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INTRODUCTION

This project, which was carried out in collaboration with
the Department of Engineering Production, involves exploring the
effect on weld penetration of a variety of changing circumstances,
represented by seven factors each being explored at three levels.
Four response measurements (each associated with weld penetration)
were made. As the full factorial experiment is excessively large,
involving 2,187 different treatment combinations, it was proposed
that initially a 1/9 - replicate of the 37 factorial experiment
be designed, possibly duplicated to test for repeatability and to
provide an independent error measurement. A suitable design was
constructed, the fractional factorial being arranged in blocks
with each block providing one day's work.

The Engineering Production Department was to do the actual
welding using the proposed design in order to obtain data for the
subsequent analysis. Some preliminary experimentation was, in
fact, carried out but the full planned experiment could not be
carried out in the allotted time because of repeated machine
breakdown.

The preliminary experimentation, combined with previous work
in this area, provided information on the likely range of each
response over the design space, and gave some guidance on the
relative importance of the factors. It was therefore suggested
that data should be simulated, using the design put forward, in
as realistic a manner as possible. The data should then be

analysed in the same way as genuine data, so that the same procedure
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could still be followed when the real data became available.

The project report has been divided into four chapters.

In Chapter 1 a project description is given from the Engineering
viewpoint., A precise description of all the factors and responses
involved in adaptive controlled welding has been provided. Current
welding techniques are considered and reasons given for the need

to automate welding and to use robots. Some associated work is
also given in this chapter, together with some consideration of

the role played by a carefully designed experiment.

Chapter 2 is basically giving the background theory for the
use of hypersquares in confounding part of some higher order
interaction. The ideas of working in the notation of congruences
and using this for confounding and selection of the fractional
replicate are introduced in this chapter, together with the
associated notion of aliasing, as a background to the construction
of the proposed design.

In Chapter 3, the ideas of confounding, choice of fractional
replicate and aliasing structures introduced in Chapter 2 have been
used to construct a design for arranging a 1/9 x 3? factorial
experiment in 9 blocks of 27 units. The defining contrasts, the
aliasing structures of the chosen confounded effects with the defining
contrasts and with some other factorial effects have been given. (The
full aliasing structure is too extensive to be listed here). The
actual design for the first 3 days of the 9-day scheme has been
provided in this chapter together with the form of the analysis of
variance. The remaining part of the design appears in the appendix.

Chapter 4 gives the analysis of the simulated data for each



(iii)

&
of the four response measurements. The wmethod used to simulate

data for each response has been explained. The simulation was
made to yield results that would conform with guidance obtained
from the Engineering Production Department. A brief discussion
on the CLIM package, used to accomplish the simulation and also
to carry out the ANOVA, is given. Although GLIM-3 is not primarily
oriented towards analysis of variance, it i8§ capable of bandling
a complex design such as that proposed, and it was felt that the
modelling capability would be useful at the next stage of the
exercise. (Glim - 4, available shortly, will have an improved
ANOVA capability). Some discussion of the modelling aspect is
given with the conclusions, together with suggestions on some
form of transformation which might be necessary in the case of

real data if residuals were found to be correlated.



CHAPTER 1

ADAPTIVE CONTROLLED WELDING

1.3 INTRODUCTION .

In this chapter, an attempt is made to explain what is involved
in the type of welding being considered and also to indicate those
factors responsible and the way in which they affect the weld bead
geometry .

A brief description of current welding techniques together with
associated work is given. The reason is also given for the need to
carefully design an experiment to check which of the factors and their
interactions are more “important" and the extent to which they are
involved in those models describing each response of the weld bead
geometry. An explanation as to why automated welding procedure should

be employed is also provided.

1.2 COMPONENTS INVOLVED AND THE BACKGROUND.

The need to fabricate metal plates to form enclosed volumes
occurs in many industries. Enclosed box sections provide a rigid
structure with low material weight. Such a combination is useful
in vehicle manufacture particularly earth moving machinery,
shipbuilding and the construction of Railway rolling stock. These
enclosed forms present a problem to the welding Engineer as full
penetration welding through the entire thickness of the plate is
required whilst access is restricted to the cuter side of the

component .

1. Terms underlined in this chapter are explained in the glossary of
terms - Appendix Al,
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The research considered is directed towards developing automated
techniques for single sided full penetration welding with particular
emphasis on Railway carriage and locomotive constructions. The
Bogies, underframes and transoms of these vehicles are typical of
other enclosed components to be found throughout industry.

Bogies, (Fig. 1.1), are highly stressed components, so the need

for rigidity. However they are relatively unsprung and their weight must

minimized in order to reduce track damage.

Fig. 1.1 Bogie Frame under construction.

Similarly, carriage underframes (Fig. 1.2), which extend the
entire length of the vehicle must be as light as possible to improve

the energy efficiency of the transport system,



Fig. 1.2 An Electric Locomotive Assembly showing the Carriage Underframes.

This carriage underframe is then fixed on the assembled Bogie
shown in Fig. 1.3 to make up a complete Electric locomotive or a

comptete coach as can be seen from Fig. 1.4 and Fig. 1.5.

Fig. 1.3 A Completely Assembled Bogie Frame on Wheels.




It can be noted alko that there are two types of Bogies shown

here for the electric locomotive (Fig. 1.4) and the coach (Fig. 1.5).
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Carriage underframes too differ for both the locomotive above

and for the sleeper coach below.

\ :

Fig. 1.5 A Sleeper Coach showing its ki_:151"clf___ﬂig_i_u_s__a_nd Carriage iTn_i]erfra;n_c-_.
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1..3  CURRENT WELDING TECHNIQUES.

Several manual welding techniques can be used to produce full
penetration single sided welds, however each has its own limitations.
The main difficulty is in achieving full penetration without
producing a hole in the component and several weld backing techniques
are employed to prevent this,

Typical of these is the method adopted by "Metro Camell", where
a steel bar is placed inside the box section along the joint line,

prior to assembly (Fig. 1.6). This increases the Effective Thickness

of the plate so overcoming the need for a full penetration weld.
But this solution, on the other hand, incurs additional material
costs for the backing bar and a corresponding gain in weight thereby

exerting more pressure on the tracks.

N\~

WELDING ToRcH " PRE PARE) PLATE

/

p -
rin &
1eek Bre
L
- oMTh
@,eb“w\) = - HOFL?;TE
ok
)
q_ff v&e,\fv

Fig. 1.6 Single Sided Welding Using a Steel Backing Bar.




A flux backing tecanique (Fig. 1.7) has been developed by
British Rail Engineering Limited (Derby locomotive works). In this,
a refractory powder flux is placed inside the box section so preventing
the molten weld metal falling through the joint. This method of flux
backing incurs additional costs for the consumable flux and increased

labour costs associated with positioning and removal of the flux powder.

o - — — PREPARED PLATE

Fig. 1.7 Single Sided Welding Using a Flux Backing.

Several other weld backing techniques are available including
copper backing, the use of refractory glass fibre and asbestos tapes,
however the components' shape often prevents the use of such devices.

A novel welidng technique has been developed by British Rail

Engineering Limited (Crewe locomotive works). This is based on a
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flux cored wire, self-shielding arc process. Welding is achieved

by melting the metal in an arc struck between a continuous comsumable
filler metal electrode and the work piece (Fig. 1.8). Oxidation of
the molten metal is prevented by a flux contained within the tubular
electrode, the arc burns a hole through the plate at the joint and
as the electrode travels along the joint metal from the front of the
hole, melts and flows to the back of the hole under capillary action,

solidifying to produce a full penetration weld.
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Fig. 1.8 Process Diagram » Flux-cored Arc Welding.

This keyhole technique requires no weld backing and forms the
subject for this initial research effort. The welding process
described is however manual, that is it relies on the skill of the
welder using tactile, visual and auditory information from the process

to regulate the welding conditions to achieve a high quality weld.
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1.4  AUTOMATIC WELDING AND USE OF ROBOTS.

Because of the limitations mentioned in the manual welding
techniques described in the above section, it is desirable to automate
the welding of locomotive Bogies and Underframes currently manually

welded for the following reasons:

i) Significant cost savings can be achieved.
ii)  Quality can be improved.
iii) Production rates may be increased.
iv) Highly skilled welders are difficult to come by.
v) The work is unpleasant due to the fumes, dirt, noise and
heat emitted from the arc; the safety clothing necessary
imposes severe restrictions on movement; and furthermore

the work is physically demanding.

Early or first generation robots in use in factories are both basic
and relatively few in number and flux cored arc welding remains a
predominantly manual process. This may be explained by the skill

the human operator brings to the task:

a) Inspection - The work piece is recognised and inspected before
and after welding.
b) Work piece movement - The welder can load and orientate the
work piece to the best position for welding.
¢) Torch Manipulation - The welder is a portable and compact torch
manipulator able to align himself to the
work piece and weld in various positions.
d) Process Control - The welder carries out the welding programme
and provides feedback control of the process
using information provided by his senses of

vision, hearing, touch and smell.
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The first generation robotscurrently commercially available

are able to follow pre-programmed paths along which they perform

preset welding sequences, but are unaware of their surroundings

and so are unable to adapt to changes in them. This has serious

disadvantages when applied to arc welding in that the accuracy of

the work pieces is limited by the tolerances of the machines used

to produce them. The weld seam, material thickness and relative

positions of the plates will change between successive work pieces

but the robot will not adapt to these as the manual welder does.
Intelligent automation is achieved by the current robots being

developed which have some decision making capability based on various

sensing devices. These include tactile sensors, noncontact

displacement transducers and vision provided by television cameras

or photodiode arrays. Such devices are able to provide microcomputers

with information to enable decisions to be made to regulate the

performance of the robot adaptively. Adaptive control is required

if quality welding is to be achieved.

1.5 PROCESS MODELLING.

As a first step towards adaptive control of the key hole flux
cored welding technique it is necessary to relate the process inputs
to the outputs. The following seven factors have been identified as

having a significant effect on weld bead geometry:

i) Travel speed ()
ii)  Arc Current (1)
iii)  Arc Voltage (V)

iv) Root Face Thickness (T)
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v)  Root Cap (6)
vi) Travel Angle {A)
vii) Electrode Extension (Stickout) (E). 1 i

See Figures 1.9, 1.10 and 1.11 for diagrams describing the above
seven factors. Following initial tests to define the boundaries
to the seven factors which produce a satisfactory weld, the levels
of the experiment were chosen.

