDEFG allows the formation of Funs: 64 Beplicates: 1 Fraction: 172

the Alias Structure. Elocks: 1 Center pts (total): 1]

For example, if we want to know Desimgn Generators: G = ABCDEF

which terms are aliased with BC we
multiply BC by | + ABCDEFG: . .
Defining Relation: I = ABCDEFG

BC (I + ABCDEFG) = BC + AB2C?DEFG.

Alias Structure
AsB2=1and C =1, then
[ + AECDEFG
BC (I + ABCDEFG) = BC + ADEFG. & + BCDEFG
B + ACDEFG
Therefore the BC interaction will be
aliased with ADEFG interaction.
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Example 4. The column, continued.

With the trial sheet set up the engineers carry out all of the trial runs. Copy the results from the Excel file
(column SO2Conc) and paste them into C12 of the Minitab sheet you have just created.

Find out which of the factors are significant and establish if any of the interactions are significant.
Produce the Main Effects plots and interaction plots if applicable.

Worksheet: Column.

The procedure to analyse fractional designs is the same as that for two level designs so we will not fully
repeat the repetitive elements of the procedure.

1. Click Stat <<DOE <<Factorial
<<Analyse Factorial Design.
Then select SO2Conc as the
Response.

2. Click on the Terms button.
Note that Minitab has auto-
matically set the Selected
Terms to only include up to
third order terms. This is so
that pairs of confounded
terms are not included in the
model by default. Click OK.
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w

. Click on the Graphs button.

4. Under Effects Plots select Pareto. We don’t want residual
plots until we have fully reduced the model.

. Click OK and OK again.

6. The Pareto plot shows us that none of the third order terms

are significant so we can eliminate them from the model. As

the design did not contain any replicates we cannot use the

ANOVA table in the session window to reduce the model.

We will only use the Pareto chart.

Ul

Pareto Chart of the Effects

Effects Floks
Mormal Half Mormal

Alpha: | 0.05

Residuals For Plats:
* Regular Standardized

Residual Plats
* Individual ploks
Hiskogram
Mormal plok
Residuals wersus Fiks
Residuals wersus order
Four in one

(response is SO2Conc, Alpha = 0.05, only 30 largest effects shown)

1.46
A : Factor Name
EE: I A GasFlow
é ——TI B GasPressin
- C Nozzles
CB% __I D H:;)z;iing
@E— E FRWater
ABE F pH
ggE 9 G ColPress
E -
9 il
= AR
ADE-
CEE
B ] T T T T
0 5 10 15 20
Effect
Lenth's PSE = 0.703125
7. To reduce the model click on Edit Last icon.

8. Then click on the Terms button. Change the selec-
tion so only second order terms are included.
Click on OK and OK again.

Include terms in the model up through order;

W Pareto

Deleted
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9. It can be seen that EF is

the only second order Pareto Chart of the Standardized Effects
term that is significant. (response is SO2Conc, Alpha = 0.05)
10. Reduce the model again. 2.03
The easiest way to do é- Factor Name
this is to change the D - 2 g’:‘ik’w[
. . sPressin
selector so that only first 3E4H € MNozzles
order terms are included DE- E’ ;‘ggﬁﬁ"g
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The Pareto plot shows that Pareto Chart of the Standardized Effects
three of the main effects are (response is SOZCOHC, Alpha = 005)
not significant. As these are £
. . Factor  Mame
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11. Click on the Edit Last
icon and then the Terms

Selected Terms:

button. o
12. Change the final selec- EER\Water

tion of terms so it is the F:pH
same as that shown. gg
Click OK.
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13. Click on the Graphs button
and select the Four in one
Residual Plots.

14. Click OK and OK again.

15. The final Pareto plot shows
all the terms that are
significant.

16. Within the session window
the Effects table shows the
T and P values of the terms
that are significant. We also
see that 96.89% of the vari-
ation within the response
can be explained by the
changes within our factors.
Finally, we see the coeffi-
cients that can be used to
form a prediction equation.

