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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out
through ISO technical committees. Each member body interested in a subject for which a technical
committee has been established has the right to be represented on that committee. International
organizations, governmental and non-governmental, in liaison with ISO, also take part in the work.
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of
electrotechnical standardization.

The procedures used to develop this document and those intended for its further maintenance are
described in the ISO/IEC Directives, Part 1. In particular the different approval criteria needed for the
different types of ISO documents should be noted. This document was drafted in accordance with the
editorial rules of the ISO/IEC Directives, Part 2 (see www.iso.org/directives).

Attention is drawn to the possibility that some of the elements of this document may be the subject of
patent rights. ISO shall not be held responsible for identifying any or all such patent rights. Details of
any patent rights identified during the development of the document will be in the Introduction and/or
on the ISO list of patent declarations received (see www.iso.org/patents).

Any trade name used in this document is information given for the convenience of users and does not
constitute an endorsement.

For an explanation on the meaning of ISO specific terms and expressions related to conformity
assessment, as well as information about ISO’s adherence to the WTO principles in the Technical Barriers
to Trade (TBT) see the following URL: Foreword - Supplementary information

The committee responsible for this document is ISO/TC 69, Applications of statistical methods,
Subcommittee SC 8, Application of statistical and related methodology for new technology and product
development.
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Introduction

Robust parameter design, also called parameter design, can be applied in product design stage to
identify the optimum nominal values of design parameters based on the assessment of robustness of its
function. Robustness assessment is performed as a consideration of overall loss during the product’s life
cycle. The overall loss is composed of costs and losses at each stage of the product’s life. It includes all the
costs incurred during not only its production stage, but also its disposal stages.

When a product is not robust, the product causes many environmental and social economic losses
(including losses to the manufacturer and the users) due to its poor quality caused by functional
variability throughout its usable lifetime from shipping to final disposal. Product suppliers have
responsibilities and obligations to supply robust products to the market to avert losses and damages
resulting from defects in the products.

The aim of applying parameter design in product design is to prevent defects, failures, and quality
problems that can occur during the usage of the product. A robust product, an output of parameter
design, is a product which is designed in such a way as to minimize user’s quality losses caused by
defects, failures, and quality problems. Note that defects, failures, and quality problems are caused
by functional variability of a non-robust product. In parameter design, optimum nominal values of
a product’s design parameters can be selected by treating a product’s design parameters as control
factors and by assessing robustness under noise factors. The use of parameter design at development
and design stages makes it possible to determine the optimum product design and specification so that
the product is robust in the market.

At manufacturing stage, the product suppliers manufacture their products that meet the product
specifications. One can optimize manufacturing processes to produce the products that meet the
specifications. However, robustness against customer’s environment and products’ aging can be
addressed only by product design.

Robust parameter design methodology provides effective methods for achieving robustness through its
design of specification determination, and it is a preventive countermeasure against various losses in
the market.

In practice, many product’s defects and failures occur due to the product’s response that deviates from
or varies around the designed target values by the change in usage environment and deterioration,
i.e. noise conditions. The variability of product’s response due to noises can be used as a measure of
robustness, because market losses increase in proportion to the magnitude of variability of product’s
response. SN ratio, corresponding to the inverse of the variability measure, is used as a measure of
goodness in robustness. In other words, the higher the SN ratio is, the less the market losses are.

For the experimental plan of parameter design, direct product of inner array and outer arrays is
proposed. Control factors are assigned to the inner array, and signal and noise factors are assigned to
the outer array. By using a direct product plan, all the first level interactions between control factors
and noise factors can be assessed and can be utilized to select the optimum level of control factors from
the point of view of robustness.

Assessing robustness through SN ratio is a key of parameter design. The outer array is for evaluating SN
ratio, robustness, for each combination of levels of control factors indicated by the inner array. The inner
array is for comparing SN ratios and selecting the optimum combination of system’s design parameters.
As for the inner array, an orthogonal array L1g, is recommended as an efficient plan, and then only
the applications of an orthogonal array Lig are discussed in this International Standard. Applications
of experimental layout other than orthogonal array Lig can be found in the examples in references in
the Bibliography. More detailed discussions on inner array and orthogonal arrays can be found in the
references.

Robust parameter design (RPD), and thus this International Standard, is directly targeted at the losses
incurred at the usage stage. Where possible, losses at other stages are also investigated so that the
results of parameter design can be applied to perform the optimum product design for the whole stages
of the product’s life cycle.
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INTERNATIONAL STANDARD ISO 16336:2014(E)

Applications of statistical and related methods to new
technology and product development process — Robust
parameter design (RPD)

1 Scope

This International Standard gives guidelines for applying the optimization method of robust parameter
design, also called as parameter design, an effective methodology for optimization based on Taguchi
Methods, to achieve robust products.

This International Standard prescribes signal-to-noise ratio (hereafter SN ratio) as a measure of
robustness, and the procedures of parameter design to design robust products utilizing this measure.
The word “robust” in this International Standard means minimized variability of product’s function
under various noise conditions, that is, insensitivity of the product’s function to the changes in the levels
of noises. For robust products, their responses are sensitive to signal and insensitive to noises.

The approach of this International Standard can be applied to any products that are designed and
manufactured, including machines, chemical products, electronics, foods, consumer goods, software,
new materials, and services. Manufacturing technologies are also regarded as products that are used by
manufacturing processes.

2 Normative references

The following documents, in whole or in part, are normatively referenced in this document and are
indispensable for its application. For dated references, only the edition cited applies. For undated -
references, the latest edition of the referenced document (including any amendments) applies. ;

[SO 3534-1, Statistics — Vocabulary and symbols — Part 1: General statistical terms and terms used in ;
probability

[SO 3534-3, Statistics — Vocabulary and symbols — Part 3: Design of experiments

3 Terms and definitions and symbols

3.1 Term and definitions

For the purposes of this document, the terms and definitions given in ISO 3534-1 and ISO 3534-3, and
the following apply.

3.1.1
function
work which a system performs in order to fulfil its objective

Note 1 to entry: A function can be expressed by the mathematical form of input-output relation.

3.1.2
robustness
degree of smallness in variability of a system’s function under various noise conditions

Note 1 to entry: System’s performance can be assessed by robustness. SN ratio is a quantitative measure of
robustness.
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3.1.3

signal-to-noise ratio

SN ratio

ratio of useful effects to harmful effects in response variations

Note 1 to entry: SN ratio is usually expressed in db value. The notation of db is used instead of dB for SN ratios of
robustness measurements.

Note 2 to entry: The anti-logarithm value of an SN ratio, real number, is the inverse of a variation measure such as
a variance or a coefficient of variation, and inversely proportional to monetary loss.

Note 3 to entry: The change in response caused by intentional change of input signal value is a useful effect. In
case of the ideal function being zero point proportional, the linear slope forced through the zero point is a useful
term.

Note 4 to entry: The change in response caused by noise factors is a harmful effect. Effects of noise factors and
deviation from the ideal function are examples.

Note 5 to entry: SN ratio should contain the variability under noise factors and the discrepancy from the ideal
function under average usage condition.

314
sensitivity
amount of change in response caused by unit change of input

Note 1 to entry: Sensitivity is usually expressed in db value.

Note 2 to entry: For dynamic characteristic cases, the sensitivity shows the magnitude of linear coefficient due to
input signal, 2, where B is a proportional constant.

Note 3 to entry: For the nominal-the-best response, the sensitivity shows the magnitude of mean, m2, where m is
an average of responses.

3.1.5
noise
variable which disturbs a system’s function

Note 1 to entry: Any variable in the user’s conditions for operating is either a signal or a noise.

Note 2 to entry: Noise is composed of internal noise and external noise. They are sometimes called as capacity
and demand, respectively. Changes of internal constant of the system or its parts over time, such as deterioration,
aging. and wear, and manufacturing variations are examples of internal noises. Usage conditions and environment
conditions of the product are examples of external noises.

3.1.6

signal

input variable to the system, which is intentionally changed by the user to get an intended value of
response in input-output relation

Note 1 to entry: Any variable in the user’s conditions for operating is either a signal or a noise

Note 2 to entry: There are two kinds of signal: active signal and passive signal. Active signal is operated by user
to get intended response, for example, rotating angle of a steering wheel to change the vehicle’s direction. Passive
signal is used by user to know the value of input from response reading, for example, temperature in thermal
measurement. In both cases, output will change by changing the value of the signal but the user wants to get
response value in the active case, and the user wants to know the value of signal in the passive case.

3.1.7
dynamic characteristics
output response which has multiple ideal target values depending on the value of a signal

Note 1 to entry: The relation between dynamic characteristics and a signal can be expressed by input-output
functional form. The output of a system’s function is dynamic characteristics in many cases.
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3.1.8

static characteristics

non-dynamic characteristics

output response which has a fixed target value

Note 1 to entry: Static characteristics can be categorized into three groups depending on the target value; nominal-
the-best, smaller-the-better, and larger-the-better characteristics, where the target value is a finite value, zero,
and infinity, respectively.

3.1.9
inner array
experimental plan where design parameters are assigned as control factors or indicative factors

Note 1 to entry: Each treatment run will be assessed for robustness using SN ratio and sensitivity.

Note 2 to entry: Orthogonal arrays are recommended for the inner array because many design parameters can be
taken into consideration in one set of experiments as control factors.

Note 3 to entry: Experimental factors should be categorized by their roles and assigned separately to inner array
or outer array based on their roles in parameter design. Control factors and indicative factors should be assigned
to the inner array. :

3.1.10

outer array

experimental plan where variables in users’ conditions are assigned as noise factors or signal factors for
evaluating SN ratio and sensitivity

Note 1 to entry: Any variable in user’s conditions for operating is either a signal or a noise.
Note 2 to entry: Experimental factors should be categorized by their roles and assigned separately to inner array

or outer array based on their roles in parameter design. Noise factors and signal factors should be assigned to the
outer array.