These levels were as distinct as possible within the boundaries
to ensure no overlap between levels and to cover a wide enough range
to give reasonably general results,

Four responses were identified (Fig. 1.12) as Effective Bead

Width (w), Under Bead Throst Thickness (hu), Under Bead Minimum Leg

Length (fu) and Maximum Penetration (p), which provide a means of

controlling the weld bead geometry. The welded boxes were sectioned
through each trial and etched to enable the weld bead geometry to

be measured. A microscope with a precision slide was used to measure
each response accurately. These responses are not of equal importance
on the weld quality and are initially considered separately. The

most important of the responses is Penetration followed in that

order of importance by Under Bead Minimum Leg Length, Under Bead

Throat Thickness and Effective Bead Width.

1. Explanation to the seven factors is given in the glossary of terms:
Appendix Al.
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1 MAXimum (Fucet)
PENET RATION (P).

UNDER BEAD Minimum LEG LENGTH (fy)

Fig. 1.12 Response Measurements — Forming the Weld Bead Geometry.
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During production welding, it may not be possible to monitor

all the factors directly. A television camera will collect data
corresponding to the keyhole size and shape which will be a
function of the factors, It is proposed to analyse the effect of
the factors on the keyhole information at a later date in order to
establish the best method of control. Meanwhile, the expected
effects of increasing each of the factors on the responses are

given as:

i) Travel speed (U) - Increase in Travel Speed will significantly
reduce penetration, decrease Under bead
minimum leg length, Under bead throat thickness

and Effective bead width.

i1) Arc Current (I) Increase in this will significantly increase
effectivebead width, will also increase penetration,
Under bead leg length and throat thickness (but

only slightly).

|

iii)  Arec Voltage (V) Increase in Arc Voltage significantly increases
penetration, slightly increases Under bead leg
length and throat thickness but slightly reduces

effective bead width.

iv) Root Face Thickness — Increase in this has no effect on penetration,
increases effective bead width, decreases lUnder
bead minimum leg length and Under bead throat

thickness.,
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v) Root Gap (G) - Increase in root gap will significantly increase
Under bead leg length and Under bead throat
thickness but will reduce effective bead width

significantly and has no effect on penetration.

vi) Travel Angle (A) - An optimum travel angle is thought to occur towards
which penetration increases to a maximum, Under bead
leg length and Under bead throat thickness increase,
but effective bead width reduces. Away from the

maximum (either direction) the opposite will occur.

vii) Electrode Extension (E) = As this increases, penetration will reduce,
(stickout) effective bead width will increase, Under bead

throat thickness and Under bead leg length will

also reduce.

1.6  ASSOCIATED WORK.

Research work in adaptive welding is growing through the diversity
of materials, the numbers of different joints that can be made and the
variety of processes that can make them limit the applicability of
the results as yet no underlying body of knowledge relevant to all
processes or materials has been assimilated,

To control the welding process it is necessary to know the
relation between the procedure inputs such as arc voltage, current,
wire feed rate, torch travel speed, torch position, work piece fit
up and thickness and the output such as the weld bead geémetry.

Doherty et al. have derived some equations describing the submerged
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arc welding and flux cored arc welding processes. The latter
relates torch travel speed, wire feed speed, voltage and contact
tip to work piece distance to the resulting weld bead geometry.
These experiments were restricted to the flat position, using butt
joints without edge preparation.

Rider has developed an adaptive control technique using visual
information to determine the molten weld pool width, Control
algorithms were based on the empirical relationships developed by
Boughton which relates travel speed, welding current and weld pool
width to the weld penetration. This research was restricted to
tungsten inert gas welding of stainless steel.

The work of Scott and Brandt was directed towards using a
tactile sensor to detect the position and width of a seam in horizontal
plates so enabling movement of the welding torch to be controlled,
This work was restricted to open butt joints in horizontal plates

using tungsten inert gas welding with a filler wire.

1.7 NEED FOR EXPERIMENTAL DESIGN.

The above authors use formulae, either theoretically or
experimentally derived, to summarize relationships between input
variables (the factors) and output variables (the responses).
Having decided to relate a defined set of welding variables to a
defined set of geometric dimensions, the investigator has little
option but to adopt a statistical approach to the design of the
experiments that will generate his data. The decision to use

factorial designs was based on an early investigation (at the
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welding Institute) whi;h showed that weld variables interacted
with each other in such a manner that anything but the most carefully
designed set of experiments could give misleading results.

To design a factorial experiment it is necessary to define
the experimental variables clearly and to decide on a number of
levels for each factor. 1In this particular research seven factors
were explored each at three levels leading to a 3? factorial design
with 37 = 2,187 experiments to be done. Because of the time and
costs that are involved in doing 2187 experiments, it has been
decided that it is not practicable to do a full replicate of a 3?
factorial design and so a fractional replicate has been considered
and this forms the basis of the subject matter in the next two
chapters of this project.

The analysis of variance is carried out to establish for any
output parameters (in this case, some geometric dimension of the

weld bead) the relative importance of the factors which formed the

controlled variables of the experimental set.



19

CHAPTER 2

THE RoLE oF HYPERSQUARES IN CONFOUNDING
AND FRACTIONAL RepL1cATION 1IN 3N DEsiens

2.1  INTRODUCTION.

In this chapter we consider fractional replication in the 5"
system and explain briefly how this and blocking can often be
achieved through hypersquares by confounding only some part of a
chosen factorial effect. These ideas are developed further by

introducing a notation of working in terms of congruences which

: . n g i
is useful when fractional 3 experiments are considered,.

2.2 THE USE OF HYPERSQUARES.

The randomized-blocks design may be considered as a one-
dimensional blocking method to control heterogeneity of the
experimental units. Latin Squares can be used in a similar way
for two-dimensional blocking. Here each treatment occurs once
in each row and once in each column, with the restriction that
the numbers of rows, columns, and treatments must be the same.
The Graeco-Latin Square designs simply carry one step further

the process of stratifying the treatments as shown in Table 2.1.

Table 2.1.
A CR By
BR Ay Cax

Cy Ba AB
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In this type of design, both the Latin and the Greek letters
occur once in each row and once in each column, and each Latin letter
occurs once with each Greek letter. In this manner, row, column,

Latin letters and Greek letters effects can be estimated independently,
and the sum of squares in the analysis of variance partitioned
accordingly.

This concept of using a pair of orthogonal Latin Squares to
form a Graeco-Latin square is extended to the construction of
hypersquares. For a square of size nxn and n > 3, a hypersquare
can be constructed by superimposing 3 or up to (n-1) orthogonal
Latin Squares if a complete set of (n-1) orthogonal lLatin Squares
is available. The maximum number of factors which can be handled
in a n ¥ n square is (n+l1), and the assumption of no interaction
is always necessary.

Hypersquares have a weakness that if (n+l) factors are considered,
since the sum of squares corresponding to each factor takes (n-1)
degrees of freedom, and (n+l)(n-1) = n2 - 1, it will not be possible
to compute the error sum of squares for comparisons in the final

analysis of variance.

2.3 THE I AND J COMPONENTS OF INTERACTION.

Congider a 32 factorial arrangement with factors A and B each

at 3 levels a s a, a, and bo, bl' b2 respectively. In Table 2.2

~ below, (i,j) denotes the response with factor A at level a, and

factor B at level bj'
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Table 2.2.
B
bu bl bZ

. . - |

a, (0,0) (0,1) (0,2)

A

a (1,0) (1,1) (1,2)
N S

a, (2,0) (2,1) (2,2)

The comparisons among rows:
(A). = (00) + (0 1) + (0 2)

1=0

(Wi, = 1O+ Q1)+ 12

(A)i=2 = (20) + (21) + (2 2)

give the main effect of A (on 2 degrees of freedom).

The comparisons among columns:

(B)j=o = (00) + (1 0) + (20)
(B)j,,l = (01) + (1 1)+ (21)
(B) . = (02) + (12 + (22

give the main effect of B (on 2 degrees of freedom).
The AB interaction sum of squares on 4 degrees of freedom
(d.f) can be partitioned into either
i) 4 components with a single degree of freedom each,

or 1ii) 2 components with 2 d.f. each.
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The second partitioning is very useful for constructing
fractional factorial designs with factors at 3 levels. 1t makes
use of the basic properties of a 3 X 3 Graeco-Latin Sguare.

Superimposing a Graeco-Latin Square on Table 2.2 gives Table 2.3

below.
Tablq"glg.
B
r b, __b_L b,
) I, & 1,d, 1, J,
“ (0,0) (0,1) (0,2)
-
A 12 J3 13 Jl ]’1 J2
My
(1,0) £1,1) (1,2)
Iy Jy L 9, “Ig, ¥y
&
(2,0) (2,1) (2,2)

The analysis of variance is of the form

Source of Variation d.f.
Belween rows (A) 2
Between columns (B) 2
AB Between levels of 1 2
interaction
(on 4 d.f.) |[Between levels of J 2

Hence the AB interaction is split into two independent
components each on 2 d.f. written as AB(1) and AB(J) and these

are called the "I" and "J" components of the AB interaction.
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2.4 CONFOUNDING.

Suppose it is desired to arrange the 9 treatment combinations
in Table 2.3 in 3 blocks of 3 units each, we may choose to confound
either the I or the J component of the AB interaction if we are to
estimate the main effects A and B.

If we choose to confound the I-component of AB with blocks,

then we end up with the following arrangement:

-

Block 1 : (0,0) {1;2) (2,1)
Block 2 : (0,1) (1,0) (2,2)

Block 3 : (0,2) (1,1) (2,0)

The 2 d.f. confounded with blocks here correspond to the 2 d.f.
for the I-component of AB interaction and differences between AB(I)
correspond to differences between blocks. That is, the AB(I) term

has been confounded with blocks.

2.5 EXPRESSING IN TERMS OF CONGRUENCES.

Consider the 32 experiment in Table 2.2. This factorial
experiment can be arranged in 3 blocks of 3 units using the orthogonal

Latin Square shown in Table 2.4 below.

Table 2.4.

B

b, by b,
4 An CB By
» (0,0) (0,1) (0,2)
A a, BB Ay Co
(1,0) (1,1) (1,2)
Cy Ba AB

By
(2,0) (2,1) (2,2)
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Let the I-totals be the totals corresponding to A, B and C
and the J-totals be the totals corresponding to o, B and y.
Then the 32 experiment can be arranged in blocks of 3 units using

either the I-totals:

J - DO% 1 Z2+21
J = 01+10+ 22

J = 02+11+20

The AB(I) interaction is given by 2 d.f. between the I-totals
and the AB(J) interaction is given by 2 d.f. between the J-totals.

So confounding in a 32 experiment is therefore a case of using
a Latin Square with blocks occupying the treatment positions and
the two factors occupying the rows and columns respectively.