Residual Ploks
Individual plaks

* Four in one

Pareto Chart of the Standardized Effects

(response is S02Conc, Alpha = 0.05)
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Term Effect Coef SE Coef T P
Constant 25,314 0.a004 ad.26  0.000
FasFlow a0.303 10,152 0.a004 33.79  0.000
HofPacking -10.603 -5.302 0.3004  -17.65 0,000
FEllater 11.9743 5,939 0,3a004 19.93 0,000
pH 4,484 2,242 0,3004 T.40 0,000
FEWater*pH 4,872 2,336 0,3004 7.78  0.000
3= 2.40353 PRE33 = 407,972
B-3q = 97.14% B-3qipred) = 96.51% B-3gfadj) = 96.89
Term Coef
Constant Z.06454
FasFlow 2. 03031
HofPacking -1l.32539
FEWWater 0.0053538
pH -4.71875

FEWater*pH 0.0467157

o
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e Residuals are normally distributed on the normal probability plot.

e Residuals are equally distributed about the centre line on the versus fits plot.

e Histogram of residuals does not show extreme skewness.

e If the original data was collected in time order then the residuals should not show any ordered
behaviour on the versus order plot.

As there are no issues with the Residuals we will now produce the Main Effects and Interaction Plots.
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17. Click Stat <<DOE <<Factorial <<Factorial Plots.
Select Main Effects Plot and Interaction Plot.
We don’t want a cube plot as the number of
terms is fairly high.

18. Click on Setup for the Main Effects Plot. Select
SO2Conc as the Response. Select the main
effects as shown. Click OK.

19. Then click on Setup for the Interactions Plot.
Select SO2Conc as the Response. Select the
E:FRWater and F:pH as the variables to be plot-
ted. EF was the only significant interaction.
Click OK & OK again.



The interaction plot shows
that when FRWater is low
there is not much impact in
changing the pH. However,
when FRWater is high there
is @ much greater impact in
changing the pH.

ean
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Interaction Plot for SO2Conc
Data Means
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The Main Effect plots show the relative strength of the change caused by each of the factors. Note that

HofPacking has a negative effect.
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Exercise 2. The Reactor.

Engineers want to understand the operation of
their reactor which they are using to convert
hexane into perfluorohexane. They want to
know what factors are important and how they
affect the yield of the product, perfluorohex-
ane, leaving the reactor.

Fluorine gas is fed into a heated reactor. The
reactor contains a bed of cobalt tri-fluoride
(CoF,). The CoF, captures the fluorine gas until
it can react with the heated hexane feed. The
hexane is converted to perfluorohexane only if
all of the hydrogen molecules within hexane
are replaced with fluorine atoms. The percent-
age of fully fluorinated perfluorohexane in the
product stream specifies the yield.

The reactor is kept at a very slight negative
pressure so that unreacted gases can be drawn
into the gas scrubbing system.

The factors that the engineers considered to be
important are:

Particle Size of CoF,, Partsize (80, 120)
Reactor Temperature, RTemp (300, 400)
Reactor Pressure, RPress (=10, -2)

Hexane Feed Temperature, HexTemp (30, 60)
Feedrate of Fluorine, FRF2 (30, 45)

Feedrate of Hexane, FRHex(12,18)

The engineers carried out a half fractional factorial DOE. Analyse the experiment and decide which of
the terms are significant.

Produce the Main Effects plots and Interaction plots if applicable.

Worksheet: Reactor.
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Pareto Chart of the Standardized Effects
(response s Yield, Alpha = 0.05)
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e Residuals are normally distributed on the normal probability plot.

e Residuals are equally distributed about the centre line on the versus fits plot.

e Histogram of residuals does not show extreme skewness.

e If the original data was collected in time order then the residuals should not show any ordered
behaviour on the versus order plot.

