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Abstract — In recent years, the Design of Experiments (hereafter, DOE) and the Taguchi Methods have been used to
decide optimum processing conditions with narrow dispersion and achieve robust designs. However, when large
interactions between several control factors are present, since they behave as confounding variables, the estimation
accuracy is significantly reduced and making practical use of the DOE and Taguchi Methods can be extremely
difficult in some cases. As a common countermeasure, calculation accuracy is confirmed by comparing, through the
S/N ratio and sensitivity results, the best and worst gain results. This can be of great harm in terms of time and labor
and, if the difference between the best and worst gain results is large, could result in the Taguchi Methods estimations
being ignored. In this study, a tool for the easy determination of control factor interactions in the DOE and the
Taguchi Methods was developed and evaluated. Then a software of the tool was a developed and evaluated under
several mathematical models. It was concluded that: (1) a usable tool for the easy determination of control factor
interactions in the DOE and the Taguchi Methods was developed; (2) The tool was able to determine control factor
interactions in DOE or the Taguchi Methods.
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1 Introduction

In recent years, the Design of Experiments (hereafter, DOE) and
the Taguchi Methods have been used to decide optimum
processing conditions with narrow dispersion and achieve
robust designs [1], [2], [3]. Usually, the DOE procedure first
defines the design parameters to be used. Second, design
parameters are used as control factors and all possible control
factor combinations are compressed in an orthogonal table.
Third, experimentation or CAE simulations are done according
to the aforementioned orthogonal table. Finally, the obtained
data is summarized and the optimum control factors are
selected. On the other hand, the Taguchi Methods follows the
same fashion until the orthogonal table step. Here, experiments
or CAE simulations are performed in the orthogonal table and
include the influence of error factors (hereafter, noise factors).
The average and the standard deviation regarding all the
possible control factor combinations are calculated to obtain the
S/N ratio. Thus, the optimum control factor selection stages in
the Taguchi Methods includes the noise factors. Here, the ideal
robust design is not influenced by noise factors and, as a
consequence, most designers actively search for the
combination of control factors that yield a large SN ratio

through a good design parameter selection. However, when
large interactions between control factors are present, since
interactions behave as confounding variables, the estimation
accuracy is significantly reduced and making practical use of
the DOE and Taguchi Methods can be extremely difficult in
some cases. As a common countermeasure, calculation
accuracy is confirmed by comparing, through the S/N ratio and
sensitivity results, the best and worst gain results. This can be of
great harm in terms of time and labor and, if the difference
between the best and worst gain results is large, could result in
the Taguchi Methods estimations being ignored. In this study, a
tool for the easy determination of control factor interactions in
the DOE and the Taguchi Methods was developed and
evaluated. Specifically, the Level 1 of each control factor was
intentionally set to be zero (0) in the orthogonal table in order to
obtain functions that are not influenced by control factor
interactions. The comparison between the aforementioned
functions and conventional DOE orthogonal table functions was
then used as an assessment criterion, under several
mathematical models, to prove the presence of control factor
interaction as well as to determine interacting control factors.
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2 Determination of Control Factor
Interactions

A. General Description of the Taguchi Methods

The Taguchi Methods are commonly used, based on a small
number of experiments, to choose ideal design parameter
combinations that exhibit tight dispersion results. In order to
explain the current research, it is necessary to clarify the
generalities of the Taguchi techniques in this section [4], [5], [6],
[7]. In Table 1, it is possible to observe that design parameters
are considered to be the control factors under multiple
categories and levels. Noise factors, also regarded as error
factors, are the factors that cause experimental result variability
and are also included in Table 1. This categorization of control
factors can then be extended under a packed orthogonal table to
recreate every possible experimental control factor combination
as well as the generated noise factor results. As a result, DOE
and the Taguchi techniques can be a more time and cost
effective alternative to conventional experimentation [8].

Table 1. Example of a control and noise factors set

Control factors
Name A B D
Al | By D,
Levels | Ay | B2 D
As | Bs Ds
Noise factors
Name
Levels ‘ ‘