Let a treatment combination be represented by El, 2. where 2. is

2 1

the level of factor A and 22 the level of factor B, so that O 0 represents

the first level of factor A and the first level of factor B respectively.

The three I-totals are obtained by

Rl + 212 = 0 (modulo 3)
21 * 2£2 = 1 (modulo 3)
11 * 2£2 s 2 (modulo 3)

respectively, working in terms of modulo 3 (mod.3), and the
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.

three J-totals are obtained by

-
-
=
I

0 (modulo 3)

1 2
21 + 22 = 1 (modulo 3)
il + 22 = 2 (modulo 3)

respectively.

Therefore we can write AB(I) as ABZ, and AB(J) as AB, where
the powers attached to the letters are the coefficients of 21 and 22.
The main effects of A and B are given by examining the 3 totals for
which

3 = 0,1, 2 (mod.3)

1]

and L 0 s, 2 (mod.3)

respectively.

Thus the "between treatments" sum of squares (S.S) on 8 d.f.
(in the 32 experiment) has been split into 4 orthogonal components
A, B, ABZ and AB each on 2 d.f.

It is observed that the treatment combinations specified

by the equation

i

2R1 + 2£2 0, 1, 2 (mod.3)

for A232 are identical to those for AB; and the treatment combinations
specified by

2£1+£

m

2 0, 1, 2 (mod.3)

for AZB are the same as those for ABZ.

Clearly, therefore, AB = &232 and ABz = AZB. For convenience,

the power of the first digit is usually taken to be unity. The rule
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now for multiplying together two effects is that the power of
each letter is reduced modulo 3 if necessary and the power of
the first digit made unity, for example

AZB - (A23)2 = AABZ = th .

2,6 EXTENSIONS AND GENERALIZATIONS.

For the 33 experiment, a treatment combination is given by
21, 22, 23 and the 27 treatment combinations can be arranged in
3 blocks of 9 for instance by confounding one component of the ABC
interaction. The 8 d.f. for the ABC interaction can be split into
4 components each on 2 d.f. and any one of these may be chosen to
be confounded with blocks. This will enable all main effects and
all 2-factor interactions to be estimated. The main effects and
components of interactions are given as follows, where all functions

are reduced modulo 3 when necessary:

A

-e
=
"
o
-
o
-
[ 2%]

1

B TN =0, 1, 2

C 5 23 =0, 1, 2
AB(1) = AB® £, + 28, =0, 1, 2

AB(J) = AB i R 4%, =0, 1,2
AC(T) = Ac? 1R 2, =0, 1,2
AC(J) = AC & 2, + 8, =0, 1, 2
BC(T) = BC® ', + 2, =0, 1, 2
BC(J) = BC &, + 4, =0, 1, 2
ABC(W) = AB2C : 2, 420, 422, = 0, 1, 2
ABC(X) = ABZC s Rl +20, + 13 =0, 1, 2
ABC(Y) = ABC® : Ry + 8, 420, =0, 1, 2
ABC(Z) = ABC : %, + %, + %, =0, 1, 2.
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This method can easily be extended to more than 3 factors.
For example in the case of 4 factors, it may be desired to arrange
the 34 = B1 treatments in 3 blocks of 27, The ABCD interaction
on 16 d.f. could be split into eight components, each on 2 d.f.
and any one of these confounded with blocks. Alternatively, the
81 treatments could be placed in 9 blocks of 9 units. Here the
8 d.f. confounded with blocks are obtained from the 4 compoﬁents

of interaction.

2.7  GENERAL RULE.

If pairs of d.f. corresponding to say, X and Y are confounded
with blocks, then so are the pairs of d.f. corresponding to XY and
XYz. For example, if we choose to confound ABEC2 and BCzD, then
consequently, we also confound

ABzcz X BCZD = ABBCAD = ACD

and ABZC2 x (BCzD)2 = AB406D2 = ABD2

(when indices are reduced modulo 3), each on 2 d.f.
For these effects chosen to be confounded, the 9 blocks would

now be given by the solution to

L. + 20, + 22

1 2 3 O, Y, 2 (mod.3)

22 + 2£3 + R&

11

0, 1, 2 (mod.3)

with each pair of equations, (and there are 9 such pairs) giving
one block.
The block containing treatment combination 0 0 0 0 is called

the Principal Block. The other blocks can then be obtained
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immediately from this by "adding" each treatment combination in
the Principal Block to any treatment combination which satisfies
the equations above and which has not already been uvsed, with the
levels being reduced modulo 3 where necessary.

The above process may be extended to the general ;o system,
In the general case, we have 3" - 1)/2 factorial effects, each
on 2 d.f. The partitioning of an interaction into components of
2 d.f. by this process is simply a convenient mathematical device
to extract orthogonal components of an interaction., These components
have no concrete physical interpretation. Testing each of these
separately for significance is generally not meaningful.

The combinatorial properties of the 3° system can be
generalized to the general pn with p as a prime number. The
treatment combinations are denoted by (El, 22,..., ln). The Ei's
are factorial levels having values from O to (p-1). All numbers
are reduced modulo p. The (pn = 1) degrees of freedom may be
partitioned into (pn - 1)/(p - 1) sets of (p - 1) degrees of freedom.
Each set of (p - 1) degrees of freedom is given by the comparisons

among the p sets of plm-1 treatment combinations.

2.8 FRACTIONAL REPLICATION IN THE 3" SYSTEM.

The basic ideas of constructing a fractional replicate of a
3" arrangement can be illustrated by the use of a simple example.
Suppose we require a 1/3 - replicate of a 35 experiment, it

is natural to select as the defining contrast one of the 16 components

of the highest order interaction each on 2 d.f. One of these
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components could be ABCDE for instance, and will be confounded
to give the 1/3 - replicate. This then is the defining contrast

and the aliases of effect A say are given by

A *X ABCDE and A x (ABCDE)2

i.e. A= A82C202E2 = BCDE,

In a similar way, aliases of other effects are obtained.
The defining contrasts are used to obtain the aliases system.
The aliases of an effect or interaction are obtained by multiplying

the effect or interaction with each term in the defining contrasts.

e.g.
A x ABCDE and A x (ABCDE)”
fies Aznan > (A23CDE)2 = ABzcznzsz
and ap%c?p?e? » 32chn%E? » 2ct%EH? > BepE
2 2 22 2

AB x ABCDE -~ A "B CDE - ABC D E

AB x (ABCDE)Z » A%B3c?p%E? > (c?p%EH)? » coE .

From there, it can easily be seen that all main effects will be
aliased with 3 - factor interactions and above, while 2 - factor
interactions will be aliased with components of 3 - factor
interactions and above. 1If it is assumed that the 3 - factor
interactions and above are negligible, this design provides estimates
of all main effects and all 2 - factor interactions, whilst the
highest order interaction provides degrees of freedom for residual.
The design is constructed of those treatment combinations

satisfying



21 & 22 + 13 + 14 % 25 =0, 1, 2 (mod . 3)

with the 81 treatments corresponding to the O equation giving a
suitable 1/3 - replicate. If we wished to arrange this 1/3 -
replicate in 9 blocks of 9 treatments, the necessary 8 d.f. to be
confounded could come from the 4 components of interaction. If
we confound ABCZ and ADE2 then we shall also be confounding

a2ec?pE®)? » AB2cD’E  and  A%BcZpZEY - BCZDZE .

The aliases of these confounded components can now be obtained
as before. Thus, the 81 treatments from the 1/3 - replicate are

placed in 9 blocks so as to satisfy the 9 pairs of equations

1]

L, 0+ 12 + 28

1 0, 1, 2 (mod . 3)

3

21+£'£|+29'

11

5 0, 1; 2 (mod.3) .

These ideas contained in this section form the basis of the theory

for the proposed design given in the next chapter.
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CHAPTER 3

ProPOSED DESIGN FOR ARRANGING A 1/9 X 3/
FAcTORIAL ExPERIMENT IN 9 BLocks oF 27

3.1 INTRODUCTION.

In this chapter, 7 factors which are for the time being
labelled A, B, C, D, E, F and G are each explored at 3 levels,
with 4 types of response measurements.

The chosen 1/9 - replicate of a 3! factorial experiment
enables all main effects and all 2-factor interactions to be
determined. The 1/9 - replicate provides 243 treatments which
are divided into 9 blocks of 27 treatment combinations, each
set of 27 treatment combinations providing one day's work which
is accepteble to the Engineering Production Department as being
practicable within the range of experiments to be done in one
day. The proposed scheme is designed to provide the 27 treatment
combinations for each day (block). The structure of aliasing

and the form of analysis of variance are given.

3.2 THEORY BEHIND ARRANGEMENTS OF 1/9 x 3? FACTORTAL IN 9 BLOCKS
OF 27.

By using the notation and rules introduced in Chapter 2,
fractional replicates of experiments with several factors each at
3 levels can be constructed. For fractional replicates in "
factorial, we need to choose one defining contrast if we require
al/3- réplicate and two defining contrasts if we require a 1/9 -

replicate.
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Some component(s) of higher order interaction(s) could
then be used as defining contrast(s) and so confounded to give
the required fractional replicate.

Suppose we then want to arrange the chosen 1/9 x 3’ = 243
treatments in 9 blocks of 27, we require 8 d.f. to be confounded
with blocks. To get these 8 d.f., we require 4 components of
some higher order interactions each on 2 d.f. to be confounded
with blocks. The general rule for confounding in a 3" system
is used to develop the proposed design. That is, if pairs of
d.f. corresponding say to X and Y are confounded with blocks,
then so are the pairs of d.f. corresponding to XY and XYZ.

Applying this rule and for the 8 d.f. required to be
confounded with blocks we choose two higher order interactions

ABzFZG and BCDF as confounded effects each on 2 d.f. and

consequently, ABZcm x BCDF = ACDG and ABZcm X (BCDF)2 = ABC2D2F26
will also be confounded each on 2 d.f. giving us the required 8 d.f.

to be confounded with blocks. Also to obtain the 1/9 - replicate

of this factorial experiment, we need to choose 2 higher order

factor interactions as defining contrasts. 5o we choose ABCDZE
and 002E2F282 as defining contrasts.
Here too,
ABc’E x cp’E’Fc? = ancPoric?
and

ABCDZE X (CDzEzeGz)2 " ABEzFG

1. The choice of defining contrasts and confounded effects is made
in such a way as to avoid confounding "important” effects when
aliasing structuree are comsidered,
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will also be confounded with blocks; and the indices of the

factorial effects are reduced modulo 3.