3.2 Symbols

f degree of freedom

k number of levels of signal factor

L linear form

Li linear form for level of i

M signal factor/input signal

Mi signal level of i

M; value of signal level of i

N noise factor

n number of levels of noise factor

Ni noise level of i

Po standardized error rate

r sum of squares of input signal levels/effective divisor

S sensitivity

ST total sum of squares
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Sm sum of squares due to mean

Sp sum of squares due to linear slope 8

Snxp sum of squares due to the variation of linear slope  between noise levels
Se sum of squares due to error

Sopt estimated value of sensitivity for optimum condition

Sbase  estimated value of sensitivity for baseline condition

Secur estimated value of sensitivity for current condition

Ve variance due to error/error variance
%N variance due to pooled error/variance due to error and noise
y output response

sensitivity coefficient/linear slope

AS gain in sensitivity
An gain in SN ratio
n SN ratio

Nopt estimated value of SN ratio for optimum condition
Nbase  estimated value of SN ratio for baseline condition
Neur estimated value of SN ratio for current condition

Po standardized contribution ratio

4 Robust parameter design — Overview

4.1 Requirements

Robust parameter design is a rational and efficient assessment for discovering technical means to
improve robustness in the designing process. It is, therefore, necessary to provide the following two
procedures:

a) aprocedure for accurate and simple evaluation of robustness;
b) aprocedure for efficient assessment of multiple technical means.

This clause provides the approach to the goal of parameter design, and more detailed and specific steps
of a robustness evaluation and a parameter design experiment are described in Clauses 5 and 6.

4.2 Assessing the robustness of a system

How can the robustness of a system be accurately assessed by the SN ratio? The robustness of a system is
associated with many usage conditions of the system, so it cannot be assessed by a simple measurement.
To clarify hidden factors associated with the robustness, the assessment should be approached from the
following two viewpoints.

a) Use of an ideal function: The ideal function is a target function of the system. Actual function of the
system should be measured and compared with the ideal function of the system in the robustness
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evaluation. It is important to avoid defects, failure modes, or quality problems for achieving the
ideal function of the system.

b) Use of noise factors: Actual system in usage is working under various noise conditions. Noise
effects should be intentionally introduced in the experiment by changing noise levels and the
actual function of the system should be measured and evaluated under those predetermined noise
conditions. Evaluation of the robustness strongly depends on the choice of noise factors and their
levels. It is essential to apply effective noise strategies.

The function of a system is a work that it performs in order to fulfil its objective. For example, the function
of an electric lamp is to transform electric energy into light energy, and the function of a wind turbine
is to transform natural wind energy into rotating energy to perform a work such as water pumping.
The function is normally expressed in a mathematical functional form of a relationship between input
and output energies. The mathematical functional form can be expressed in many ways. Zero-point
proportional formula is common in energy transformation of real physical systems. The details will be
discussed in Clause 5.

Input and output characteristics are fixed based on the system’s ideal function. Input characteristic is
called as a signal in input-output relationship; this is because the changes in output are acquired by the
user’s intentional changing of the input in real usage and also in the experiment of parameter design. The
signal is associated with energy or information necessary to perform its function. The signal factor is
one of the user’s conditions for changing the input when the users of the system try to control the output
of the system. The signal factor has three or more levels in the experiment for dynamic characteristic
so that the straightness of the actual input-output relationship could be evaluated. There is no signal
factor for static characteristic because it has only one target output. Output characteristic is called as an
output response or simply a response.

It is important to identify a suitable measurement method of output response. In time-dependent
phenomena, for example, detection of output response is difficult in some cases. New measurement
methods should be developed in those cases. The output response is associated with the purpose of a
system. In the case of illumination, for example, the output response is magnitude of light, and in the
case of a water pump, it is quantity of water.

Noise condition is a source that makes the system’s actual function deviate from the ideal function.
Examples include environmental conditions in actual working, such as temperature and humidity, an
actual supplied voltage, electrical noise conditions, frequency of operations, and stress. They are called
as external noises. On the other hand, there are noise conditions which are called internal noises, such
as aging and wear. Examples include operating and/or idling time length after started, deterioration
of system’s parts after long operation, and manufacturing variability of a system and/or its parts.
These noise conditions always reduce the system’s functional performance to lower level than the level
expected at the time of design. Since the purpose of robustness assessment is to clarify the performance
by measuring the extent of this reduction, the variation of the system’s function under noise conditions
should be estimated in robustness evaluation. This is the reason why noise conditions should be
taken into the parameter design experiment as noise factors. Three categories of noise factors are a)
environment, b) aging and changes over time, and c) manufacturing variations. For the effective noise
strategy, various types of noise should be examined in actual usage and environmental conditions.

Figure 1 shows an overview of the evaluation of robustness using a noise factor. Here, multiple data from
X1 to X, should be obtained for the objective system under noise levels, N1 to Nn, and SN ratio n should
be calculated using the data from Xj to X, as a robustness measure. Formulations of SN ratio are shown
in Clause 5. When more than two systems are compared, the same levels of the same noise factor should
be applied for all objective systems
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| Noise factor | \\\\\\\\

Objective system | | Data | AN < TTEe—
T~ TS~ \\\\ Noise levels
T~ Tl RN RN R Nn | SNratio
Tl | Evaluated system X1 X, X, n
Ni...Noise level
X;...Data

Figure 1 — Robustness assessment with a noise factor

When multiple different types of noise factors are applied in an experiment, an orthogonal array can
be applied for determining the noise levels. In Figure 2, noise levels, N1 to Nn, are determined by the
combination of levels of noise factors, such as A, B, and C, indicated by the orthogonal array. Experimental
layout other than orthogonal arrays can be applicable for determining the noise levels.

Orthogonal array for
noise factors

Objective system | | Data :

.- . ll| Noise levels by orthogonal array
! 1 2 3 4 n

\*\\ \\\ l“ A : Ambient temperature, humidity|

\\\ \\\ “. B : New product and degraded product]

\\\ \\ \ C : Usage frequency

\\\\ \\\ | |
Noise level TR Nn | SNratio
\*\ Evaluated system X4 X, X3 X, X, n

A, B, C...Noise factors

Figure 2 — Robustness assessment with noise levels assigned by an orthogonal array

4.3 Robustness assessment through SN ratio

The ideal function and the noise strategy are the key issues for the robustness assessment of robust
parameter design. It is essential to measure and evaluate the variability and efficiency of the actual
function of the system. The intent of doing this is that the evaluation covers the whole technical issues
of the system’s operations to prevent technical problems. Robustness evaluation also involves assessing

the effects of noise factors that inhibit the required function. The results are expressed by SN ratio and
sensitivity.

The SN ratio can discriminate the true difference in robustness between designs. Only relative
comparison of SN ratios is meaningful to perform, because absolute values of SN ratios are affected by
setting levels of noise factors. Thus, it is preferable to perform benchmarking in assessing robustness.

A feature of this approach is that the only information needed to evaluate SN ratios is just that on the
knowledge of the function of the system and the noise conditions. No detailed technical information about
the objective system is needed. SN ratios can be calculated in the same way for the objective systems
as long as they have the same function, that is, the same input-output relationship, even if they have
different technical constituents. Since the robustness of systems can be accurately evaluated through

SN ratios, then the robustness of various systems with different design concepts can be assessed and
compared.
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The comparison of various systems based on different technologies or different design concepts can be
performed in the same way through SN ratio. Systems, such as conventional systems and newly developed
systems, one’s own systems and one’s competitor’s systems, can be evaluated and assessed in the same
way through SN ratio, when they have the same function. This is the idea to conduct benchmarking on
various designs in the robustness assessment through SN ratio.

4.4 An efficient method for assessing technical ideas — Parameter design

Basic technologies and mechanisms should be selected as a design concept first to start designing a
system of industrial products. When there are multiple system design concepts to be benchmarked, the
robustness assessment introduced in the previous subclause can be applied to select the best design
concept.

After selecting the best design concept, the next step is to perform a detailed design by selecting values of
system’s design parameters. In this detailed design step, designers can optimize the system by selecting
the optimum nominal values so that the function of the designed system becomes the most robust and
efficient. The system design optimization method performed at this step is called parameter design,
because design optimization is performed by setting design parameters to the optimum nominal values.

Consider what sort of states might be significant. When a system is in the optimum state, it achieves the
best overall performance in all conceivable usage conditions. More specifically, an industrial system can
stably perform its intended function anytime, even when, for example, it is working under a wide range
of temperature and humidity, and when it is used in many different ways and in different environments.
The optimum design conditions are taken as a combination of design parameters’ values that maximize
the robustness of the product. Since optimization by parameter design implies optimizing for maximized
robustness, that is, minimized variability and maximized efficiency, judgments should be made by using
robustness measure, SN ratio, and sensitivity.

The basis of the system design optimization by robustness assessment through SN ratio is a criterion for
optimization in parameter design. The robustness assessment should be performed with regard to all the
possible designs in design space, but in practice this is impossible. This is because a vast number of tests
would have to be performed to take all possible combinations of design parameters into consideration.

As a more practical method for applying in development and design stages, an experiment using an
orthogonal array is recommended where the combinations of many design parameters can be tested
under a limited number of experimental runs. An orthogonal array plan is recommended not only
because it can reduce the number of experimental runs comparing with a full factorial plan with the
same number of control factors, but also because it can assign maximum number of control factors in
a plan under the situation of same number of experimental runs. Reliability of experimental results
should be confirmed in the confirmation experimental run for reproducibility check. Clause 6 describes
a specific method for performing the confirmation experiment to check the reproducibility.