There are no issues with the Residuals.
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The Main Effects plot shows

the relative strength of the Main Effects Plot for Yield

change caused by each of the Data Means
factors. Partsize RTemp HexTemp
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Although the interaction is significant it can be seen that the lines appear to be being close to parallel.
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CHAPTER 11
Help

11.1 Help Overview

The final task of this course is to leave you with a method of helping yourself should you get stuck and
also a method for you to increase your knowledge and understanding of Minitab. We are going to do
that by showing you the Help system.

The Help system within Minitab offers a comprehensive library of information on Minitab. It includes
information on the data you need to run a procedure, how to execute the procedure and how to
interpret the results. It includes a glossary and a section to show you how calculations are carried out.
In fact you will probably be hard pushed to ask a question that is not covered within the Help system.
Therefore, we need to learn how to get to the answer.

Initially, navigation within the Help system may seem a bit confusing as there are multiple ways of get-
ting to the same point. In fact, there are ways of going round in an endless loop as well. | will show you
what | think are the straightforward routes.

I made the decision to use an independent data set in this course. This does mean that you have to
download the data but the advantage of having an independent data set within Minitab is enormous.
This allows the reader to run the examples again whilst using the Minitab help system as the guide. This
will allow the reader to see the procedures from another perspective and effectively give them two ways
of learning.

Clicking on the Help within the Toolbar will open the Help Drop Down menu as shown below.

Help: The main menu can be used to navigate to most of the other
help systems but this is also the main route to get help into all
things Minitab.

Meet Minitab: This option takes you to the website and allows you
to download the Meet Minitab document, or you may have received
one with your copy of Minitab.

StatGuide: This option is another help system that focuses on inter-
pretation of test results.

Tutorials: Think of these tutorials as the front end of the procedures
that are used within the StatGuide.

Problem Solving and Data Analysis using Minitab: A clear and easy guide to Six Sigma methodology, First Edition. Rehman M. Khan.
© 2013 John Wiley & Sons, Ltd. Published 2013 by John Wiley & Sons, Ltd.
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Glossary: Explanation of terms used within Minitab.
Methods and Formulas: This option explains the maths that Minitab uses behind the scenes.
Knowledgebase/FAQ: This option takes the user onto the Minitab website for web based help.

11.2 Help! Help!

In order to get to the main help menu click Help <<Help. Or press F1 or click on the Help icon in the tool
bar.

In the middle section of the Help menu you can see some of the previous options that we discussed as
being within the drop down menu.

In order to show how to navigate using the help menu we will pretend that we wish to know more
about One Way ANOVA .
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A

=] Stat Menu

< Contents ) [ndex lﬁealch]
=

+ Introduction

=[] Statistics

Comparisons. .. |

Graphs... |

Ok |

Cancel |

+ @ Basic Statistics

+ @ Regression

- [m Analysiz of Vanance
+ @ Diverview
- fﬂ Ol ay

==

+ @ Open, Save, and Print Files
+ @ D ata \Window and Session Window
+ @ Manipulate and Calculate D ata

FPerform a one-wap A0

Une_way nnalysls o1 vanance
how tc example data

gyarvisw zes gl2p

Stat > ANOVA > One-way

Perferms a one-way analvais of variance, with the reaponze variatle in one
column, factor levels in another. If each group & entered in = own column,
use Stat = ANQWA = Ons-YWay (Unstacked).

ou can alzo perform multiple comparisons and digplay graphs of your data.

Dialog box items

Response: Enter the column containing the respenss

Factor: Enter the column containing the facior evels.

Store Residuals: Check to =tore residuais in the next avallable column,

Store fits: Check to store the fitted values (level means) in the next avaiable
column,

Confidence level: Enier the confidence level. For example, enter 30 for 50%.
The default is 95%.

=Comparizocng>

=Craghss

greater detail.

The diagram shows three ways to navigate to the help
section on One Way ANOVA. Two of the ways are from
the main help menu. You can use the menu boxes on the
right hand side of the help screen or either of the three
search systems on the left hand side: Contents, Index or
Search. The third way of getting to the help page is via
clicking the help button on the menu box for One-Way
ANOVA (all menu boxes have the help button in the bot-
tom left corner). Let's have a look at the help page in
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The subject specific help sections are usually
further broken down into five subcategories.
We will go through these.