Table 2. A Taguchi Methods orthogonal array with SN ratio and

Sensitivity

Trial| Control factors n(l;::;l;c\:gg SN ratio Sensitivit
No. [ Ts1clo (db) (dyb)
1 |A B |Ci|D;|27(26(24]| 245 8.2
2 |A B2 |Cy| Dy (23]22]2.0| 23.0 6.7
3 |A |B3|Cs|Ds|21(19(2.0] 26.0 6.0
4 A | B |C| D3 [33(3.1|3.0( 262 9.9
S |Ay|By|Cs| Dy |4.6(44(45] 33.1 13.1
6 Ay B3 |Ci| Dy |33(33[3.0] 253 10.1
7 |As | B |Cs|Dy|2.1(23(24| 234 7.1
8 |As By | Ci | D3 |3.1(3.2(3.1] 347 9.9
9 |A3|Bs |Co | Dy |4.7(51(49| 278 13.8
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Fig. 1. Relationship between (a) SN ratio or (b) Sensitivity at each level

of each control factor (The best condition was assumed to be the

smallest possible final function value)
Different to DOE, where noise factors are disregarded, the
Taguchi techniques defines the average value and standard
deviation in the obtained experimentation, or simulation, results
and calculates the SN ratio and Sensitivity parameters. These
parameters are obtained by the equations (1) and (2).

SN ratio (db) =10 log (n? /%) (1)
Sensitivity (db) =10 log p > )

Where p is the average value and o is the standard deviation
present in the obtained experimentation, or simulation, results.
This allows the user to develop a compilation as shown in
Figure 1. Here, the combination of control components that
shown the best SN results is sought. The combination is also
selected so that it is not affected by noise variables. For
instance, in Table 2 the average value and the standard deviation
regarding all possible parameter combinations yield 18 SN ratio
and Sensitivity calculations. with. Moreover, the addition
theorem in the Taguchi Methods is used for calculating the
results for all combinations. For example, when m is a control
factor and n is the control factor level, SN ratio SN,,, and
Sensitivity S, are the SN ratio and Sensitivity of
control factor mand level n. Furthermore, the SN ratio SN
a4-b2-cl-d3-e2-fl. g2 and the Sensitivity Sa4~b2~cl cd3ee2-fl.g2
use the a4, b2, cl, d3, e2, fl1, g2 control factors (a, b, ¢, d, e, f,
and g) and defined levels (1, 2, 3, 4, 5 and 6). Here, the addition
theorem is used to obtain both parameters in equations (3) and
(4). (Where SN,,. and S,,. are the SN ratio and the Sensitivity
values average, respectively).

SN as.v2.c1-a3-e2-11-¢2 = SNagtSN p3+SN ¢ +SN 43+SN

+SN #+SN o —(7—1) SN,y 3)
Sed-b2.cl-d3-c2-fl-g2 = OaaTSpTSc1 S48 +Sn+Se
_(7_1) Save (4)

(b) Effective figure for SN ration
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Finally, in the case of DOE, experimentation or simulation
is bounded to the generated orthogonal table and the optimum
control factors selected serve to decide the functionality of the
procedure.

It should be mentioned that the CAE simulations could take
part in this methodology to reduce assessment times and
accelerate the technology development process. CAE
simulations could be considered as support tool for the
experimentation part of the Taguchi Methods. Given that CAE
simulations can calculate several physical phenomena such as
static, dynamic, thermal, vibration, fluid flow, large
deformation phenomena. Which in return could recreate
cutting, press forming, crash or explosion experiments.
Moreover, control factors used in the Taguchi Methods can,
mostly, be directly inputted in CAE simulations. The same
happens with noise factors such as temperature and time
dependence or other boundary conditions.

B. Control Factor Confounding Behavior Setback

An important setback that limits the aforementioned method
is the that when large interactions between control factors are
present, the estimation accuracy is significantly reduced and
making practical use of the DOE and Taguchi Methods can be
extremely difficult in some cases. Here, equations (3) and (4)
could show have large errors and lack value during the optimum
condition estimation and selection process. As aco mmon
countermeasure, calculation accuracy is confirmed by
comparing, through the S/N ratio and sensitivity results, the best
and worst gain results. This can be of great harm in terms of time
and labor and, if the difference between the best and worst gain
results is large, could result in the Taguchi Methods estimations
being ignored. This methodology can prove the existence of
interactions but is not able to determine which control factors
are under interaction. In this regard, interactions between
control factors behave as confounding variables and neglecting
them would cause a bogus association between control factors
and, thus, generate the aforementioned estimation inaccuracy.
Thus, a method to determine control factor interactions was
required.