Procedure of a parameter design experiment should be as follows:

— (Step 1) Clarify the system’s ideal function;

— (Step 2) Select signal factor and its range;

— (Step 3) Select measurement method of output response;

— (Step 4) Develop noise strategy, and select noise factors and their levels;
— (Step 5) Select control factors and their levels from design parameters
— (Step 6) Assign experimental factors to inner or outer array;

— (Step 7) Conduct experiment and collect data;

— (Step 8) Calculate SN ratio, n, and sensitivity, S;

— (Step 9) Generate factorial effect diagrams on SN ratio and sensitivity;
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(Step 10) Select the optimum condition;

(Step 11) Estimate the improvement in robustness by the gain;

(Step 12) Conduct a confirmation experiment and check the gain and “reproducibility”.
4.5 Two-step optimization (Strategy of parameter design)

Figure 3 presents an overview of parameter design as described above. The experiment in this figure
includes two orthogonal arrays; one orthogonal array for control factors, that is, for design parameters
(inner array) and the other orthogonal array for noise factors (outer array). This layout is called a direct
product plan. The number of experimental data corresponds to the product of the numbers of runs
respectively specified in two orthogonal arrays. For example, in the case of the combination of inner

array, L1g, and outer array, L1, each array has runs of m = 18 and n = 12, and the number of total runs
comes to 18 x 12 = 216.

Outer T
orthogonal array for T
noise factors Tl
| T
1 SS
Inner ! .
\ S~o
orthogonal ! S~
Data i Ry
array for 1 ~
\ T
control factors ! S
‘l \\\\\
|‘ ~
\\\ ™, | Noise levels by orthogonal array
N N \ .
N AN 1| Noise factors 1 2 3 4 n
\ Y
Y Y 1
AN AN \ |A: temperature
\\ \\ 1
. \\ 1| B: humidity
N
N \\\ \ Ciun
S, \
\\ 0N
\ AN |
N N\
N N
\ \ 1
N N
\\ \\
\ N
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Figure 3 — Direct product plan for parameter design

Full factorial plan can be used as an outer array plan for noise and signal factors instead of an orthogonal
array plan in some cases. In the case of physical tests, it is recommended to compound many noise
factors into one compounded noise factor. However, it is always recommended to use an orthogonal

array plan as an inner array for design parameters, because many design parameters can be assigned
in one orthogonal array.

The experimental data obtained for each combination of levels of control factors consist of multiple data
with the corresponding number of noise levels. To find out the optimum values of design parameters for
robustness, the sensitivity (mean value in case of nominal-the-best response), and the SN ratio should be
calculated for each row of inner array, that is, for the combination of values of design parameters. Then
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the factorial effects of control factors on sensitivity and SN ratio should also be calculated, and they
are summarized in factorial effect diagrams as shown in Figures 4 and 5. Specific calculation formulae
are described in Clause 6. The optimum values of design parameters are selected using the diagrams
on sensitivity and SN ratio. The sensitivity represents the mean value of the data set (in case of static
characteristics), and the SN ratio represents robustness.

The factorial effect diagram shows how the system’s function is affected by each design parameter
incorporated into the experiment. If a factor has a large gradient, it has a large effect on the system’s
function. Two types of factorial effect diagram represent the degree of influence relating to SN ratio and
sensitivity. An important point in two-step design is to pay more attention to SN ratio than to sensitivity.
In the first step, the optimum level of control factor should be selected to maximize SN ratio in the
factorial effect diagram on SN ratio (see Figure 4), and then, in the second step, typically just one design
parameter should be used to adjust a mean value or linear slope, i.e. sensitivity (see Figure 5), to the
target value. For this adjustment, it is desired to select one factor with maximal effect on sensitivity and
minimal effect on SN ratio. The first step is to optimize the design for robustness by SN ratio, and the
second step is to adjust the magnitude to the target value by sensitivity. This two-step design procedure
is a very important concept for the design of robustness. This is the reason why parameter design for
robustness is also called as a two-step optimization.

36

33

30\«-*/“\\,/”./*\

27

SN ratio (db)

24

Al A2 B1 B2 B3 C1 C2 C3 D1 D2 D3 E1 E2 E3 F1 F2 F3 G1 G2 G3 H1 H2 H3

Figure 4 — Factorial effect diagram on SN ratio (robustness)
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Al A2 B1 B2 B3 C1 C2 C3 D1 D2 D3 E1 E2 E3 F1 F2 F3 G1 G2 G3 H1 H2 H3

Sensitivity (db)
N

Figure 5 — Factorial effect diagram on sensitivity (mean value or linear slope)

Why is the two-step optimization important? Which is more difficult, the robustness optimization by SN
ratio or the magnitude adjustment by sensitivity?

fngThe order of the optimizations is important to design a robust system efficiently. Consider an example
-of the case of voice recording. If audio data are recorded with high background noise, then adjusting the
“volume will hardly make the recorded sound any easier to listen to when it is played back. To extract
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information buried in the noise, techniques such as noise reduction to cancel the effects of noises or
using a microphone that is less sensitive to the background noise shall be employed. Improving SN ratio
requires advanced technical ability and counter-measures in recording. On the other hand, when the
average recording level is too low, it can easily be improved by adjusting the volume during playback.
The controlling of the average value of the playback sound by a volume can often be accomplished by a
relatively simple method in this way. Adjusting the magnitude can be performed by sensitivity.

Another example is visual imaging function such as photographs and video pictures. The average tone
level can easily be corrected, but a picture taken in dark conditions is often very noisy and results in
a low-quality picture. There are also limits to how much the picture quality can be improved by image
processing.

It is relatively easy to achieve adjusting the magnitude, because it needs just one adjusting parameter.
It is easy to adjust the average energy level. On the other hand, it is not easy to improve robustness. It
is desired to have as many control factors as possible. In designing a system, it is therefore wise to give
greater priority to setting the optimum levels of design parameters to maximize SN ratio. This forms
the foundation of the two-step optimization, where robustness optimization by the SN ratio should have
the first priority.

4.6 Determination of the optimum design

Once parameter design experiment clarifies which design parameters affect SN ratio and which design
parameters affect sensitivity as in factorial effect diagrams, one can select a set of optimum values
of design parameters based on robustness. Then, the final optimum design can be determined by
considering other constraints such as cost and delivery requirements.

Since a system’s final optimum design should be determined by the overall balance of many constraints,
it is preferable to select an experimental plan where each experimental factor covers a wider range in a
design space. There is a possibility that the optimum value might exist in the range far from experiences;
then it is recommended that the levels of control factors should cover a range as widely as possible.

In the parameter design, robustness optimization is performed through maximizing SN ratio. The SN
ratio is a quantitative measure of the user’s quality loss due to defects, failures, and quality problems
caused by lack of robustness. The user’s quality loss can include losses by malfunctions, by defects, by
additional maintenance costs, etc.

According to Taguchi’s quality loss function, the SN ratio can be transformed to user’s quality loss in
monetary unit. Total loss to the society caused by the product can be derived from the user’s quality
loss by adding other cost, such as product development cost, material cost, production cost, shipping
cost, normal maintenance cost, disposal cost, etc. The total social loss should be a quality measure
of the product. In product design stage, a product designer should consider the total social loss from
the viewpoint of technology. However, it is difficult for the designer to forecast the total social loss in
the design stage, but he should, at least, assess and optimize the product design from the viewpoint of
robustness. Robust parameter design focuses on the user’s quality loss from the viewpoint of robust
engineering, that is, the variability in function of the product.

5 Assessment of robustness by SN ratio

5.1 Concepts of SN ratio

The variability in function of a system should be evaluated and optimized through parameter design
for designing a robust product. When a subsystem is to be assessed for robustness, one should consider
noise conditions at the whole system level in the users’ hand. It is critical to ensure the robustness at
whole system level.

A system’s function can be defined as a functional form of input-output relationship at usage stage
of the system. Users manipulate a signal to get an intended output response of the system. Signal is
an input characteristic that is intentionally set to change the output of the system. A functional form
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that represents the ideal input-output relationship of the system’s function is called as a system’s ideal
function. However, the ideal function might not be perfectly realized in a manufactured product, and
also at actual usage stage; the function of the product can deviate from the ideal function due to noise
conditions. Deviation from the ideal function should be evaluated at usage stage and expressed by one
numerical measure of SN ratio in the first step of parameter design.

The user’s conditions, under which the system is actually used, contain only signal and noises. As
mentioned above, signal is an input to the system for intentional change of the output of the system.
The signal should have a large effect on the system’s output. On the other hand, the effect of noises has
a negative impact on the system’s output. The effect of the signal should be maximized and the effect of
the noises should be minimized. In the experiment for assessing the robustness through SN ratio, the
characteristic for input should be treated as a signal factor, and the noise sources should be treated as
noise factors. Categorizing the variables in the user’s conditions is important to clarify the purpose of
the experiment.

The SN ratio is a measure that quantitatively expresses how close the actual input-output relationship
is to the ideal function under various noise conditions. As SN ratio increases, the actual input-output
relationship becomes closer to the ideal, and the loss to society will decrease. In the opposite case, it
becomes farther to the ideal, and the loss to society will increase.

5.2 Types of SN ratio

There are three types of SN ratio in robustness assessment: SN ratio for dynamic characteristics, SN
ratio for static or non-dynamic characteristics, and SN ratio for digital systems.