3.3 THE ALIASING STRUCTURES.

Because we have taken a fractional replicate in;tead of a
full replicate, the problem of aliasing arises whereby factorial
effects are unable to be determined individually but rather in
sets. The factorial effects are aliased not only with the defining
contrasts but also with the confounded effects as well. For
example, consider the aliasing for the chosen defining contrasts

and the confounded effects:

ABzec X ABCDZE = AchQEFZG = ACZDEzFG2
ABZFzG x (ABCDzE)2 = BCZDEzFZG
and
ABZFZC X CD2E2F2G2 = A32CD2E2F
2.2 2.2-2.2.2 2.2 2

AB"F°G x (CDE"F"G") = AB C DEG

noting that here too the indices of the factorial effects are
reduced modulo 3 and the convention of making the first digit
raised to power of unity is adopted.

Similarly, each of the remaining 3 factorial effects
confounded with blocks is aliased with a further 8 effect in the

following way:



For BCDF we have

ACDG will

BCDF

BCDF

BCDF

BCDF

BCDF

BCDF

BCDF

BCDF

x

®

x

X

X

x

ABCDzE

(ABCDzE)2

CDzEzFZG2

(802E2F262)2

ABCZDF2G2

34

2B

(ABCTDF™G™)

ABEZFG

(ABEZFG) 2

be aliased with

2

ACDG x ABCD"E

ACDG

ACDG

ACDG

ACDC

ACDG

ACDG

ACDG

(ABCDZE)2

CD2E2F262

n

I

22523

(CDE"F"G™)

ABC2DF202

(ABCZDF202)2

ABEZFG

(ABEZFG) 2

ABzﬂzEF

A202E2F = ADEF2

BC2E202

BD2EF26

ABZDZG2

AZCZFZG = ACFG2

AB2CDE2F2G

AzCDEG2 = ACzﬁzEzG

A%pc’ec = aplce®c?

BzDzEzG = BDEG2
A8282F2
ADZEFG2

2,22 2

A"BDF" = ABDF

BZCZFG2 = BCFZG

AzBCDﬁzFG2 = A3202D2EF2G

BzﬁDEF - BC202E2F
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2.2.2 i i g :
and ABC'DFG will be aliased with

asc?p?rG x ABCDYE = A%s%per%c = ABD’E’FG?
asc’n?r?e x (apep’E)? = ce’r’c

aBc?p?r2c x cp’e’F’c? = ABDE’F

asc?p?rc x (co’e’¥%c?)? = amcec®

ascn?p%c x aBc’pr’c? = a%B%cF = ABc’F?
asc’p?r%c x (aBcpr’c?)? - gg?

aBc?n?F2c x ABE’FG = A%8%c?p%e%? = ABcoEG
asc?p?r?c x (aBE’FG)? = c®p%EF = coe’F?

Other factorial effects have a similar aliasing structure.

For example the main effects will be aliased in the form:

A x ABCD’E = a%Bcp’e = aB’c’pE’

a x (aep’e)? = B%cpE? = Bop’E

ax olell? - ADEFC

A x (e’e*r%cH? = ac’oerc

A x asc’pr’c® = a%sc’or’e? = ap’cp’rc
A X (ABCZDFZGZJZ - BZCDZFG = _BC__zl_)E_zc_z

A x ABE’FC = a%se’rc = an’Er’c?

A x aBe’rey® = B%EF’c? = BE’FC

From this we can see that all the main effects will be

aliased with 4-factor interactions and above.



36

. 8

Now consider the aliasing of some 2-factor interactions:

AB x ABCDzﬂ = hzﬂchzE = ABCEDE2

AB X (ABCDZE)2 = CZDE2 = CDzE

AB x CD2E2F262 = ABCDZE2F202 .
N S e I 2

AB x (CD"E"F°G")" = ABC DEFG

aB x aBc’DF%c® = a’B’c’pr’c? = Amco’rc
AB x (ABC?DF2G%)? = cplre

AB * ABE’FG = A%8%%6 = aBpr’c?

AB X (ABEZFG) 2 = EF2G2

In this manner, all 2-factor interactions will be aliased
with 3-factor interactions and above.

The aliasing of some 3-factor interactions is given by the

form:
ABC x ABCD’E = a%%*p%Ee = ascoE?
ABC x (aBco’e)® = pE?
asc x c’e¥%c? = apc’p?e?rc?
asc x (c’e%¥%c%)? = ABDEFG
2 22 2.3..2 2 2

ABC x ABC'DF™G A"B'DF"G™ = ABDFG

ABC X (ABCZDFsz)2 = C202FG = CDF282

ABC x ABEzFG - AZBZCEzFG = ABCzﬁFZGZ

ABC (ABEZFG)2 = CEFG” .

x

Not full aliasing structures are given since there are over

1. The underlined factor interactions are those aliased with the givem
factorial effects.
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500 of these with similar forms as the ones given making it
unnecessary to give all of them. So with this choice of
confounded effects and defining contrasts together with the

above aliasing structures, if it is assumed that the 3-factor
interactions and above are negligible, then the proposed design
will enable all the main effects and all the 2-factor interactions
to be determined.1 The 3-factor and higher order interactions
will then be used as error/residual for comparisons in the final

analysis of variance.

3.4 USE OF CONGRUENCE METHOD FOR BLOCKING AND SELECTION OF THE
1/9 - REPLICATE.

To obtain the blocks of treatments, consider:

(i) The chosen defining contrasts ABCDZE, CDZE2F2G2 F:

(ii) The chosen confounded effects ABZFZG, BCDF.

We then solve the 4 congruence equations for the linear
combinations of levels of treatment effects corresponding to

the 4 chosen effects above by

11 + !2 + 23 + 224 + 9.5 = 0,1, 2 (mod.3)
Ry + 20, 420, 420+ 20,5 0,1, 2 (mod.3)

g, 0+ 22, +20, + 8, = 0,1, 2 (mod.3)
L, + L, + 8, + 2 = 0,1, 2 (mod.3)

where 2., £, ,...,%, are the levels corresponding to factors

1* 72
A, B, C, D, E, F and G respectively, and the coefficients of the

1. . The Engineering Production Department is interested only in the main
effects and two factor interactions, so the choice of defining contrasts
and eonfounded effects is made in such a way that we do not loose any
information on these.
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above linear treatment combinations correspond to the factor powers
or indices of the chosen effects; that is the first two equations
correspond to the linear combinations of the levels of the two
chosen defining contrasts and the last two equations correspond
to those for the two chosen confounded effects.

The 3 levels of each factor are given by 0, 1 and 2. The
3 x 3% 3 x 3 linear combinations of congruence equations above
give 81 sets of 27, from which we select 9. Theselection of the

9 blocks is given by the solutions to

11 + 12 + 23 + 224 + 15 = 0 (mod.3)
13 + 224 + 215 + 226 + 227 = 0 (mod.3)
B+ 20, + 20+ 8, = 0,1, 2 (mod.3)
22 ¥ 13 g 24 + 26 = 0, 1, 2 (mod.3)

giving the 9 blocks of 27 treatment combinations each, with the
first pair of equations giving the 1/9 - replicate selected.

The Principal Block (Block 1) contains the treatment

000O0O0OO, that is all the 7 factors set at their first level,
so that solving the congruence equations with O on the right hand
side (r.h.s.) leads to the 27 treatment combinations in the
Principal Block. Once the Principal Block is determined, the
other blocks are then obtained by finding a treatment combination
not already used which belongs to the same 1/9 - replicate and
"adding" (mod.3) to the treatments in the Principal Block. At

the bottom of each day's experiments there are the set of 4
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congruence equations which each of the 27 treatment combinations
for that day satisfy in order to obtain the complete orthogonal

design that has been proposed.

3.5 THE DESIGN MATRIX.

The design matrix showing combinations of levels for the
7 factors is given below for the first 3 days of the 9-day

scheme.
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:  (BLOCK 3)

|
|

DAY 3
|

Experiment

%

10
11

12
13
14
15
16
17

i8
19

20
21

22
23

24

25

26
27

0 (mod.3)

Iy vy v hg v 28, g

0 (mod.3)

23 + 29,4 + 225 + 2£6 + 2£7

0 (mod.3)

+ 2£6 + R?

£1 + 212

2 (mod.3)

1

+E,6

g * 23+ 1,
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3.6 THE FORM OF ANALYSIS OF VARTARCE.

A For the 1/9 x 37 experiment arranged in 9 blocks of 27,

énd for the chosen confounded effects, the form of analysis of

variance is:

]

Source of Variation 5.8, d.f. M.S.
Between Blocks (and confounded effects) 8
P
i - 2
| 2
_ 2
% 7 main '
l effects i
{ | G 2
!
; [ AB-
; AC 4
76 =21 v | .
! 2-factor ' *
interactions| FG 4
? é Error/Residual 136
:i : (available 3~factor interactions and ghove)

| TOTAL 242

i . . . :
! It is proposed that this fractional replicate be repeated,

'tg test for repeatability and to check assumptions made about the
3-factor interactions and above. In order to avoid systemat;c
combinations arising as a result of the way in which the entife
design matrix was constructed, it is suggested that treatment
combinations within each block be randomized in sueh a way that the
order of experiments within cach block is taken at random. This

randomization is also advisable as two 1/9 ~ replicates are proposed

and one such randomization is given in Appendix A2 using random number

tables.
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" CHAPTER 4

ANALYS1S, CONCLUSIONS AND SUGGESTIONS

4.1 INTRODUCTION,

In this chapter, analysis of variance is carried out on
simulated data and some attention is given to the problem of
modelling the response measurements. The reason for simulating
data being that the Engineering Production Department which had
planned to do the actual welding to obtain data for analysis was
unable to do so as a result of machine breakdown, making it
impossible to get the actual data before December 1982. It was
therefore decided that data simulation was necessary to show the
steps which would have been taken for the analysis if the actual
data had been available. The simulated data was also used to
explain the facilities provided by the GLIM package for such
analysis.

The analysis was carried out on each of the four responses
separately and the computer output of such analysis using the
GLIM package has been provided in the chapter for the first
response y, . Some conclusions were drawn based on the outcome
of the analysis on the simulated data. A brief discussion on
modelling using the results obtained from ANOVA is also given.
Some suggestions on the sort of transformatiﬁn that would be
required if the residuals were found to be correlated is made.
Also, in this chapter, the actual factors U, 1, V, T, G, A and
E mentioned in Chapter 1 were used to replace A, B, C, D, E, F

and G respectively.
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4.2  SIMULATION AND USE OF THE GLIM PACKAGE.

The GLIM package has a facility for data simulation and
this facility was used to simulate data for each response
separately. The simulation was based on the guide lines
obtained from the Engineering Production Department. For example,
the 3 levels of each factor were measured accurately. These

measured levels, low, middle and high for each of the factors

are given in Table 4.1.