C. Algorithm for Control Factor Interaction Determination

In this section, an algorithm for the easy determination of
control factor interaction in DOE and the Taguchi Methods was
developed. Here, it is necessary to consider that function or
ideal  function, and their values, refer to a
mathematically-defined ideal relationship under Taguchi. The
developed algorithm consisted in setting a level value of 0
(Zero) in each control factor in order to observe that the final
function did not present any influence due to control factor
interaction. The tool was used its property for the algorithm. For
instance, in Table 3, control factors A, B and C were defined and

Table 3. Orthogonal table in experimental
4 Control factors Function
A B C F

No.1 A] B] C] I:l

No2 | A B> C F

No3 | A B, C2 Fs

No.4 A2 Bz C] F4
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Fig. 2. Effective figure of the control factor (control factor A)

two levels for each factor were defined as A, A,, By, B,, C; and
C, respectively. The L4 orthogonal table shown uses the control
factors and those levels for DOE or the Taguchi Methods. The
function F is the final result of the experiment or the CAE
simulations in DOE or the Taguchi Methods and is included in
the orthogonal table. The mathematical model in equation (5)
defined function F as follows,

FL= 5As + 2Bt + 3Cy — 0.1 Ag By 5)
Where Ag and B are the control factors with the influence from
the control factor interaction. The terms L, S, T, M could take a
value of 1 or 2. The relationship between the control factors and
the final function used was “Fp 5As + 2Br + 3Cy”.
However, this relationship is affected by the influence from the
control factor interaction, described as “— 0.1 Ag Bt in
equation (5). This equation is supposed to yield the most
desirable conditions when the final function F is obtained.
Therefore the minus value “— ” is used for the control factor
interaction calculation. Final functions Fa;, Fay, Fgi, Fga, Fci
and Fc, for levels A, A,, By, B,, C; and C, was calculated by
equations (6) because of the orthogonal table property.

Fa=(Fi+Fy)/2
Fro=(F;s+Fs)/2
Fei=(Fi+F3)/2
Fe=(Fa+Fy)/2
Foa=(Fi+Fs)/2
Feo=(F+F3)/2

(6)

When each level value for the control factors A, B and C
becomes zero “0” , the final functions Fag, Fgoand F¢gcan be
calculated by the equation (7).

Fro—Fai
Fao=Fai — A A
A0 Al Ap—A, 1
Fg,—Fsi
Feo=F B 7
B0 Bl B, B, 1 > @)
Fe.—Fo
Fco=Fci C,—C, C
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In this section, the number of the each level was only two and
pose a simple calculation. However, when the number becomes
larger, an array setup would be more convenient. Here, six trials,
as shown in Table 4, were performed. Moreover, except for the
level value = 0, the other levels are kept the orthogonal property
in Table 4. On the other hand, when the control factor level at A,
B and C becomes zero “0” , those final functions Fag , Fgo:

and F¢y can calculated by the equation (8) and the new trials.

Fao' = (Fao” + Fan2) /2
FBO, = (Fgor’ T Fg’)/ 2
Foo' = (Fco” + Feo) /2
In Table 5, Fpay’and Fgy’ have no control factor interaction
influence in spite of the control factor interaction between
control factors A and B. Fgy’and F¢,’ have no control factor

®)

Table 4. Trial data without control factor interaction

Particularity of the Trial Control factors Function
trial set No. A B C F
Trial data without No.1' 0 B, C, Faor®
interaction from
control factor A No.2' 0 B | C Fao2’
Trial data without No.3' | A 0 c Faor’
interaction from
control factor B No4' | Ay 0 C, Fgo2’
Trial data without No.5' A B, 0 Feor’
interaction from
control factor C No.6' | A B> 0 Feco2’

Table 5. Function Fp,’, Fgy” and F¢,” without control factor
interaction effect at level value = 0

Equation (4) Control factors without interaction effects
Fao’ A (AandBor A and C)
Fgo’ B (Aand B orB and C)
Fco’ C(Aand CorBandC)
Thus,

Fao’and Fgo’ are not influenced in the presence of control factor
interaction between control factors A and B.

Fgo’and Fco’ are not influenced in the presence of control factor
interaction between control factors B and C.

Fao’and Fco’ are not influenced in the presence of control factor

interaction between control factors A and C.
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Table 6. Control factor interaction assessment criteria

Conditions Control factor interaction
Fao’ = Fao, Feo’ = Fgoand . .
o R A0, TBO B0 No interaction
Fco” = Fco
Fao’ = Fao, Feo’ =Fgoand | Control factor interaction between
Fco’# Feo control factors A and B.

Fao® # Fao, Feo’ =Fngo
and Fco’ = Fc()
Fao’ = Fao, Fso’ # Fago
and Fco’ = Fc()

Control factor interaction between
control factors B and C.
Control factor interaction between
control factors A and C.

interaction influence, even though there is a co ntrol factor
interaction between control factors B and C. And Fao’and F¢y’
are not influenced by the control factor interaction in spite of the
control factor interaction between control factors A and C.
Because new trials were used for the calculation. Finally, the
calculated final functions Fp, Fgpand F¢jare compared with the
trial final functions Fpy , Fgp: and F¢y: respectively. Here, the
control factor interaction and the control factors under
reciprocal interaction can be calculated as shown in Table 6.