The SN ratio for dynamic characteristic represents the stability of the relationship between the signal
and the corresponding outputs. The SN ratios for dynamic characteristics can be subdivided into three
types by functional forms of the system’s ideal function; zero-point proportional ideal function, reference-
point proportional ideal function, and linear formula ideal function. The choice of the functional form of
the ideal function depends on the physics of the objective system. In many cases, the ideal function can
be expressed by a zero-point proportional formula because of proportional nature of physics.

The SN ratio for static or non-dynamic characteristic represents the stability of the output of the system.
The output target is fixed and the signal is constant. The SN ratios for static characteristics can be
subdivided into three types by the values of system’s fixed target; nominal-the-best, smaller-the-better,
and larger-the-better characteristics. The choice of the fixed target depends on the system’s intent. The
value of fixed target is finite for nominal-the-best, zero for smaller-the-better, and infinity for larger-
the-better.

SN ratio for a digital system can be applied to evaluate the performance of a digital system which has
binary inputs and outputs that can only take a value of 0 or 1. In a digital system, when an input is 0
or 1, the output of the system should be 0 or 1 respectively. This input-output relationship is the ideal
function of a digital system. SN ratio for a digital system represents the ability of a digital system after
threshold calibration.

Procedures to formulate each type of SN ratio will be shown in the following subclauses.

5.3 Procedure of the quantification of robustness
The procedure to formulate SN ratio and sensitivity for robustness should be as follows.
— (Step 1) Clarify the system’s ideal function.

Functionisaworkthatasystem performsin order to fulfil its objective. A function hasan input signal
to represent the operator’s intention in a dynamic case. Qutput response of the system is varied by
the input signal to fulfil the system’s objective. Function can be expressed by a mathematical form
of the relation between input signals and the output responses.

Define ideal function, i.e. intended relationship between input signals and output responses based
on the objective of the system’s function. Ideal function represents the system’s work expected.
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In case of static/non-dynamic case, define the ideal output, the target value of the system’s output,
then go to step 3.

— (Step 2) Select signal factor and its range.

A signal for a dynamic characteristic case is an input to a system that is set actively or passively
to vary the output response of the system as intended. In an experiment, the characteristic
manipulating the input signal should be treated as a signal factor. A signal factor is an input variable
with which the operator in the experiment sets to obtain the system’s output response. The range
of the signal factor should cover all the range used by users in the market.

— (Step 3) Select measurement method of output response.

Select an appropriate measuring method for the output characteristic. Output characteristic is
also called as an output response. In dynamic function case, output is the quantity which users
expect to get. There can be some difficulties in measuring time-depending responses. In such cases,
appropriate measuring method should be developed for the purpose of robustness assessment.

— (Step 4) Develop noise strategy, and select noise factors and their levels.

Conditions that disrupt the ideal function under actual usage conditions during system'’s operation
are called as noise conditions or error conditions. In an experiment to evaluate SN ratios, noise
conditions should be generated by noise factors. Noise factors are variables that vary the output
response in actual operating stages. It is recommended to discuss all possible noise conditions and
to define efficient and effective noise conditions for assessing robustness. Noise factors come from
“usage environment”, “aging/wear”, and “manufacturing variation”. Noise factors should preferably
include as many different types of factors as possible. Also, the levels of values of noise factors should
be spread across a wide range by taking the usage conditions of ordinary users into consideration.
It is possible to expand the system’s lifetime, by taking noise factors due to wear through prolonged
use.

— (Step 5) Conduct experiment and collect data.

Experimental layout for evaluating robustness by SN ratio is now defined. The layout shows which
combination of levels of signal factor and noise factors will be applied in the experiment. Typical
assignment is a two-way full factorial layout of a signal factor and a noise factor. In other words,
the output response will be measured under various combinations of signal and noise levels. Then
conduct experiment and collect data in the experimental layout. Then a dynamic SN ratio is ready
to be calculated. In a static/non-dynamic characteristic case, there is no signal factor so obtain data
under the noise conditions. The experimental layout for evaluating robustness corresponds to the
outer array of a direct product plan of robust parameter design.

— (Step 6) Calculate SN ratio, 1, and sensitivity, S.

SN ratio and sensitivity are calculated based on the data obtained in Step 5. Calculation formulae are
shown in 5.4. The calculation formula is based on the system’s ideal function defined in Step 1. SN
ratio is to assess the functional variation due to noise conditions. SN ratio is a robustness measure
of a system, and sensitivity, S, is an indicator representing the magnitude of the efficiency.
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5.4 Formulation of SN ratio: Calculation using decomposition of total sum of squares

5.4.1 Zero-point proportional formula (dynamic characteristic)

When the signal is zero, then the output response is zero, and the output response proportionally
increases as the signal increases. If this is the ideal state, as in many cases, the ideal function should be
expressed by a zero-point proportional formula such as Formula (1):

= BM
y=p 0

“w_n

where the output response and the input signal are denoted by “y” and "M”, respectively.

This function is called a zero-point proportional ideal function. The coefficient § denotes the sensitivity
coefficient.

a) Data set for computing SN ratio for zero-point proportional ideal function

The data set for zero-point proportional formula are shown in Table 1, where the signal factor has k
levels and the noise factor has n levels.

Table 1 — Data set for zero-point proportional ideal function

Signal M1 M2 Mk Linear form
N1 Y11 Y12 Yik Ly
Noise | N2 y21 y22 Y2k Ly
level
Nn Yn1 Yn2 Ynk Ly

b) Decomposition of total sum of squares for zero-point proportional formula

Total sum of squares

2 2 2
ST =Y TV Tt YV (fT =nxk)

(2)
Sum of squares of input signal levels/effective divisor
r:Mf+M%+-~-+M,% 3)
Linear forms for noise levels:
Ly=Myyyg +Mpyp+--+ My yq
Ly=M1yz1 +Mpyop+--+Myyoy
Ly=Myym +Mpyup+-+Mpypuy )
Sum of squares due to linear slope 8
2
(Ly+Ly+--+L,)
Sp=—"1—2 — (fp=1)
nxr (5)
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Sum of squares due to the variation of linear slope § between noise levels

2,52 2
L7+L5+--+L
s . -Sp (foﬁ:"—l)

sz
NP r ®)

Sum of squares due to error

Se=ST1=Sp—=SNxp (fesz—fﬁ—foﬁ=”Xk—”) )

Variance due to error/error variance

S S

_Se _ e
Vo=

fe nxk-n (8)
Variance due to pooled error/variance due to error and noise
B SN x B + Se

VN =
N foﬂ+fe (9)

SN ratio, 1, and sensitivity, S

1
Sp-V
=101 M db
n=10log ” (db)
N (10)

§=1010g——(S5-V,) (db)
nxr (11)

5.4.2 Linear formula (dynamic characteristic)

The zero-point proportional formula has very wide applications. When input energy is zero, the output
energy will be zero. However, there are some other cases where the origin point is not defined and/or
only linearity between input and output is desired. In such cases, one can assume the ideal function as
the linear formula such as Formula (12):

This function is called a linear formula ideal function. The coefficient f denotes sensitivity coefficient
and parameter a denotes zero-section.
a) Data set for computing SN ratio for linear formula ideal function

The data set for a linear formula are shown Table 2, where the signal factor has k levels and the noise
factor has n levels.
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Table 2 — Data set for linear formula ideal function
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Signal M1 M2 Mk sum
N1 y11 Y12 Yik Ny
N2 Y21 Y22 Y2k N,
Noise level
Nn Ynl Yn2 Ynk Np
sum Y1 Y? Yk

b) Decomposition of sum of squares for linear formula

Total sum of squares

2 2 2
St=y11"+ty12"+  Vnk

Sum of squares due to mean

2
¢ _Wutyipttyn)

m
nxk

The mean of signal levels

M=

(M{+My+---+M})

k

(fr =nxk)

(fm=1)

Sum of squares due to input signal levels from the mean

r=(My—M)?*+(My—M)* +---+ (M — M)*

Sum of squares due to linear slope

(Mg~ PYY, +(My — By 4o+ (M~ ID)Y, |

SB:

nxr

Sum of squares due to the main effect of noise

_N%+N%+---+N,§

S
N k

-S

m

Sum of squares due to error

(fe=nxk—-1-n)

(fy=n-1)

Variance due to error/error variance

fe “nxk—1-n
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(16)
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(19)
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Variance due to pooled error
Sn+Se
N=

futfe (21)

SN ratio, 1, and sensitivity, S

1
Sp-V
=101 M db
n=10log ” (db)
N (22)

S=10log——(S5-V,)  (db)
nxr (23)

NOTE1 In the computation of SN-ratio, pure replication trial is not applied, but multiple trials are performed
under the situation where the combinations of levels of noise factor(s) are changed and other conditions are
the same. Noise factors are intentionally introduced in the replication rather than random noise conditions.
Evaluation of variability under intentionally arranged noise conditions is a feature of the assessment of SN ratio.

NOTE 2 It should be noted that the formulae for the decomposition of sum of squares vary with the cases of
formulae’s forms. For example, sum of squares due to mean (Sy,) is calculated for a linear formula case, but not
for a zero-point proportional formula case. There are some other differences in the formulae depending on the
functional forms.

5.4.3 Reference-point proportional formula (dynamic characteristic)

One fixed point, which is called the reference point, is treated like an origin point in the space. SN ratio
for reference-point proportional ideal function can be calculated from the data (M', y') transformed as
follows:

(M'y'):(May)_(Mo’yo) (24)

Subtracting the reference point (Mo, yo) from each data (M, y), then the ideal function can be described
by a reference-point proportional formula such as,

(Yy-y,)=B(M-M,) 25)

This ideal function is called a reference-point proportional ideal function. The coefficient § denotes
linear slope or sensitivity coefficient.