Table 4.1.

Factors Unit Low Middle High
Angle of Travel (A) Degree 50 60 70
Current i A 300 335 370
Electrode Stickout (E) mm 10 20 30
Root Face Thickness (T) mm 0.5 (e 2.5
Root Gap (G) mm 0 0.7 1.5
Speed of Travel () m/min 0.3 0.5 0.7
Voltage (V) v 20 25 30

For the use of the CLIM package in simulation, these levels
of the factors were each coded about zero giving -1, 0, 1 for
low, middle and high respectively.

The expected ranges of each of the four responses based upon

preliminary experimentation were given as shown in Table 4.2,
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Table 4.2.

Responses Unit Range

Effective Bead Width (ya) mm 4.0 + 12.0
Maximum Penetration (ys) mn 1.0+ 6.0
Under Bead Minimum Leg Length (y]) mm 0.5+ 8.0
Under Bead Throat Thickness (yz) mm 0.5*> 6.0

To simulate data for each response within the given ranges,
linear models were constructed using the informatiu; given in
Chapter 1 about the effect of each factor on each response. Those
factors believed to have significant effects on the responses were
included in the model used to simulate data for that response, and
some interactions were also involved in such models. The choice
of interactions included in each model was made in such a way that
for each model, the value of the response at the lower level of
all the factors in the model will give the lower limit of the range
and the value considered at the upper level will give the upper
‘limit of the range for that particular response. The constants in
the model being the average values of the given ranges. The choice
of coefficients of the factors in each model were based on the
available information given as to the believed relative importance
of the factors.

The model used to simulate data for each response is shown

just above the simulated data for each response on the computer

. 1
output provided. From these outputs, the sums of squares are

1. The GLIM output for response y, i3 given in this chapter as an example
of stepe taken to construct the ANOVA table, while outputs for the
remaining 3 responses are given in Appendix A3. .
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computed by differencing the deviances. For example the sums
of squares (S5.5.) for the main effects are computed by subtracting
the resulting deviance when they are fitted from the total deviance.
For instance S.S. for U = Total deviance - Deviance when U is
fitted.

Similarly, S$.S. for an interaction say UV is obtained by S.S.
for UV = Total deviance — Deviance when U.V is fitted - §.S. for
U - S.S, for V. So that all the sums of squares of the factorial
effects and their corresponding degrees of freedom are computed by
this sort of differencing. Similar models are used for each response
with differences only in the coefficients of the factors included

in each model.

4.3 THE COMPUTER OUTPUT FOR RESPONSE (yl): UNDER BEAD MINIMUM
LEG LENGTH.
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5482 2.452 5. 546 3. @82 2822 5278 4.227 4.118
3729 5.332 2249 6. 637 5 761 2. 514 4. 269 2 128
3 158 4. .844 4 264
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4.4  ANALYSIS OF VARIANCE FOR EACH OF THE RESPONSES.
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(i)  UNDER BEAD MINIMUM LEG LENGTH  (y,).
Source of Variation S.S. d.f M.S.
Between Blocks . 0.01746 8 0.0021825
U 40.41907 2 20.209535
I 0.04303 2 0.021515
v 0.01239 2 0.006195
T 39.04864 2 19.52432
G 161.3446 2 BO.6723
A 0.00519 2 0.002595
E 0.00012 2 0.00006
Ul 0.01239 4 0.0030975
uv 27.36267 4 6.8406675
uT 0.03864 4 0.00966
UG 0.07922 4 0.019805
UA 0.05114 4 0.012785
UE 0.02814 4 0.007035
v 0.09888 4 0.02472
IT 26.57284 4 6.64821
1G 0.03696 4 0.00924
IA 0.02734 4 0.006835
1E 0.02905 4 0.0072625
VT 0.12415 4 0.0310375
VG 0.04358 4 0.010895
VA 0.02600 4 0.0065
VE 0.03937 4 0.0098425
T6 0.04871 4 0.0121775
TA 0.06964 4 0.01741
TE 0.04029 4 0.0100725
GA 60.70236 4 15.17559
CE 0.02262 4 0.005655
AE 0.02277 4 0.0056925
Residual 1.22718 136 0.0090234
TOTAL 357.61444 242

ke
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(ii) UNDER BEAD THROAT THICKNESS (y2)'
Source of Variation §.5. d.f. M.S.
Between Blocks 0.01752 8 0.00219
U 40.41907 2 20.209535
1 0.04309 2 0.021545
v 0.01245 2 0.006225
T 39.04871 2 19.524355
G 161.34465 2 80.672325
A 0.00519 2 0.002595
E 0.00019 2 0.000095
ur 0.01233 4 0.0030825
uv 6.95462 4 1.738655
Ut 0.03860 4 0.00965
uG 0.079201 4 0.0198003
UA 0.05115 4 0.0127875
UE 0.02813 4 0.0070325
v 0.09882 4 0.024705
i 6.56055 4 1.6401375
1G 0.03690 4 0.009225
1A 0.02728 4 0.00682
1E 0.02899 4 0.0072475
vT 0.12405 4 0.0310125
VG 0.04351 4 0.0108775
VA 0.02600 4 0.0065
VE 0.03930 4 0.009825
TG 0.048636 4 0.012159
TA 0.06961 4 0.0174025
TE 0.04021 4 0.0100525
GA 6.747224 b 1.686806
GE 3.02252 4 0.00563
AE 0.02276 4 0.00569
Residual 1.227919 136 0.0090288
TOTAL 263.21918 242

dk



(iii)

5%

MAXIMUM PENETRATION (y3).

Source of Variation 5.8. d.f, M.S.
Between Blocks 0.01745 a8 0.0021813
U 90.9985 2 45.49925
1 0.04303 2 0.021515
v 159.6177 2 79.80885
T 0.01691 2 0.008455
c 0.00311 2 0.001555
: A 0.00519 2 0.002595
' E 0.00012 2 0.00006
Uz 0.01239 4 0.0030975
1Y 0.046698 4 0.0116745
UT 6.81137 4 1.7028425
ve 0.0792 4 0.0198
vaA 0.05115 4 0.0127875
UE 0.02817 4 0.0070425
v 0.09891 4 0.0247275
IT 0.0285 4 0.007125
16 0.03693 4 0.0092325
1A 6.36108 4 1.59027
IE 0.02905 4 0.0072625
VT 0.12415 4 0.0310375
VG 7.44984 4 1.86246
7Y 0.02600 4 0.0065
VE 0.03939 4 0.0098475
TG 0.0487 4 0.012175
TA 0.06963 4 0.0174075
TE 0.04034 4 0.010085
GA 0.01965 4 0.0049125
" GE 0.02259 4 0.0056475
AE 0.02283 4 0.0057075
Residual 1.227092 136 0.0090227
TOTAL 273.37567 242

*d
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(iv)  EFFECTIVE BEAD WIDTH (y,)

Source of Variation 5.8. d.f. M.S.
Between Blocks 0.01746 8 0.0021825
90.99854 2 45.49927
I 0.04303 2 0.021515
v 0.01239 2 0.006195
T 0.01691 2 0.008455
G 252.30496 2 126.15246
A 0.00519 2 0.002595
E 0.00012 2 0.00006
| uI 0.01239 4 0.0030975
@ w 0.04663 4 0.0116575
? UT 0.03863 4 0.0096575
1 vG 0.07919 4 0.0197975
i ? VA 27.08837 4 6.7720925
UE 0.02814 A 0.007035
Iv 0.09894 A 0.024735
IT 60.1250 4 15.03125
16 0.03696 4 0.00924
1A 0.02734 4 0.006835
; IE 0.02906 4 0.007265
i§ VT 0.12414 4 0.031035
VG 62.76245 4 15.690613
VA 0.02600 4 0.0065
VE 0.03937 4 0.0098425
TG 0.04871 4 0.0121775
TA 0.06964 4 0.01741
TE. 0.04028 4 0.01007
GA 0.01965 4 0.0049125
GE 0.02262 4 0.005655
AE 0.02277 4 0.0056925
Residual 1.22723 136 0.00902238
TOTAL 495.41211 242

* %
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4.5  OBSERVATIONS FROM THE ANALYSIS OF VARIANCE.

By inspection from the ANOVA tables, those effects marked (%)
are those with significant influence on the respective responses
and those marked with double asterisks are those with yet greater
influence on the corresponding responses. In the actual data,
these effects would then be used in the construction of individual
models for the responses. But for the simulated data, this was
expected because those significant effects correspond exactly to
the effects we fed in the models for data simulation. Also, those
models with the same coefficient for some factors tend to give the
same results for such factors in the ANOVA, and this too is expected
since similar models were used in each case with differences only
in the coefficients of certain factors.

This however, would not be the case if actual data were
available in which case the outcome of results from ANOVA would
be useful in model construction. The results for blocks also tend
to be almost the same in all the analysis showing no significant
blocking effect in each case. This too is not surprising since
blocks were not specifically included in the models used for
simulation. 1In actual data, the test for the significance of
blocking will be necessary in order to check for any day to day
variation and their effects on weld penetration. The residuals,
as expected produce almost the same results in all the four
responses as well. This is due to the fact that the same standard
error was used in each model for simulation. The outcome of the
results obtained from ANOVA if actual data had been used would be

important toofor comparisons and a check for correlations amongst
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.

them and a suggestion on some form of transformation is indicated

in the conclusion of this chapter.

4.6 A BRIEF DISCUSSION ON MODELLING.

If actual data from welding were available, the outcome of
the results from ANOVA with respect to factors found to have
significant influence on weld penetration would then be put
forward for modelling.

In this case of using simulated data, there has been no
need to write out any models for the individual responses since
these would correspond exactly to the ones put forward for
simulation.

The GLIM package, though not necessarily the best to be used
for ANOVA, was designed principally for the purposes of model
fitting and would prove very useful in this role in the situation
when actual data was available. Just as an illustration on how
useful this package would be for the purpose of fitting generalised
linear models, consider those factors found significant from the
ANOVA for the response Y1+ After choosing these significant effects,
we are interested in obtaining their coefficients in the fitted
linear model. For this response, the fitted model would be of

the form

yy =a+b U+b T+b C+b UV+b IT+b GA

1 2 3 4 5 6

corresponding to those factors found from ANOVA to be signifcant.

1 13° bl&' b15 and b16 obtained from

the estimates shown for each of the corresponding factors in the

The coefficients hll' b 2 b
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i

computer output below are very similar to the coefficients of
the corresponding effects fed in the model for simulation. In
the actual case when the model is not known beforehand, these
would then be used as estimates of the coefficients of those
effect found from ANOVA to be significant for fitting the model

for the response being considered.