3 A Software using the Proposed Algorithm

A software that follows the flowchart of Fig. 3 was made by
using the proposed algorithm. We present it in the Appendix
(last page of the paper). The calculated final functions Fag, Fgg
and F¢y are calculated in the Part I, and the trialed final
functions Fao , Fgor and F¢ are calculated in the Part II. After
this, control factor interaction and the control factors involved
are determined by using Table 6. If there are control factor
interactions in the control factors, the control factors are
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removed, new control factors are set and checked for the new
control factor interactions. If there is no more control factor
interactions, then DOE or the Taguchi methods are performed

[9].

4 Algorithm Evaluation and Consideration

A. Evaluation through Defined Mathematical Models

The software was then evaluated by the mathematical model
using the equation (5). This linear equation consists of the

Table 7. Control factors

Table 8. Orthogonal table and functions

Control
Control Level | Level factors Functions
L4
factors 1 2 F
A| B |C
A 1 5
B 20 30 No.1 1120 |3 52
C 3 9 No.2 113019 89
No.3 5120 |9 82
Nod4 | 5] 30 |3 79

Table 9. Evaluation results using 1* model (Interaction
between the control factors A and B)

Mathematical model:
FL: SAS + ZBT + 3CM — 0.1 AS BT
(Where L, S, Tand M =1 or 2)
Fao= Fao'= Assessment:
Equal
68 68 Control factors A
Fgo= Fgo’ = and B have a
Equal .
33 33 reciprocal
Fco= Fco'= Not | interaction.
55.5 56.5 otequa (see Table 6)

Table 10. Evaluation results using 2™ model (Interaction
between the control factors B and C)

Mathematical model:
FL = SAS + ZBT + 3CM - 02BT CM
(Wherel .S TandM=1o0r2)
Fao = Fao’= Not equal Assessment:
335 35 Control factors B
Feo= Fgo’ = and C have a
Equal .
33 33 reciprocal
Fco= Fco'= interaction.
Equal
65 65 (see Table 6)

Table 11. Evaluation results using the 3™ model (Interaction
between the control factors A and C)

Mathematical model:
FL = 5As + ZBT + 3CM — 0.2 As CM
(Where L, S, Tand M =1 or 2)
Fao= Fao'= Assessment:
Equal
68 68 Control factors A
Fgo= Fgo’ = dCh
B0 B0 Not equal an : ave a
23.4 28.2 reciprocal
Fco= Fco'= Equal interaction.
65 65 dua (see Table 6)
E-ISSN: 2415-1513

63

Ikuo Tanabe

control factors A, B and C. Here, the control factors A and B
influence to the control factor interaction final function. The
control factors, levels and each level value are shown in Table 7.
The functions F are calculated for the final result by using the
equation (5) and Table 7.

Then the calculated final functions Fp, Fggand F¢ycan be
calculated by equation (7) and Table 3, and the trialed final
functions Fpy , Fgpr and F¢y can be calculated by equation (8)
and Table 4 with the new trials. Then, the calculated final
functions Fp, Fgoand F¢are compared with the trialed final
functions Fay , Fgp and Fgy as shown in Table 9. It is
concluded from Table 9 that the control factors A and B had a
control factor interaction and that the software can determine
the interaction and the involved control factors (A and B).

In Table 10, a second mathematical model is shown. Here,
the control factor interaction was changed so that the control
factors B and C are the focus of the equation. The performed
procedure to determine the control factor interaction was the
same as the previous model. The software was able to determine
the control factor interaction and the interaction and the
involved control factors (B and C).

In Table 10, a second mathematical model is shown. Here,
the control factor interaction was changed so that the control
factors A and C are the focus of the equation. The performed
procedure to determine the control factor interaction was the
same as the previous model. The software was able to determine
the control factor interaction and the interaction and the
involved control factors (A and C).

In this section, the mathematical models were linear
equations with three control factors (first three terms of the
equation) and one control factor interaction using two defined
control factors (last equation term). Additionally, the developed
program also ran under quadratic, cubic equation and a
three-factor interaction constraints.

B. Control Factor Interaction Influence Considerations

Here, the relationship between the interaction magnitude
and control factor interaction estimation was investigated as
shown in equation (9). The “— PAgB;” term in the equation is
the control factor interaction. When the coefficient P is
changed, the influence of the control factor interaction also
changes in the mathematical model.