Calculation formulae of SN ratio are the same as those for a zero-point proportional ideal function when
the transformed data (M', y') are treated as the original data (M, y).

5.4.4 Nominal-the-best response (static/non-dynamic characteristic)

When a system has one finite fixed target, the system’s output response is called nominal-the-best
characteristic or nominal-the-best response. SN ratio for nominal-the-best response can be applied in
this case in robustness assessment.

a) Data set for computing SN ratio for nominal-the-best response

Data set for static/non-dynamic response is shown in Table 3, where noise factor has n levels, and
there is no signal factor. Data is collected under one design specification, such as design A. This data
configuration is common for all the types of static/non-dynamic characteristic.
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Table 3 — Data set for static/non-dynamic characteristic

Signal Design specification A
N1 y1
Noise N2 Y2
level
Nn Yn

b) Decomposition of sum of squares for computing SN ratio for nominal-the-best response

Total sum of squares

2 2 2
Sr=y1+y2++y, (fr=n)
Sum of squares due to mean

S

m
n

Sum of squares due to error

Se=S7-5, (fe=n-1)

Variance due to noise and error

y —Se_Se
€ fe n-1
SN ratio, 1, and sensitivity, S
1
- (Sm - Ve)
n =101logm (db)

e

§=10 logl(Sm—Ve) (db)
n

2
Wity tetyy) (fo=1)

5.4.5 Smaller-the-better response (static/non-dynamic characteristic)

(26)

(27)

(28)

(29)

(30)

(31)

When a system has a non-negative output response and its ideal value is zero, the system’s output
response is called smaller-the-better characteristic or smaller-the-better response. SN-ratio for smaller-
the-better response should be applied in this case in robustness assessment.

a)

b)

Data set for computing SN ratio for smaller-the-better response

The data set for smaller-the-better response has the common configuration of the data set for
static/non-dynamic characteristic, as shown in Table 3, where the noise factor has n levels.

Computing SN ratio for smaller-the-better response

The mean squared deviation from the ideal value of zero is given by

~2 2 2 2
o Vi+ys++yy,)

S|
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In this International Standard, the notation 62 is used for an estimate of a mean squared deviation
(MSD).

SN ratio, 1y is calculated as

n=-10logé? =10 log ! (db) (33)

62

5.4.6 Larger-the-better response (static/non-dynamic characteristic)

When a system’s output response is desired to be as large as possible, this means the ideal value is
infinity. The system’s output response is called larger-the-better characteristic or larger-the-better
response. SN ratio for larger-the-better response can be applied in the robustness assessment in this
case.

In cases where the limit value yq is theoretically fixed, after data transformation to the difference from
the limit value, y' = yg - y, the new variable y' can be considered as a smaller-the-better characteristic
or nominal-the-best characteristic. It is recommended to transform the data and apply the static/non-
dynamic formulation. Percentage data is an example.

a) Data set for computing SN ratio for larger-the-better response

The data set for larger-the-better response has the common configuration of the data set for
static/non-dynamic characteristic, as shown in Table 3, where the noise factor has n levels.

b) Computing SN ratio for larger-the-better response

Foralarger-the-better response, the inverse ofy, 1/y,is treated as a smaller-the-better characteristic.
Therefore, the estimate of mean squared deviation 62 is given by Formula (33):

Azzl(i+i+...+i> (34,)
n 2 2 2
yvi oy v?

SN ratio, n, is calculated as

n=-10logé?% =10 1ogi2 (db) (35)
O

5.4.7 SN ratio for digital characteristics

In computers, control systems, digital communication systems, and the like, the input and the resulting
output data consist of only two digital sates, namely ones and zeroes. In such digital input and digital
output systems, robustness should be evaluated by standardized SN ratio. Standardized SN ratio means
“SN ratio after optimized by adjusting the threshold level”. This adjustment is also called as calibration
or levelling.

a) Data set for computing standardized SN ratio for digital characteristic

Considering a communication function, receiving a 0 when a 1 is transmitted constitutes an error.
The rate of such errors is denoted by p. Receiving a 1 when a 0 is transmitted is also an error, and
this error rate is denoted by g. This can be summarized as shown in Table 4.
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Table 4 — Table of two types of error rate

Output Number of
(Determination result) trials
1 0
Input 1 1-p ’ -
(Samples) 0 q 1-q -

b) Computing standardized SN ratio for digital characteristic

When the communication system is optimized by adjusting the threshold level so that the error :
rates p and q are the same, standardized error rate po is calculated as :

1
Po = 1 1
1+\/(—1j><(—1j
p q
because the following formula is held in this case:
A GG o)
Po Po p q

Standardized contribution ratio pg should be calculated from the standardized error rate pg as
follows:

(36)

po=(1-2po)° (38)

Standardized SN ratio is

o =-10 log[i—lj (db) (39)
Po

Standardized SN ratio for a digital characteristic shows the robustness of the digital system after
optimizing it by levelling the threshold.

5.5 Some topics of SN ratio

5.5.1 Using SN ratios in system comparison

The absolute value of an individual SN ratio does not carry any significant meaning, but the difference
in the values of SN ratios of two systems evaluated under the same noise levels can be applied as a
measure of system comparison. The magnitudes of SN ratios calculated for the same noise levels provide
an indicator for the market losses caused by inefficiency and variability of the systems due to noise
conditions. This allows comparison of the robustness of designed systems based on various design
concepts. This is called “robustness assessment”.

Asstatedabove,SNratiocanbeappliedtorelativecomparisonstobemadebetweensystems/variousdesign
concepts. Robust assessment can be applied not just for new systems introduced in technology/product
development, but also for assessing conventional products and competing products in benchmarking to
find out which products are superior in their performance in market.
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5.5.2 Nonlinear formula cases

Even if the ideal relationship between signal and output response is nonlinear, in some cases, a simple
transformation of the variables can linearize the relationship. It makes the function to a zero-point
proportional ideal function. SN ratio can be computed accordingly.

EXAMPLE Given “y” is output, “M” is signal, and “@” is a constant.
The system’s ideal function is: y = a x efM.
Take the natural logarithm both sides: Iny = In a + fM.
Assume “In y” as a new variable of “Y”: Y =In a + M.

Formula for SN ratio for linear formula is applicable in this case.

5.5.3 SN ratios of static/non-dynamic characteristics

It is most effective and, therefore, recommended that SN ratios for dynamic characteristics should
be applied at the upstream stage of the technology/product development process, rather than non-
dynamic characteristics. In some cases, SN ratio for non-dynamic characteristics can be applied at the
downstream stage of the technology/product development process.

6 Procedure of a parameter design experiment

6.1 General

This clause provides the procedure of a parameter design experiment with the case of zero-point
proportional ideal function. A case study will be presented in Clause 7.

[tisrecommended thatan orthogonal array is applied for the inner array to explore the design parameter
space because an orthogonal array makes it possible to evaluate the combinations of many design
parameters simultaneously. The number of design parameters explored becomes large as compared
to other plans of experiment in the same number of experimental runs. It means that the possibility of
improvement in robustness by selecting optimum levels of design parameters becomes much higher.

The procedures of parameter design experiment mentioned in 4.4 will be discussed in more detail in the
following subclauses.

6.2 (Step 1) Clarify the system’s ideal function

A function is work that a system performs to fulfil its objective. A function has an input signal to actuate
the operator’s intention. The input signal can change the output response of the system to fulfil the
system'’s objective based on a function. The function can be expressed by a mathematical form of the
relation between input signal and output response.

Define the ideal state of the function, i.e. ideal relationship between input signal and output response
based on the system’s function. The ideal function represents the system’s work intended.

Asking the following questions is helpful to identify the ideal function:

— What is the intended function of the system?

— How does the system deliver the intended response?

— What is the physics of the system?

— What is the energy transformation of the system, in case of hardware system?

— What is the transformation of information, in case of software/service system?
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— What is the input signal that changes the output response?

— What is the output response delivered by the system?

— What s the ideal relationship between the input signal and the output response?
— What is the formula that can be applied to express the function?

When the response should be zero at the zero input (input = 0, then output = 0), and the input and
the output should be proportional, then the function can be expressed by a zero-point proportional
formula. In many physical systems, phenomena are proportional and zero-point proportional formula
is applicable to their ideal function from the viewpoint of physics. A linear system is easy for users to
understand and operate it.

Such characteristics expressed in the input-output relationship are also called dynamic characteristics.

There are mainly three types of formula for dynamic ideal function: zero-point proportional, reference-
point proportional, and linear formulas as shown in Clause 5. In some cases, the relation between input
and output can be expressed by a simple linear formula after some transformation. See more discussions
in Clause 5.

6.3 (Step 2) Select a signal factor and its range

Identify the input signal of system. The input signal is supposed to change the value of output responses
asintended. The signal factor is the user’s manipulating conditions for the purpose of inputting the signal
to the system. Sometimes, the user indirectly changes the input, for example, by foot pedal, handle, or
lever. Select the signal and a signal factor for changing the signal.

Levels of the signal factor should cover the entire range of customer’s usage conditions. In case of active
dynamic characteristics, the output range is more important because the output response is the user’s
demand itself. So check if the range of output response changed by the signal covers the customer’s
demand. In case of passive dynamic characteristics, such as temperature for a thermometer, the actual
range of signal should be covered by the levels of the signal factor in the experiment.

The overall range of the signal should be taken rather wider because results of the experiment can
be applicable to wider situations. The number of signal levels should be three or more levels because
nonlinearity and higher order distortions can be assessed as a noise effect. When each width between
signal levels is set equal, the calculation of sum-of-squares decomposition becomes easier.