=] One-Way Analysis of Variance

gwerview howio sxample dala zeealso

=+

The Navigation bar in the top left corner is <o =
always available to move back and forward Hide Back
through the different levels of help.

Forward  Print Options

Overview gives a summary of the procedure.
Key terms are explained in dialog boxes if the
users clicks on the link or they are taken to
different help topics.

How to is a very brief memory jogger on how == To perform a one-way analysis of variance with
to carry out the analysis. =& stacked data

main topic  2ee alzo
Chooze Stat » ANOVA > One-Way.

In Response, enter the celumn containing the rezponze.

il

L 3

In Factor, enter the colurn containing the factor levels.

18

If wou like, uze any dialeg box optiong, then click OK.
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Example is a fully worked example with a prob-
lem scenario, brief explanation of the procedure
and then the results with full interpretation. It
is important to note that the data set is given in
EH_AOV.MTW for this example. We will look at
how to retrieve these later in the module.

Data tells us the data requirements for the test.
How data should be laid out and the type of
data required.

See Also is a collection of links to related topics.
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11.3 Tutorials

Tutorials and StatGuide work together to give another set of worked examples. This set is separate from
those given within the Help topic specific menus. The Tutorial section deals with the front end of the
procedure up to execution. However, StatGuide deals only with interpretation. The tutorials section in
M15 looks different to that for M16. The M16 section is shown below.

To access the tutorial click <<Help
<<Tutorials. Alternatively, click
on Tutorials from the Main Help

{ Minitab Help

screen.
Basics
Help : .
- Intro to Minitakb
. or Tutorials
Tutorials ——

Uzing Help

Minitak Vindow's

Navigate to the One Way ANOVA
Tutorial by clicking on the con-
tents tab and then select ANOVA | = @ Basic Statistics
<<One Way ANOVA. + @ Regression
= [ ANOvA
[7] Oneafay ANOWE
7] General Linear Model ANOWA

Contents | Search

The Tutorials have three main sections which are accessed via three discrete looking tabs. The discrete
tabs are Uses, Data and How To. The Back and Forward navigation buttons are also available.

Uses tells us how the procedure can be applied
and then gives an example scenario.
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Data gives us the data type requirements
for the procedure and it also gives us a
graphical display of how the data should
be laid out.

How To is a detailed explanation for setting up the test procedure. However, as stated earlier it only
goes up to the point of execution. The interpretation of results is given within the StatGuide and there
is a link to the StatGuide at the bottom of the How To section.

Again, to allow you to work through the example Minitab tells you that the data set is PAINT.MTW.
This is a different file to that given within the Help menus. As stated earlier, we will look at getting the
example data sets later in the module. We will now have a look at the StatGuide.



Interpreting the output

Mow what? For guidance on interpreting the results of this analysis, =ee StatGuids.

11.4 StatGuide

The main ways of getting to
the StatGuide for One Way
ANOVA are to click Help
<<StatGuide or the StatGuide
icon and then find the rel-
evant topic from any of the
tabs. The other is to get there
via the relevant Tutorial.

The StatGuide gives a very
detailed explanation of the
test results. Initially, it begins
with a summary of the proce-
dure but then it goes through
the interpretation of the
results for the example started
within the Tutorial. For One
Way ANOVA it continues with
the PAINT.MTW example.

Help
SkakGEuide

Contents | Index | Search |

2] Minitab StatGuide
+ @ Basic Statistics
+ @ Regression
- g AMOYE
= L Onewiay
ﬂ Summary

or

Help 463
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On the top right corner of the StatGuide
window are the navigation arrows to
move through different sections of the
results. If you click on Topic a dialog box
opens showing the breakdown of the
procedure explanation. The window
in the background is Graph Residuals
versus Fits. Clicking the left arrow will
make the section go back one stage
onto Graphs Normal Probability Plot of
Residuals.

It is also possible to use the Contents tab
to open all the topics and select them by
clicking on the section required.