4.7  CONCLUSIONS AND SUGGESTIONS.

The same standard error was used in each model for data
simulation and not surprisingly, the results for the residuals
in ANOVA tend to be almost the same for each response. This,
however, may not be the case if actual data were available,

In the case of data obtained from actual welding test
pieces, the residuals obtained from model fitting will be examined
as part of the process of assessing the adequacy of the fit. For
a satisfactory model, the residuals should be independently and
normally distributed with a constant variance for each response.
If the residuals show evidence of correlation, then it is possible
that some factor omitted from the model is responsible, and we
‘might consider whether guidance on this can be provided by suitable
transformation. For example, a transformation in the direction of
maximum variance could be made using Principal Cowmponents Analysis.
Statistical packages other than GLIM are available for dealing with
situations involving Principal Components Analysis.

Other people who have been working on the same sort of
Analysis on factors affecting weld penetration, including Doherty,

suggest the use of log variables in modelling. The reasons for
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this are not completel; clear, but this practice is often
followed to ensure closer conformity to model requirements,

The design put forward for this project has been arranged
on a sequential basis to allow for extension to a 1/3-replicate
if this appears to be necessary following analysis of the first
stage experiment using a 1/9-replicate. The extension to a
1/3-replicate also depends on the practical feasibility.

Alternatively, it was suggested that the 1/9-replicate be
duplicated, to check for repeatability and the design has been
arranged to cope with this too.

If the Engineers involved in the practical work are concerned
only to discover which of the 7 factors involved have a real effect
on weld penetration, these could easily be obtained from the ANOVA,
and modelling might not be necessary. However, if they are really
concerned with a predictive model as well, i.e. predicting penetration
for the given levels of the 7 factors or simply trying to obtain a
better understanding of the process, then both the Analysis of
Variance and modelling become essential. The former will be used
to indicate which of the factors have significant influence on the
responses. These are then used in the latter for predicting
penetration for the given levels of the 7 factors.

Because of the large number of factors involved, a double
precision was used in the execution of GLIM package to obtain

values for these factors in ANOVA.
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Appenpix Al

THE GLOSSARY OF TERMS

Effective Bead Width The width of the weld bead measured from the

point of backface plate intersection to the
exposed bead contour along a line 45° to the

upper surface of the lower plate.

Electrode Extension : This is the length of electrode between the
(Stickout) torch contact tip and the welding Arc; which
is manipulated by the welder by changing the

torch to work distance during welding.

Maximum Penetration : The maximum depth of weld metal penetration into
the lower plate measured perpendicularly from the

upper surface of the lower plate.

Travel Angle ¢ The angle of the electrode with respect to the
joint in the direction of motion measured from

the vertical, given the seam is in the horizontal

position.
Underbead Minimum : This is the lesser of the deposited metal
Leg Length thickness measured normal to the weld seam along
the backface of the work piece.
Underbead Throat Deposited metal height from a point of backface
Thickness 3

plate intersection to the underbead contour and

bisecting the angle of intersection.

Weld Bead Geometry

The four responses considered, that is Effective
bead width, Maximum penetration, Underbead minimum
leg length, and Underbead throat thickness together

form what is called Weld Bead geometry.
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APPENDIX A2
:DESIGN MATRIX

DAY 4

(BLOCK 4)

*
M

Y

Experiment

10

13
14
15
16
17
18
19
20

21

22

23

24
25
26
27

0 (mod.3)

21 + 22 + £3 + 224 + 25

23 + 224 + 2%5 + 226 + 227 = 0 (m?d.S)

1 {mod.3)

+ 226 + 27-

21 + ZRZ

0 (mod.3)

+

byt &g+ 4,
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{BLOCK 5)

DAY 5 :

0
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v .
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8 ¥ 2y + Xy
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(BLOCK 6)

DAY 6 :
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(BLOCK 7)

DAY 7 :

Experiment

%

110

11
12
13
14
15
16
17
18
19

20
21

22
23
24
25
26
27

0 (mod.3)

Iy Py v iy 2, Y

0 (mod.3)

23 + 2£4 + 225 + 226 + 2£7

2 (mod.3)

+ 2£6 + 27

21 + 222

0 (mod.3)

Y6

+

ﬁz + 23 + Qé
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(BLOCK 8)

DAY 8 :

0

0

Experiment

4

10
11
12
13
14
15
16
17
18
19
20
21

22

23
24

25
26
27

0 (mod.3)

21 + 22 + 23 E 224 + 25

13 + 214 ! 215 + 226 + 227 = 0 (mod.3)

2 (mod.3)

+ 2&6 + 1?

Rl 4 Ziz

1 (mod.3)

6

L

+

22+£3+24
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(BLOCK 9)

DAY 9

Experiment

%
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16

(17
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19
b 20
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| 26
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Y
] 23
C| 24
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gl + 22 + £3 + 2£4 + QS

0 (mod.3)

23 + 21%4 + 2£5 + 226 + 2%7

2 {(mod.3)

+ 2£6 + 27

21 + 222

2 (mod.3) -

%

o+

lp ¥4yt 4,




: L To repeat the entire experiments, i.e. to obtain the 2nd -

replicate of 1/9 x3? factorial, we randomize the experiments within
each of the 9 blocks in the lst rep. using random number tables. The
order of the experiments to be done in this rep. together with numbers
corresponding to those experiments in the Ist replicate are shown below

after randomization.

rORDER DAY 1| DAY 2 | DAY 3 {DAY & |DAY 5 [ DAY 6 wDﬁY 7 {DAY & | DAY 9
1 3 26 7 21 16 9 17 13 14
2 10 2 10 8 4 0 | 6 11 24
3 20 21 8 26 5 14 20 26 1
4 18 14 27 3 9 21 26 29 11
5 13 18 3 5 22 25 27 7 8
6 26 19 16 12 15 11 4 6 15
7 1 25 4 18 19 7 19 5 5
8 21 4 23 24 8 4 14 21 22
9 16 13 14 10 13 1 22 19 20

10 14 23 18 |15 ) 3 12 24 23
11 19 27 5 20 26 12 13 9 3
12 2 20 11 17 6 17 5 23 21
13 9 1 25 11 3 16 2 25 26
14 11 9 24 22 17 5 21 2 12
15 12 7 17 6 12 22 11 10 27
16 25 6 19 25 7 8 24 1 4
17 5 3 15 1 21 18 18 20 7
18 5 6 27 20 6 1 27 25
19 16 9 7 14 13 8 12 6
20 27 17 12 ) 10 20 25 14 18
21 17 22 22 9 27 2 7 4 13
22 23 24 1 13 24 | 24 3 16 2
23 24 15 2 14 23 15 23 3 19
24 22 8 20 4 11 26 10 18 10
25 7 12 21 19 1 19 15 8 17
26 8 11 13 16 26 23 9 15 9
27 15 10 26 23 18 27 16 17 16

Y




'
ApPEnDIX A3 : CompuTER CUTPUT,

FRIMOS VYersion 18 2b/LUCC
SYSB (8) LOGGED IN 17 SEP 1382 16:16
USERS 17  RESPONSE FATING ##tokx
0K, A “MR RWEEDRRI
0K, OPEN NEWDSIGN 4,3
0K, GLIH ;
GLIM 3. 12 (€>1877 ROYAL STATISTICAL SOCIETY. LONDON

$C ANALYSIS OF YARIANCE ON SIMULATED DATA FOR THE RESPONSE(Y2
UNDERBERD THROAT THICKNESS FOR THE GIVEN RANGE <8.5 - 6. 8).

A

SUNITS 243

> $DAT USDIN 3%
> $0RAT Is$DIN 8%
> $DAT VEDIN 3¢
> $DAT TEDIN 8%
2 $DAT GEDIN 8¢
> $DRT R$DIN 83
> $DAT E$DIN 8%
> $FAC U 2T 3 ¥ 2T 2663 AA3E 2 BLOCKS S
> $CAL BLOCKS=%GLKS9,27)
> -$CAL EE=ZNDCAZLRCAY x4
D $CAL Y2=EE+{U-2)% S5+(G-2)%1+(T=-2)% S5+{U-2)%(¥-2)2% 25+
> (I-2)%(T~2)% 25+2 25+(G5-2)%(A-2)% 25
>
$PR Y2% .
2 822 2 049 1 392 2 91z 4. 692 I 686 3. 411 4. 785
4. 858 4. 343 3. 275 I 445 5 251 2 2432 I az26 1 868
2 60a 2. 892 3. 2880 3. 484 222 4 146 2 rag I 604
X 851 1. 811 1. 489 2. as83 1. 847 1. 154 3531 4. 635
3.“14 2. 492 4. 885 3. 807 4. 816 3. 688 4. 552 4. 553
2 832 2. 226 3. 885 2. 321 2477 2. 784 X 448 4 338
3_49? 2 322 X 154 4. 672 1. 5635 I 133 2 164 4. 6241
2 862 2. 415 4. 258 2. 767 3. 868 4. 036 5 875 4. 441
2 834 . 897 2 578 Z2. 964 2 936 2 458 2 238 2. 553
2 246 3. 588 4. 832 3 514 2. 847 3.744 4. 188 2 604
2 246 2. 815 X 918 3. 250 4. 456 1 222 T Y 4.73
2 588 1. 626 3 114 3. 538 1. 358 2. 853 2. 478 4 438
2 285 2. 848 3. 283 4. 679 3. 763 2 568 2. 857 4 268
2 828 1. 569 4. 166 3. 192 2. 926 2. 166 3 188 4. 535
3. 87z 3. 788 4. 811 2. 404 3. 268 2 573 4. 966 2 445
1. 344 4. 246 . 4. 585 2. 354 3 104, Z2 &16 2. 462 4 3521
4. 554 1. 8oa £ 526 2. 27 1 19 3. 584 3 282 X 558
4. 846 2 735 1. 852 3522 2. 795 2 348 4 382 3 E12
3. 3I7a 2. 668 2 442 2. 54z 4. 966 . 2. 531 3. 457 5. 248
8 7ri7. 1.784 . 2 173 2. 414 3 4961 4. 652 2. E46 2 aa
4. 042 4. 373 1. 48§ 1. 461 1.958 .2 534 2 S48 X 586
2. 268 4. 548 S 148 4. 267 4. 271 2 589 4. 927 2.718
2. 827 2. 372 Z. 510 2. 3158 3. 645 X 7814 I 506 4 686
3165 2274 2 669 1. ge2 1. 797 1 612 2. 8F9 1 534
2 814 4. 612 4. 066 2 142 5. 638 4. 254 4. 558 4. 242 -
I 54@ 4. 272 2. 678 2. 571 2. 468 2. 627 2 289 2 922
3. 997 3. 298 4. 154 2. 795 2 8938 3. 248 2. 495 4. 732
2. 982 2. 235 3 283 4. 812 2. 673 4. 686 5. 185 2 015
2732 2. 263 4. 546 2. a8z 1. 782 4. 278 3. 827 I 268
2. 988 3. 833 2. 749 5. 287 4. 761 1. 311 3 018 2 1286
1. 900 2. 844 3 264

}, e iy - & ey gheuan, |} e @ - -



$YVAR V2
$RCC 3

,v " -

"l sFITS

y 1 263, 2
> $PR ZDv$
263, 21918
> $FIT BLOCKSS
CYCLE  DEVIANCE
i Z6X. 2

> EPR xDve
263 28168

> SFIT U#
CYCLE  DEVIANCE
1 2228

. !I

> $FR XDVS$
222, 0041
> SFIT I$
CYCLE LDEVIANCE
1 £63 2

> #PR ZDVE

263. 176889
$FIT V¥
CYCLE  LBEVIANCE

1 263, 2

e

> $PR ZDVS .