6.4 (Step 3) Select measurement method of output response

The method for measuring the response should be selected. In some cases, a suitable measurement
method cannot exist. In general, industries have been making efforts to measure non-dynamic responses
because of validation purposes. It is critical to develop an efficient and effective measurement system to
measure the response of ideal functions.

6.5 (Step 4) Develop noise strategy and select noise factors and their levels

Select noise conditions to be tested in the experiment as noise factors. One or two noise factors can be
sufficient to make a comparison of the robustness of a system for an entire noise space. When many
noise factors are desired and easy to vary, noise factors can be assigned to an orthogonal array.

Noise factors are classified into mainly two kinds: inner noise and outer noise. An inner noise comes
from the deviation of system parameters from the designed value, for example, aging degradation, part
precision, manufacturing variation, and assembly variation. An outer noise comes from outside of the
system, for example, environmental conditions in usage such as temperature, humidity, vibration, etc.

When many noise factors are taken into the experiment, experimental results can be applicable to wider
situations, but on the other hand, the number of experimental runs increases much. Therefore, if the
direction of each noise factor’s effect on the output response is relatively known, a noise compounding
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method can be applicable. A compounded noise factor has two extreme levels: a compounded noise
condition level where the output response tends to be low, and a compounded noise condition level
where the output response tends to be high. Then, the robustness can be assessed by only two noise
levels, making the test for assessment extremely efficient. The smaller the effect of the compounded
noise factor is, the more robust the system is.

6.6 (Step 5) Select control factors and their levels from design parameters

Select design parameters tested in the experiment as control factors. It is recommended to use three
levels where one of the levels is the baseline level. In the final step of the optimization, the optimum
levels of control factors will be selected and will be verified. It is recommended that the range of design
parameters be determined by how the design space should be explored. It is usual that it should be taken
as wide as possible. Sometimes optimum value of a design parameter is found in an unexpected range.

Control factors can be continuous variables, such as length and mass, or it can be attributed, such as
material type and shapes, depending on the nature of design parameters.

First of all, control factors should be defined such that they can be varied independently. Secondly, it is
recommended to define control factors in such a way that their effects are independent. In some cases,
where control factor effects are interactive, a technique called sliding level can be applied, or redefining
control factors such that their effects become more independent.

For example, when volume, specific gravity, and mass of a cubic part are selected as control factors in
one experiment, they are correlated and not independent. Two of them can be selected as independent
control factors. Instead of taking time and temperature as control factors, you can redefine them as heat
energy and time, or simply call it time and temp profile.

6.7 (Step 6) Assign experimental factors to inner or outer array

Assign the control factors selected in step 5 to inner array, and the noise factor(s) selected in step 4 and
the signal factor selected in step 2 to outer array. Inner array should be an orthogonal array such as an
orthogonal array L1g and outer array can be a factorial plan. In simulation experiment, outer array can
be an orthogonal array because repeated runs in outer array are rather easy to perform in this case.

Orthogonal array Lig has eight columns. One two-level control factor (A) and seven three-level factors
(B-H) can be assigned to columns in an orthogonal array L1g shown in Table 5. Two-level control factor A
should be assigned to the first column. Rows represent the experimental run number. The numbers
in each cell represent the level of the factors. The experimental run of row No. 1 should be performed
under the condition of the combination of factorial levels A1B1C1D1E1F1GH1. The condition in the run
of row No. 2 should be performed under the combination of factorial levels A1B1C2D2E2F2G2H?2.

Table 5 — Orthogonal array L1g

No. A B c D E F G H
1 1 1 1 1 1 1 1 1
2 1 1 2 2 2 2 2 2
3 1 1 3 3 3 3 3 3
4 1 2 1 1 2 2 3 3
5 1 2 2 2 3 3 1 1
6 1 2 3 3 1 1 2 2
7 - 1 3 1 2 1 3 2 3
8 1 3 2 3 2 1 3 1
9 1 3 3 1 3 2 1 2
10 © 2 1 1 3 3 2 2 1
1 2 1 2 1 1 3 3 2
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Table 5 (continued)

No. A B C D E F G H
12 2 1 3 2 2 1 1 3
13 2 2 1 2 3 1 3 2
14 2 2 2 3 1 2 1 3
15 2 2 3 1 2 3 2 1
16 2 3 1 3 2 3 1 2
17 2 3 2 1 3 1 2 3
18 2 3 3 2 1 2 3 1

As for the inner array in parameter design, an orthogonal array is recommended to explore the design
space efficiently. Omitting design parameters due to a large number of experimental runs is contrary
to the purpose of parameter design. Therefore, performing experiments based on an orthogonal array
is strongly recommended so that it is possible to evaluate combinations of many design parameters
simultaneously. It is also essential to assess a design parameter under the conditions where other
parameters are varied.

The number of rows of an orthogonal array is the number of experimental runs. The number of columns
is the number of assignable factors. If the number of control factors does not exceed the number of
columns of an orthogonal array, all factors could be assigned to the orthogonal array. It is recommended
to fill up all columns with control factors for the sake of efficiency.

An orthogonal array Lig is usually recommended, where the interaction between any two three-level
columns are compounded almost uniformly to other three-level columns. Relatively strong main effects
canbeidentified without specificcompounded interaction in this family of orthogonal arrays, suchas L1,
L1g, L36, and Ls4. In contrast, in the 21, 31, and 40 systems of orthogonal arrays, the interaction between
any two columns is compounded in specific column(s), so it is not robust against strong interactions
between control factors. See more discussion on this topic in the Bibliography.

6.8 (Step 7) Conduct experiment and collect data

Collect the outer array data for each row of inner array. SN ratio and sensitivity for each row of inner
array should be calculated through each set of corresponding data of outer array.

Note that collection of the outer array data should be repeated for each row of the inner orthogonal
array. In other words, robustness assessment should be done for each combination of design parameters
indicated by the inner orthogonal array.

Table 6 shows an example of outer array layout for assessing robustness by SN ratio and sensitivity for
each row of the inner orthogonal array. While the outer array in this example is a full factorial plan of
signal and noise factors, it can be an orthogonal array.

Table 6 — Example of outer array layout for SN ratio and sensitivity (2-way layout)

Signal M1 M2 Mk Linear form
N1 Y11 Y12 Y1k Ly
N2 Y21 Y22 Y2k L

Noise factor

Nn Yn1 Yn2 Ynk Ln

6.9 (Step 8) Calculate SN ratio, i, and sensitivity, S

SN ratio and sensitivity should be calculated for each row of inner orthogonal array L1g. Formulations of
SN ratio and sensitivity are shown in 5.4 depending on the types of ideal function.
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In the case of zero-point proportional formula, calculation of the data set in Table 6, for example, is as
follows.

Total sum of squares
2 2 2
St=yi1+Yi2++Yu (fr=nxk)

Sum of squares of input signal levels/effective divisor

r=Mf+M%+~-+M,%

Linear forms for each noise level

L1 :Mlxy11+M2xy12+---+Mk X Y.,
L2 :Mlxy21+M2xy22+---+Mk X Y,
Ln :M1Xyn1+Msznz+"'+Mk Xy .

Sum of squares due to linear slope 8

:(Ll +L, +--~+Ln)2
nxr

S (f5=1)

Sum of squares due to the variation of linear slope § between noise levels

2 2 2
Li"+Ly" +---+L,
r

SNxp= =S (Unxp=n-1)

Sum of squares due to error

Se=ST1-Sp-Snxp (fe=nxk-n)

Variance due to error/error variance

V:S—e:—Se
¢ f. nxkn

Variance due to pooled error

_Se+SN><[3 _Se+SNxﬂ

VN
fe+fN« B nxk-1
SN ratio
1
(Sﬁ _Ve)
n=10log™=*L __—_____ (db)

VN

Sensitivity

$=10 1ogi(sﬁ ~V,) (db)
nxr

Table 7 shows the calculated results of SN ratio and sensitivity for each row of inner array.
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Table 7 — SN ratio and sensitivity for each row of inner array

No. SN ratio Sensitivity
db db
1 n1 S1
2 n2 S2
3 n3 S3
4 N4 Sa
5 15 S5
6 N6 Se
7 n7 S7
8 ns Ss
9 n9 S9
10 n10 S10
11 N1 S11
12 n12 S12
13 n13 S13
14 N14 S14
15 115 S15
16 N16 S16
17 n17 S17
18 n18 S18

From the calculated results of SN ratio and sensitivity for each row of inner array shown in Table 7, the
averages of SN ratio and sensitivity are calculated for each level of control factors (design parameters)

in the inner orthogonal array to identify the factorial effects.

The average of SN ratio for the level 1 of factor A is calculated by averaging SN ratios of lows from No. 1
to No. 9. Likewise, the average of SN ratios for the level 2 of factor A is calculated by averaging SN ratio
of lows from No. 10 to No.18. Similar calculations should be conducted for the control factors B to H, as

indicated as follows.

The average of SN ratios for each level of control factors

(n1+ny+n3+14+05+1g +17 +1g +19)

Na1= 9
B (7710 +1M11 ¥ M12 7113 TN14 TN15 T 116 T 117 +7718)
Naz2 = 9
B (771 T2 +N3+M10 111 +7712)
NB1= 6
_ (713 TNg+N7+112 +114 +'717)
NMH3 =

6

(40)

In the same way, the averages of sensitivity for each level of control factors should also be calculated as

follows.
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The average of sensitivity for each level of control factors

(Sl +Sy+S3+S,+Sc+Sc+S,+Sg +Sg)

Sa1= 5

g (S10+S11+S12+S13+S14+S15+S16+517+513)

A2= 9
(S3+S4+S7+S1,+S14+S17)

SH3 =

6

(41)

Table 8 shows the summary of the calculated averages of SN ratio and sensitivity for each factor’s level

of control factors in inner orthogonal array.