11.5 Methods and Formulas

To navigate to Methods and Formulas
click on Help <<Method and Formulas
or select it from the main help menu. Help

Methods and Formulas

or

References

Examplez

=ezzicn Commandz

al Autcmaticn
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In order to then Navigate to the Methods and Formulas for One Way

ANOVA click on the links as shown. Again, it is a very logical way of General statistics
navigating to the required procedure.

All of the Methods and Formulas for One Way ANOVA are shown under subheadings.

A single click on one of the links will open the requested information in the window below the head-
ings. We have opened the formula for calculation R-Sq(adj).

>

Adjusted R*(R-sq Adj)

Accountz for the number of predictors in vour modsl and iz
uzeful for comparing modelz with different numbers of
predictorz. The formula ig:

WS Error
25 Total / DF Total
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11.6 Meet Minitab

Meet Minitab is a booklet that
helps the new user get started
with Minitab. You may have got
a copy with the Disc of Minitab
or you can download the latest
copy from the Minitab website
by clicking Help <<Meet Minitab
(on an internet enabled PCQ).
This link will take you straight
to the download page for Meet
Minitab. Meet Minitab also con-
tains fully worked examples and
graphics. The folder of data sets
for Meet Minitab will be with
the Minitab sample data files.

11.7 Help on the Web

Minitab also offers exten-

Help
Meet Minitab

sive support on the inter- ﬂElFI

net. Thisis mainly available
on their website at www.
Minitab.com . This can be
accessed directly with a
web browser or by clicking
Help << Knowledgebase/
FAQ.

Minitab is also has a
presence on Twitter and
Facebook in case you were
interested. We are going
to stick with the help on
their website for now.

Navigate to the
Knowledgebase and
enter One Way ANOVA
into the Search Facility
and click on Search.

Knowledgebase | FAG

or

WWW.Minitab.com

— Home

— Support
— Knowledgebase/FAQ
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The Knowledgebase brings up a list of documents and FAQs relating to my query.

If | feel a document is relevant | can click on the link in the header to open it. ID 1267 has been opened
to show you a part of the solution.

If you register with Minitab you can also send questions to the Help Team which they will answer
promptly.
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| want to show a couple of the more interesting FAQs. This one is ID-2613 and contains links to the
Minitab White Papers for the Assistant. The White Papers contain the results of research conducted by
Minitab into the Methods used by the Assistant and what conditions are required to validate the tests.
They contain interesting background reading.

11.8 Help on the Web and Datasets

This one is ID-2241. It contains useful information about the Minitab data sets. It also contains a file that
is worth downloading. The file contains the names of the example data sets used within the StatGuide

and Help system. A section of the spreadsheet is shown below. You can see the file names relating to
One Way ANOVA.



Minitab Tool

StatGuide Data Set Name

s D
Help Data Set Name
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ANOVA- Main Effects Plot
AMNOVA- One-Way ANOWA

Alfalfa.MTW, Driving.MTW
PaintHardness.MTW

Alfalfa.MTW
Exh_.ﬂ-.O"u".I"-."ITW

AMNOVA- One-Way ANOVA (Unstacked) Paint.MTW

AMNOVA- Test for Equal Variances

11.9 Datasets

To open one of the example datasets
click on File <<Open Worksheet. You can
then either click on the Look in Minitab
Sample Folder button or you can manu-
ally navigate to where the sample data
files are stored.

| have shown the location where my sam-
ple data files are stored and the location
where the Meet Minitab data files are
stored. However, depending on how you
installed Minitab you may have a differ-
ent location.

This ends the chapter and the book.
| hope | have completed my task and
opened the world of statistical problem
solving using Minitab for you.

Driving.MTW

File

Exh ACWV.MTW

H Open Worksheet, .,

Look in Minitab Sample Data Folder

I Z:Program FilestMinitabiMinitab 16\EnglishhSample Data

I Z:Program Files\MinikabiMinitab 16)\EnglishtSample DataiMest Minitab
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