> $FIT Té
CYOLE  DEVIANCE
1 254, 2

t..“

$PR ZDV$
224178947

> $FIT G4

CYCLE  DEVIANCE

.t 1839

> $PR XDV$
101. 37453

> SFIT As
CYCLE  DEVWIANCE
1 2632

B
> SPR XDV$

263. 21388
$FIT €%

2

1 262 2

> $PR DV
263. 21899

CYCLE  DEVIANCE

CYCLE DEVIANCE

bF

242

bF
234

DF
244

bF
248

bF

248

bF
2448

72

DF

248

bF
248

oF

248



SFIT U. I#

CYCLE  DEVIANCE
4 22327

C > $PR zDV$
222, 74469

> $FIT U V$
t CYCLE  DEVIANCE
;L 1 2158

> $PR JDV$
213 82284
> EFIT U T$
}C?LLE DEVIHHCE
-

.$ .f

> $PR XDV$
183, 71288
- > EFIT U. G#

4 CYCLE DEVIANCE

'L 1 .61 38

> PR ’DF$

61. 376259
> $FIT U. A3
;JLCFCLE DEVIANCE

i 2227

> $PR XDVS

| 22274377

M $SFIT U. E#

" . CYCLE DEVIANCE
bt ezz28

> $PR XDV$

282 77179
O $FIT . I. v
| CYCLE  DEVIANCE
L1 2634

> $PR ZDVE
| 263 36482
> $FIT I. 74
CYCLE DEVIANCE
P 4 217.6

> $FR xDV$
| 217, 56683
> $FIT 1. G#

CYCLE DEVIANCE - -

4 1 1681.8

> $PR ZDV$
_;} 1@1. 75454

i

bF

73

234

DF

234



$FIT I.A$

CYCLE ~ DEVIANCE DE.
. L el 234
> $PR XDVS
263. 14262
> $FIT I E$
CYCLE DEYIANCE DF
I 234
> $PR _XDV$
263. 14691
> SFIT V. T#
- Ty CYCLE  DEVIANCE OF
E“ 1 z24. 8 22
| L
> $PR XDVH
224, 83397
> $FIT Y. 63 |
| CYCLE T DEVIRNCE - OF
gw i 1088 234
> $PR _iDV$
101. 31857
> $FIT V. A%
| CYCLE  DEVIANCE DF
B X - 234
> $PR ZDVS

. - 263. 17554
> SFIT V. ES$

CYCLE DEVIANCE DF
: 1 263 2 234
5$1 _
> $PR XZDVS
263. 16724
> SFIT T. G#
CYCLE DEVIANCE DF
i 1 . B2 T 234
> $PR XDVE :
62 Feri8d . -
> SFIT T. R o
I CYCLE DEVIANCE DF
"f i 224. 4 234
» PR NDV$
224, 99567
> $FIT T E$ : ‘ '
CYCLE DEVIANCE DF

4 2244 . 234

$PR XDV#$
224. 13887

i R



75
$FIT G. R$
CYCLE DEVIANCE DF
1 95 12 . 234
2 $PR XDV$
95, 122116
J $FIT G.ES
CYCLE DEVIANCE DF
1 181. 9 234
> $PR ZDV$
161. 85182
> $FIT A ES$
CYCLE DEVIANCE OF
1 263. 2 234
> $FR IDVs
263. 15184
>
$FIT U+I;V+T+G+H+E+U.I*U.V+U.T+U.G+U.H+U.E+I.V+I.T+I.G+I.H+I E+ -
p V. T+V. G+V. A+Y. E+T. G+T. A+T. ET"+G. A+G. E+A. E4
CYCLE DEYIANCE DF
1 1. 245 144
> $FR ZDV$
1. 2449596
>
$5TOFPS$

0K, LOGOUT
ARIVC543 (8> LOGGED OUT 17 SEP 1582 16:45
TIME USED= ©;38 2:56 B:B8



76

PRIMOS Versicon 18 2b6/LUCC
SYsB (6) LOGGED IN 17 SEP 15382 16:46
USERS 15 RESFONSE RATING ¥
0K, A “MA RWEE>RRI'
0K, OPEN NEWDSIGN 4.3
0K, GLINM
GLIN 2 12 C(C>18977 ROYAL STATISTICAL SOCIETY., LONDON

> $C ANALYSIS OF VARIANCE ON SIMULRTED DATRA FOR THE RESPONSE(YZ
MAXINMUN FENETRATION FOR THE GIVEN RANGE (1.8 - & 8).

.V\p‘.

FUNITS 243

> 3DAT U$DIN &%

> 3DRAT ISDIN 8%

> $DAT V$DIN &%

> $DAT T3DIN 8%

> $DAT GEDIN 8%

> $DAT ASDIN 8%

> $DBT E$DIN 83

> 4$FAC U 3 I 2 V2T 36 3IAZXE 2 BLACKS 9

> $CAL BLOCKS=/GL(S,27)

> 3CAL EE=ZNDCELRCBI X% 1

> $CAL Y3=EE+(U-2)%* PS+(V=-2)#1+(U-2)%(T-2)% 25+(G-3"2)%(V=-2)% 25+

b 3. S+CI-2)%(A-2)% 25

p

$FR ¥33

2 522 2 549 3 392 3 163 5 182 4. 436 2 414 3 285
4. 398 . 3. 993 5 275§ 4. 695 2 501 5 242 1. 526 2 368
4. £08 2. 843 2. 388 3. 23 3. 878 1. 1486 2. 7ae 2. 854
4. 551 4. 061 2. 719 3. 599 2. 857 s 184 2 a4 4. 435
R 564 4. 2492 3. B33 2 98r 2 266 2 G938 3. 552 S 853
4. 332 3. 726 5. 8835 3. 324 1. 477 2 &34 4. 948 3. 338
3. 997 2 822 1. 564 2. 672 3. 565 4. 383 X 164 X 624
1 862 4. 415 2. 859 2 517 X 218 4. 8436 S5 975 4. 691
2 534 2 2497 X 978 X 581 2 186 4 2688 4 738 3. 883
1. 746 4. 23 5 azz2 X 614 4. 287 X 744 1 688 2. 854
3. 45¢ 2 555 X 318 4. 858 4. 2eB 2723 5 558 g 733
2 068 2 626 4. 361 3 689 4 938 X 853 7258 2 438
i: 955 2. 598 3. 285 4, 429 1 263 2 569 2 647 4. 518
3. 779 4. 219 5. 356 3.192 1 826 2. %946 2 355 2 285
5 872 4. rée 2. 961 I 4d8 4. 768 Z 572 4. 566 4. 195
2 854 5 716 1 885 3 144 4. 184 Z 81@ T %802 3171
4. 034 2. 308 2 676 2 274 3. 668 ¢4 I3 2 532 1 BOE
2 846 3735 3. 252 5 a23 4. 5439 2. 848 3953 4. 562
I 628 5 168 4. 442 2. 73 5. 466 2. 281 2 487 4. 248
3 272 -3 284 3. 673 3. 914 1. 461 I 482 2. 846 4. 208
4 542 2 123 2. 883 2. 961 1. 958 4. 784 2 548 2. 586
2. 558 4. 548 5 234 4. 767 377 2 33 2 427 2 218
2877 2 872 5 268 4. Q€S 1. 645 4. 281 5 ob6 2. 688
3 915 4. 271 1. 669 2 202 3. 547 3. 762 1. 378 2 534
2. 564 4. 112 3 81 4. 352 5 63 3. 254 2 388 4. 492
3 548 5 822 4. 178 3. 821 4. 468 X 627 2 288 2 422
3. 457 3. a4a 3. 654 2. 795 1. 438 3249 3. 245 4 002
1 712 2. 985 3. 783 3762 4. 675 4. 756 2. 435 2 265
4 232 3. Z83 .5 546 4. 882 2. 532 5. 528 1. 327 2 116
4. 229 2. 582 4. 2459 2 387 4. 261 2. 611 2519 2. 376
o 4. 594 2. 764 :

408
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A

o

>

>
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$YVAR Y3
$ACC 8 :

$FITS$
CYCLE DEVIRNCE
1 273 4

$PR XDV$
273. 37567
$FIT BLOCKSS
CYCLE DEVIANCE
- 2r3. 4

$PR 1DV$
273, 35822
$FIT U$
CYCLE DEVIANCE
1 182 4

$FR DV$
182 27717
$FIT I8
CYCLE DEVIRNCE
1 er3 2

$FR XDV$
273 33264
$FIT V$
CYCLE DEVIANCE
1 113. 8

$FPR ZDV$
113 73730
$FIT T#
CYCLE DEVIANCE
1 273 4

$PR ZDV$
273 33876
$FIT G$
CYCLE DEVIANCE
1 27X 4

$PR DV3
273. 37356
$FIT R$
CYCLE DEVIANCE
1 273 4

$PR ZDV$
273, 37048
$SFIT E$
CYCLE DEVIRNCE
1 2r3. 4

$PR XDVS
’3. 37555

$SFIT. U 1

-

77

DF
242

DOF

234

DF
248

DF
248

" DF

2448

DF
248

DF
248

OF
2448

DF
24@



| oo

CYCLE DEYIANCE OF
FEEREEL 224
> $PR XDV$

162 32175
> $FIT U v$

CYCLE  GEVIANCE DF
4 2 234
> $PR XDV$

22 712772
> $FIT U T8 o
CYCLE  DEVIANCE -DF

i 1 753 234
> ¥FPR HDVS
178, 54889

> $FIT UGS .
" CYCLE DEVIANCE  BF
1 182 3 234

o

- > $FR ZDY$
182 294826

X FFIT U ¥
CYCLE DEVIHNLE OF
1 162. 3 234

> BPR XDV

182 12a82

> FFIT U ES
L&LLE DEWIANCE OF
;” 1 1&2. 3 z34

3 SFR xDV$
. 162 343938
b
E_lsFrT 1. v$
| CYCLE  DEVIANCE DF
1 1126 534

;s $FR ZDV$
113 61663

> $FIT I T#
CYCLE  DEVIANCE DF
1 2722 234

!
2| $PR DV
| 273 28723

> $FIT I.G$
"CYCLE DEVIANCE GE
41 273 3 234
| $PR wove
U7 275 29268
- > $FIT I.R$ |
CYCLE DEVIANCE DF
1 267. 8 234
$PR uDVE '