Table 8 — Averages of SN ratio and sensitivity

Confrol factor SN ratio Sensitivity

: db db

;: Level 1 Level 2 Level 3 Level 1 Level 2 Level 3

A 1Al nA2 - Sa1 Sa2 -
B nB1 B2 B3 SB1 SB2 SB3
C nc1 ncz nc3 Sc1 Sc2 Sc3
D D1 D2 D3 Sp1 Sp2 Sp3
E NE1 NE2 NE3 SE1 SE2 SE3
F NF1 nF2 1NF3 SF1 SF2 SF3
G nG1 nG2 1nG3 Sa1 SG2 563
H NH1 NH2 nH3 SH1 SH2 SH3

6.10 (Step 9) Generate factorial effect diagrams on SN ratio and sensitivity

Plot factorial effect diagrams on both SN ratio and sensitivity based on the data of averages shown in
Table 8. These diagrams show how each control factor affects SN ratio and sensitivity. SN ratio represents

variability while sensitivity represents linear slope or mean of the response.

Figure 6 shows examples of factorial effect diagrams on SN ratio and sensitivity.
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Figure 6 — Examples of factorial effect diagrams on SN ratio and sensitivity

Since the average of each level of control factors (design parameters) is calculated from the orthogonal
array, the grand average of SN ratio and sensitivity should be the same as the averages for each control
factor (design parameter). When the factorial effect diagrams are generated, it is easy to check for
mistakes in calculations.

Grand average of SN ratio

Ty = M1 +M2 +NM3+M4 +15+Me +17 +1g +19 + 110 + 111 *M12 113 1114 115 T116 + 117 T 1118 (42)
18

Average of SN ratio for each control factor should be the same as the grand average:

Ma1tNMaz _ . _Mui+MH2+Mu3 _ 7 (43)
2 3 - SN

Grand average of sensitivity

— S1+8,+853+854+S5+8+857,+S5g+S59+S519+S11+512+513+S14+S15+S16+S517+S18
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Average of sensitivity for each control factor should be the same as the grand average

SA1+SA2=”‘:SH1+SH2+SH3:T (45)
2 3 g

For a continuous variable of control factor, when the plot in the factorial effect diagram is not
monotonically increasing or decreasing, it can be an indication of some interaction between control
factors, and it is expected to have poor results in confirmation experiment because of such interactions.
For a continuous control factor effect on SN ratio, it is not realistic to have middle level being not robust
and low and high level being robust. So it is good practice to see if all continuous control factor effects
are monotonically increasing or decreasing.

6.11 (Step 10) Select the optimum condition
The strategy of two-step optimization should be applied when selecting the optimum condition.

First, observe the factorial effect diagram on SN ratio and select the level of each control factor with the
highest SN ratio average as an optimum level for robustness.

Second, observe the factorial effect diagram on sensitivity. If adjustment of the output is needed,
anticipate which factor(s) can be used to adjust the linear slope or mean, after confirming the first step.

Since parameter design implies optimizing robustness, it is essential to select the control factor levels
with highest SN ratio. This means that the resulting system can be expected to exhibit the smallest
variability of system’s function in the market.

For example, assuming the factorial effect diagrams of Figure 6, the optimum condition should be
selected as A1B1C1D1E3F3G1H1. However, if choosing another level of the control factor causes a small
difference in the db value of SN ratio, another level can be selected by consideration of sensitivity and
other criteria than SN ratio. In Figure 6, control factor E has small effect on SN ratio but has a strong
linearity on sensitivity. If the level 2 is selected for sensitivity reason rather than the optimum level 3
for SN ratio, it results only in a small difference in SN ratio, that is, robustness. This kind of trade-off can
be applied in two-step optimization. In any case, the optimum combination can be strategically selected
by considering many different criteria, but robustness should be the most important and it should have
the first priority.

6.12 (Step 11) Estimate the improvement in robustness by the gain

As the improvement in robustness, gain in SN ratio should be estimated by the difference in SN ratio
between the optimum design condition and some reference design condition, usually the baseline design
condition.

For the example of Figure 6, the optimum design condition is A1B1C1D1E3F3G1H1. The gain should be
calculated using the following procedures.

Calculate the estimated value of SN ratio for the optimum design condition as follows.

Estimated value of SN ratio for the optimum design condition

Nopt =71 +1B1 +7c1 +1p1 +1E3 +7MF3 +161 + 1M1 —7 Tsn (46)

Calculate the estimated value of SN ratio for the baseline condition in the similar way where the baseline
design combination is used, e.g. A1B2C2D2E2F2G2H2.

Estimated value of SN ratio for the baseline design condition
Mbase =M a1 +1B2 T7c2 + Hp2 +1E2 +1F2 +M62 T2 —7 Ton (47)
Calculate the gain in SN ratio as the difference between the SN ratios.
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Gain in SN ratio

An = Nopt — Nbase (db)

(48)

The gain of sensitivity can be calculated in the same way.

Estimated value of sensitivity for the optimum design condition

Sopt =Sa1+Sp1+Sc1 +Sp1 +Sg3+Sp3+S61 +Smt —77,3 (49)

Estimated value of sensitivity for the baseline design condition

Sbase =Sa1+Sp2+Sca+Sp2 +Sp2 +Sp2 +Sg2 +Suz 7T (50)
Gain in sensitivity

AS =.S'Opt -S,... (db) (51)

6.13 (Step 12) Conduct a confirmation experiment and check the gain and “reproducibil-

ity

Confirmation runs under the baseline design and the optimum design conditions should be conducted
to confirm the gains. This experiment is called a confirmation experiment. Just take two runs on the
outer array, that is, the run under the baseline design condition and the run under the optimum design
condition. Then compute the SN ratios, the sensitivities, and the gains as confirmed values.

Table 9 summarizes the estimated db values from the factorial effectin the parameter design experiment
and the confirmed db values in the confirmation experiment for both of SN ratio and sensitivity under
the baseline and the optimum design conditions.

Table 9 — Results of confirmation

SN ratio Sensitivity
db db
Estimated Confirmed Estimated Confirmed
value value value value

Optimum ' '
condition Mopt " opt Sopt S'opt
Baseline . ,
condition Ncur N cur Scur S'cur

Gain An An' AS AS'

When the gains in SN ratio and sensitivity are the almost same between the estimated values and
the confirmed ones respectively, then the experimental results of the parameter design can be highly
reproducible and will reproduce in actual situation. If not, there are some problems in reproducibility
because of poor additivity of factorial effects. One will need to re-examine items in the parameter design
experimental plan, such as definition of ideal function, input and output characteristics, formulation of
SN ratio, noise strategy, definition of control factors, measurement method, and so on.

When the results of the gain in the confirmation experiment are in highly reproducible, there might be
the case where the absolute values of SN ratio and/or sensitivity are not the same between the estimated
value and the confirmed one. In that situation, there can be other unknown noise factors which have
strong effects on the output response or SN ratio. However if the gains are reproducible, the effects of
control factors are considered to be reproduced and the improvement in robustness by selecting the
optimum condition relative to the baseline condition will be reproduced in the market.
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The profit of improvement from the current or baseline design to the optimized design can be estimated
as the decreasing of user’s quality loss and can be compared with cost of the improvement. In many
cases, choice of the optimum value of design parameter causes no or very little increasing in cost.

7 Case study — Parameter design of a lamp cooling system

Case study of applying parameter design to alamp cooling system is presented in this clause. In alighting
machine that uses a lamp light source, a cooling system, such as a cooling fan is necessary to prevent
overheating. It is not easy to measure temperature in the machine and surroundings because it needs
to control the ambient temperature during the experiment. Moreover, the selection of material shall be
considered in heat transfer, radiation, and convection. Therefore, this assessment will take a long time
and will cost much if different materials are tried in the experiment. In this study, in order to assess the
performance of a cooling system, robustness is evaluated based on the function of the cooling system
that is described as a relationship between fan motor voltage and air flow speed.

— (Step 1) Clarify the system’s ideal function.

The cooling system should keep the heat source and its surroundings cool by turning a fan by a
motor to expel hot air that has been heated up by the lamp used as a light source. The function of
this cooling system can be defined, “To remove hot air by generating air flow by a motor and a fan.”
The ideal function is defined with thought process as follows: The input is electric energy presented
by voltage, and it is consumed by the motor to drive the fun. The output is the speed of air flow to
remove hot air. Then the ideal function can be expressed as

y=pBM

where
M denotes input signal, “voltage”;

y denotes output response, “air flow speed”.

Figure 7 shows the ideal function of the cooling system. As the motor voltage increases, the air
flow speed increases proportional to the voltage. Any kind of air leak, whirlpool, or turbulence
will cause the deviation from the ideal function in actual situation and the inefficiency in energy
transformation.

y=6M

Flow Speed

WA
=1

MVoltage (V)

Figure 7 — Ideal function of the cooling system

— (Step 2) Select signal factor and its range.

Input signal of the cooling system is applied voltage to the motor to change the cooling air flow. The
motor voltage is set usually in the range from 0 to 25 (V). Then the motor voltage was selected as a
signal factor and three levels of it was set to 5, 15, or 25 (V) as shown in Table 10.
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Table 10 — Signal factor and its levels

M1 M2 M3
Motor voltage (V) 5 15 25

Levels

(Step 3) Select measurement method of output response.