FL - SAS + 2BT + 3CM —P AS BT (9)
Where Ag and By are the control factors with control factor
interaction influence; L, S, T, M = 1 or 2 respectively.

An evaluation function Pp, in the equation (10) was used for
the control factor interaction magnitude calculation.

P A B;

Ppa = X100

(10)
F

The L4 orthogonal table and the final function F are shown in
Table 12. The control factor interaction influence were sorted in
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Table 12. Orthogonal table and functions (Control factor interaction influence was handled to evaluate the assessment criteria)

Fig. 4. Evaluation results using equation (9) (Control factor
Interaction between control factors A and B)

5 magnitude classes.

Here, the control factors A and B in the equation (9) influence
to the final function for the control factor interaction. In this
regard, the procedure performed for the determination of the
control factor interaction was used. Here the conditions which
Fao’ 1s Fag, Fgo’ 1s Fgpand F¢y’is not F¢jshould be satisfied in
order to determine the interaction between control factors A and
B. At this time, Fpy” was Fpy, Fgo’ was Fgy, however the
relationships between the final functions Fcy’and F¢y were
changed to define the control factor interaction influence
magnitude.

The relationship between the influence magnitude and the
control factor interaction estimation is shown in Fig. 4. For
instance, when P was 0.1 (= Pp4 is from 3.8 % to 19.2 %) Fcy’
clearly was not equal to F¢y. Thus, the developed software can
determine the control factor interaction and the involved control
factors A and B. However, when P is 0.01 (= Pp4 is from 0.3 %
to 1.6 %) or lower, Fgy’is close to the value of Fg.
Consequently, the software, at this range, the control factor
interaction and the involved control factors A and B cannot be
fully determined.

5 Conclusions
In this paper, we have concluded that:

1) A usable tool for the easy determination of control factor
interactions in the DOE and the Taguchi Methods was
developed.

2) The tool was able to determine control factor interactions in
DOE or the Taguchi Methods.
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Control factors Functions F
L4 sl e P=0.001 P=0.01 P=0 1 P=0 5 P=10
Ppa=003~016% | Ppy=03~16% | Ppy=38~1029% | Ppy =105~305% | Pp, =48 4~268 %

No.1 1 20 3 53.98 53.8 52 44 34

No.2 1 30 9 91.97 91.7 89 77 62

No.3 5 20 9 91.9 91 82 42 -8

No.4 5 30 3 93.85 92.5 79 19 -56

3) The defined assessment criteria allowed the relationship
g o 10 5 10 between the influence magnitude and the control factor
%5 | interaction estimation to be handled to a certain degree.
g 2 1 Here, when the evaluation function Ppy for the control factor
B g interactions was under 1.6 %, the control factor interaction
E § 0.1 estimation was easily determined.
§ £— 4) The tool was able to increase the practical use of the DOE
§ 8 u_8 0.01 and the Taguchi Methods, through the determination of
5T L control factor interactions, in cases that common
= % e j countermeasures would not allow.
A S — 0.001
P=0.001 | P=0.01 | P=0.1 P=0.5 P=1.0
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APPENDIX
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Part I: Experimental design \

Input: Control factors and levels

+ Control factors are arranged in an
orthogonal table (Table 3). Here, amount of trials
is compressed by the orthogonal array.

*Functions Fai, Fa2, Fgi1, Fa2, Fc1 and Fca
(=desired properties) are calculated for each
control factor level possible.

*Functions Fao, Fgo and Fco at the level value = 0
are calculated by using the previous functions.

o

Trial

+ Trial runs for the

desired properties

through

experimentation or

CAE simulation (Table —%
3 and 4); after running
program goes back to

the Part I and I

Part II: Control factor interaction
assessment criteria

‘ Input: Control factors and levels

+ Control factors are arranged as shown in Table 4.

When level value is 0, the functions

Fao1’, Fao2’, Feor’, Feo2’, Fcor’and Feop” are
calculated for each control factor.

+The functions Fao’, Fgo’ and F¢co’ at the level
value = 0 are calculated by using the previous
functions.

+ Assessment of control factor interaction.

Are there several interactions?

+ Conventional DOE / Taguchi Methods

Fig. 3. Flowchart for the control factor interaction determination program

E-ISSN: 2415-1513

65

Volume 8, 2017



	1. Introduction
	A. General Description of the Taguchi Methods
	B. Control Factor Confounding Behavior Setback
	C. Algorithm for Control Factor Interaction Determination
	A. Evaluation through Defined Mathematical Models
	B. Control Factor Interaction Influence Considerations