266. 96637 . . o

-



$FIT I.£8

CYCLE DEVIANCE

1 203 3

$PR ZDV$
273, 38347
$FIT V. T$
CYCLE DEVIANCE
1 113. &

$FR ZDV$
112 61691

$FIT V. G$

CYCLE DEVIANCE
1 166. 3

$PR ZDVE
106 38582
$FIT V. RS
CYCLE PDEVIRNCE
1 113. 7

$PR ZDV$
143. 7267
$FIT V. ES$
CYCLE DEVIANCE
1 113. 7

$PR ZDV$
113. 71846

$SFIT T.G#

- CYCLE DEVIANCE

1 273. 3

$PR ZDV$

273. 38695
$FIT T.R$
CYCLE DEVIANCE

1 273. 3

$PR ZDV$
273. 28394
$FIT T.E$
CYCLE [DEVIANCE
1 2r3. 3

$PR ZDV$
273. 31838

79

DF

s
s o
=

DF -
234

DF

e i

gD



80

> $FIT G A$
CYCLE DEVIANCE DF
1 2733 o 234
> $PR ZDV$
273. 34772
> $FIT G.E$
CYCLE DEVIANCE DF
1. 2733 234
> $PR ZDVS
273. 34585
> $FIT A E$
CYCLE DEVIANCE DF
1 2733 234
> $PR KDV$
273. 34753
>
SFIT U+I+V4T+G+AE+Y. [+U. ¥+U. T+U. G+U. A+U. E+I. Y+I. T+1. G+1 A+I E+
> V. T+V. G#Y. A+V. E+T. G+T. A+T. E+G. A+G. E+A. E$
CYCLE DEVIANCE DF
1 1.245 144
> $FR XDY$
1. 2443601
>
$STOPS
oK, LOGOUT

ARIV543 (&) LOGGED OUT 17 SEP 1382 17:14
TIinmE USED= &:28 £:53 8:88



81

FRIMAS Version 18 25/LUCC
SYSB (90 LOGGED IN 28 SEP 1382 12:45
USERS 3  FESFONSE RATING #+¥%e»

0K, R “MR RHEE>RAK
0K, OFEN NEWDSIGN 4.2
QK. GLIN
GLIM 2 12 (CM1877 ROYRL STATISTICARL SQCIETY. LONDON

iC ANRLYSIS OF VYRRIANCE FOR THE RESPO
EFFECTIVE BERD WIDTH FOR THE RRNGE (

L P8 O

FUNITE 242

$0RT USDIN O3

$0RT ISDIN &f

$0RT YEDIN 8%

$0AT THDIN S5¢

$DRT CHDIN Ef

$DRT REPIN 28

$PRT E*DIN 3

$FACU 2T 2 Y3IT2RRG6IAZE 2ELOCKS 2
$CAL BLOCKSE=7GL(9, 272
$CAL EE=ZNDCELRCBI D 4

B P R S 7 P L S LSS

b b Ty

$CAL Y4=EE+(U-2)% 75+(G-2)%1. 25+(U-22¥(A-2)% 3+
(G=2r% (V=23 PI+8 @+CT-2)%{I-2)% 7F
$FR Y48

8§ 822 5 549 S 142 & eeX 11 44 7 936 8 161 B
16. 498 8. 342 B 525 89845 892514 6.242 6.776 &
& 250 r a8 Qe3@ 8734 7725 6 86 6 0p@ S
.891 S 811 6719 S 098 e6.247 §. 434 721 9.
S @ed 7242 18R & 27 R o266 P 18g 5 e 10
783 7. 476 7. e8§ & @71 7.2 T.7BL 8 eS8 B
8.2497 7. 222 8. 184 L &72 6 815 €SB 6. 664 4.
7612 & 4ed 9.1¢9 8. @17 871 8. 83 14 37 8.
9.784 8457 §&.728 6. 781 8 836 7. 558 5. 984 T
€. 3796 &.48@ B 282 S 264 €547 9744 7188 T
6. 796 & BES QS ef® & iag e 28 5722 11 .86 9
soees 5 876 7 411 5189 6. 4°€ 768X €729 R
6. 435 6. 840 8 525 5179 B €2 & 569 7287 9.
6779 6719 8 856 S M2 T 676 € €66 7 838 8
6. 822 8.3 9.241 7. fep B 7E® 6. 872 14.97 &
€ 844 7 966 €. 555 S 1494 8 1pd £ 5s@ & FAS 8
2584 7558 8676 6274 4668 P83 & azz T
5. 046 & 735 €602 B E72 6783 7.8%8 8.552 @8
8120 € 168 7. 4%z P 252 les7e 7. 5324 7.3 8
4. 772 4.534 R 672 R 164 6711 9152 7. 246 &
10. 84 8. 373 S5 98§ 2. 86l €708 7 284 R 2898 7
& e58 8540 1114 e e2. e 02 9 888 8. 477 7
6. 827 & &2 e 768 &8 €5 7885 g 8L 8 256 9
6. 665 9771 7. 468 7382 6787 8 22 7879 3§
8 fc4 1061 B &1€E 7822 12 38 875 & 338 &
8 548 9272 F.o428 7821 5. 468 B 1Z7 b B3P . &
f.2497 S 548 L. €54 P 543 T €88 8. 749 €745 &
v.2i2  P72F 7832 8. 262 7L 178 1. pd 8435 &
7732 85952 4A4.w85 S5 832 6782 B @& 7227 B
8 489 7P 832 84839 S8y 1ot 7 @11 B 7€ S
5 %00 8 a%4. 8 014

00T



Y “UYYRR Y4

> $RCC 8
> $FITe

CYCLE  DEVIANCE
1 495 4

> $PR ZDV'$

455 9412114

> $FIT BLOCKSS

CYCLE UDEYIANCE
1 4593. 4

$PR DVE
498 29468

> SFIT Ut

CYCLE LEVIANCE
1 304 4

> §PR ZDY#

4G4, 41257

> $FIT 1%

CYCLE DEYIANCE
1 455. 4

L EFR DV

495 2ese8

» $FIT V¢
CYCLE DEVIRNCE
1 455 4

1 495 4

$FR ZDVS
455 I85828

> $FIT G¢

CYCLE ODEVIRNCE
1 =43 1

PR ZDVE
=42 1aris

> ¢FIT R¢

CYCLE DEYIANCE
1 455 4

> EPR ZDV$

4195 48692

> $FIT ES$

CYCLE DEVIANCE
1 455 4

> $PR ZDVS

495. 421159

82

DE

242

1L

-

oF
S4a

pE
24@

OF
246

bF
24a

DF
298



v

)

fFIT U I
CYCLE [EVIRNCE
1 dp04 4

$FR DYV'S

404, 3524135 '

$FIT U V¢
CYCLE DEVIANCE
1 404, 4

§FR XDV'¢

- 484 25455

$FIT U T2

CYCLE ODEVIANCE
1 Jird 4

$PR ZDVE

484, 25882
$FIT U G¢
CYCLE DEYIRNCE

1 182. @

$FRY" Xpye

132, 82942
$FIT U A¢
CYCLE DEVIRNCE

1 377, &

$PR LDYVE
277, 32081
$FIT U E$
CYOLE  DEYIANCE
1 404 4

$PR MDY
404. 22521

$FIT I. V4

CYCLE  DEVIANCE
1 4953

$FPR ZDVE
493. 25775
$FIT 1. 7%
CYCLE DEVIRNCE
3 435. 2

£FR ZDYS
938 22717
$FIT I G#
CYCLE DEYIANCE
1 243 &

$PR ZDV¢
292, 82716
$FIT I RE
CYCLE DEVIANCE
1 4935. 2

$PR XDV
4935. 22653
$FIT 1. ES
CYCLE DPEVIRNCE
1 4935. 2

tPR DVE
493. 3393948

83
DF

224

DF

27
-

DF
2x4

OF

224

vF
234

DF
274

OF

&=

DOF

-
=

OF

224



$FIT V. T8 '
CYCLE DEVIANCE
s 4593 2

PR LDV
498, 25867
$FIT V. G$
CYCLE DEVIANCE
1 184 =

tPE ('I:D i""
i98. 2223
$FIT Y. R$ |
CYCLE DEYIANCE
1 455 4

458 4

T. 5
£ DEVIANCE
243 @

$PR LDVE
42 64152
$FIT T. R¢
CYCLE DEVIANCE
1 498. 2

$FR DV'S

498 22037
$FIT T. E¢$
CYCLE DEYIANCE

1 455 4
$FR DV

495 25488

> $FIT G A¢

CYCLE DEYIANCE
1 o e |

PR ADVE
242 88221
$FIT 6. E#
CYCLE DEVIANCE
1° 2424

$PR DYV'$
243 68444

84

bF

224

DF
224

DF
234

DF

a7
e -

bF

234

o
224

OF
234

LY R
& h

P

oF

~o
’ g
&



B
. E
i l - 85
Aqb - . N
X

$FIT A E$ | - S
CYCLE  DEVIANCE | OF t .
1 45 23

PR XDVE _ e ;
455 20483 : - ; N x

CORFIT U+I+V+T+EeR+E+L Y T+l V4L T+ G+ 5+U, E+T. ¥+1. T+]1. 5+]. [R+] E:
) V. T+V. G+ Ry E«T G+T. A+T. E+0 4G E+R. £

f ;;

;:'. .:".‘

CY¥OLE  DEVIBNCE LF : :
1 1 245 144 . ‘ o

3 OEFR DVS | o Tl
i % 1. 2448617 | . - )

$5THRE

o8, LoeaauT

BRIP4 (4> LOSSER QUT 28 SEF I8R5 1342

FIME USE[= 8 25 255 goas
3
%
i
|
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