The output response is air flow speed. It was measured by wind velocity or air speed. It can be
directly measured with an anemometer.

(Step 4) Develop noise strategy, and select noise factors and their levels.

Noise factors should be selected from noise conditions in the actual use in market, such as
environment conditions and deterioration of parts of the system. One or two typical noise conditions
are enough to be selected if they have strong effects.

In this study, existence of obstacle at the exhaust port was selected as a noise factor as shown
in Table 11. When there is an obstacle at the exhaust port, air flow will be disturbed and cooling
efficiency will fall. However the system should work in the same way whether an obstacle exists at
the exhaust port or not.

Table 11 — Noise factor and its levels

Levels N1 N2
Obstacle No Yes

(Step 5) Select control factors and their levels from the design space.

One two-level factor and seven three-level factors can be assigned to an orthogonal array Lig.
Table 12 shows the selected control factors and their levels.

Table 12 — Control factors and their levels for the cooling system

Control factors Level 1 Level 2 Level 3
A Baffle plate No Yes -
B Distance betweep gquipment enclo- 20 40 60
sure and air inlet (mm)
C Distance between air inlet and heat 110 60 40
source (mm)
Height of opening (mm) 30 15 0
E Height of exhaust duct (mm) 30 15 0
F Hole diameter at the top of heat Large Medium No
source (mm)
G Hole diameter at the bottom of heat No Medium Large
source (mm)
Distance between heat source and
H exhaust duct (mm) 60 50 40

(Step 6) Assign experimental factors to inner or outer array.

Control factors should be assigned to inner array. In this study, inner array is an orthogonal array
L1g. Table 13 shows the assignment of control factors to the columns of an orthogonal array Lig,
Each row shows the combination of the levels of control factors for each run from No. 1 to No. 18.
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Table 13 — Control factor assignment to inner array

No. A B C D E F G H
1 No 20 110 30 30 Large No 60
2 No 20 60 15 15 Medium Medium 50
3 No 20 40 0 0 No Large 40
4 No 40 110 30 15 Medium Large 40
5 No 40 60 15 0 No No 60
6 No 40 40 0 30 Large Medium 50
7 No 60 110 15 30 No Medium 40
8 No 60 60 0 15 Large Large 60
9 No 60 40 30 0 Medium No 50
10 Yes 20 110 0 0 Medium Medium 60
11 Yes 20 60 30 30 No Large 50
12 Yes 20 40 15 15 Large No 40
13 Yes 40 110 15 0 Large Large 50
14 Yes 40 60 0 30 Medium No 40
15 Yes 40 40 30 15 No Medium 60
16 Yes 60 110 0 15 No No 50
17 Yes 60 60 30 0 Large Medium 40
18 Yes 60 40 15 30 Medium Large 60

Noise factor and signal factor should be assigned to outer array. In this study, outer array is a two-
way full factorial plan.

— (Step 7) Conduct experiment and collect data.

Table 14 shows the measured data of the air flow speed in the experimental run for each row of
inner array.
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Table 14 — Measurement results of air flow speed (m/s)

M1 M2 M3
Ne N1 N2 N1 N2 N1 N2
1 0,12 0,09 0,31 0,26 0,44 0,41
2 0,18 0,15 0,28 0,23 0,44 0,32
3 0,36 0,31 1,20 0,96 1,56 1,46
4 0,25 0,22 0,77 0,66 1,24 1,20
5 0,24 0,19 0,84 0,73 1,26 1,08
6 0,23 0,20 0,79 0,67 1,24 1,02
7 0,13 0,08 0,14 0,34 0,30 0,56
8 0,23 0,19 0,57 0,26 0,91 0,56
9 0,24 0,19 0,86 0,68 1,32 1,12
10 0,26 0,17 0,86 0,67 1,30 0,98
11 0,06 0,04 0,23 0,28 0,37 0,27
12 0,36 0,34 1,14 1,04 1,70 1,58
13 0,21 0,12 0,77 0,60 1,18 1,04
14 0,31 0,30 1,12 0,93 1,66 1,42
15 0,10 0,04 0,33 0,24 0,56 0,47
16 0,28 0,23 1,10 0,82 1,66 1,24
17 0,27 0,23 0,83 0,72 1,30 1,08
18 0,28 0,19 0,76 0,57 1,06 0,71

— (Step 8) Calculate SN ratio, 1, and sensitivity, S.

When the motor voltage is 0, the air flow speed should be 0. Accordingly, formulas for a zero-point
proportional ideal function are applied to the calculations of SN ratio and sensitivity as shown in
Clause 6.

Computations for the data of row No. 1 of the inner array L1g are shown as follows.
Total sum of squares

St=0,122+0,092 + 0,312 + 0,262 + 0,442 + 0,412 = 0,547 900 (fr = 6)

Sum of squares of input signal levels/Effective divisor

r=52+152+252=875

Linear forms for each noise level

L1=5%0,12+15x 0,31 + 25 x 0,44 = 16,250 000
L;=5%0,09+15x0,26 + 25 x 0,41 = 14,600 000

Sum of squares due to linear slope, 8

s —(16'25+14’60)2—0 543 841 (f5 =1)
P 2x875 -

Sum of squares due to the variation of linear slope § between N1 and N2
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16,25% + 14,602
875

SNxp= S =0,001556 (fy,p5=1)

Sum of squares due to error

Se=0,547900 - 0,543 841 - 0,001 556=0,002 503 (fe =4)

Error variance/variance due to error
v, = 2002503 4 150626
4
Variance due to pooled error/variation due to error and noise

~0,002503+0,001556
1+4

VN =0,000812

SN ratio, 1, and sensitivity, S

5 1875(0,543841—0,000626)

X

=10lo =—4,17 (db

! & 0,000812 (db)

§=10log (0,543 841-0,000 626)=-35,08 (db)
2% 875

Similarly, calculations for each row of the inner array were performed.

Table 15 shows the results of calculations of SN ratio and sensitivity for each row of the inner array.
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Table 15 — SN ratio and sensitivity for inner array

No. SN ratio Sensitivity
db db
1 -4,17 -35,08
2 -12,77 -35,86
3 -5,99 -23,94
4 1,76 -26,29
5 -4,81 -26,36
6 -5,35 -26,74
7 -15,93 -35,41
8 -14,45 -30,67
9 -5,35 -26,15
10 -8,82 -26,58
11 -11,40 -37,24
12 -1,08 -23,41
13 -5,57 -27,06
14 -4,92 -23,97
15 -8,00 -33,99
16 -9,13 -24,54
17 -4,89 -26,25
18 -11,99 -28,41

IS0 16336:2014(E)

(Step 9) Generate factorial effect diagrams on SN ratio and sensitivity.

The average values of SN ratio and sensitivity for levels of control factors assigned in the inner
orthogonal array L1g should be calculated based on the data in Table 15 to generate factorial effect
diagrams.

The averages of SN ratio for each level of control factors assigned to the inner orthogonal array are
calculated by the formulae presented in Clause 6 as follows:

(-4,17-12,77-5,99+1,76 - 4,81-5,35-15,93 - 14,45-5,35)

= =_7,4'5
Ma1 9
(-8,82-11,40-1,08-5,57-4,92—-8,00-9,13-4,89-11,99)
Naz= 9 =-7,31
(-4,17-12,77-5,99-8,82-11,40-1,08)
nB1 = 6 =-7,37

(-5,99+1,76-15,93-1,08—-4,92—4,89)

6
The averages of sensitivity are similarly calculated.

=-5,18

NMH3 =

The results of average calculations are summarized in Table 16.
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Table 16 — Averages of SN ratios and sensitivities

SN ratio Sensitivity
Control factor db db
Level 1 Level 2 Level 3 Level 1 Level 2 Level 3
A Baffle plate -7,45 -7,31 - -29,61 -27,94 -
B Distance between equipment enclo-
sure and air inlet -7,37 -4.48 -10,29 -30,35 -27.40 -28,57
C Distance between air inlet and heat
source -6,98 -8,87 -6,29 -29,16 -30,06 -27,11
D Height of opening -5,34 -8,69 -8,11 -30,83 -29,42 -26,07
E Height of exhaust duct -8,96 -7,28 -5,91 -31,14 -29,13 -26,05
F Hole diameter at the top of heat
source -5,92 -7,01 -9,21 -28,20 -27,88 -30,24
G Hole diameter at the bottom of heat
source -491 -9,29 -794 -26,58 -30,80 -28,94
H Distance between heat source and
exhaust duct -8,71 -8,26 -5,18 -30,18 -29,60 -26,55

Figure 8 shows the factorial effect diagrams on SN ratio and sensitivity for the cooling system.

-3
5
S
2

-11

Al A2 B1 B2 B3 C1C2cC3 D1 D2 D3 E1 E2 E3 F1 F2 F3 G1 G2 G3 H1 H2 H3

-25

lerd S /AN

-33

Sensitivity (db)

Al A2 B1 B2 B3 C1 C2 C3 D1 D2 D3 E1 E2 E3 F1 F2 F3 G1 G2 G3 H1 H2 H3

Figure 8 — Factorial effect diagrams for the cooling system

tStep 10) Select the optimum condition.

In order to maximize SN ratio, a factorial level with higher SN ratio should be selected as an optimum
level for each control factor. The optimum combination for SN ratio becomes A2B2C3D1E3F1G1H3.
From the factorial effect diagrams, the factor whose optimum level is conflicted between SN ratio
and sensitivity is factor D. To increase the sensitivity, selecting the level D3 is considered, but finally
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the level D1 is selected as the optimum condition because robustness with higher SN ratio is more
important to the system.

— (Step 11) Estimate the improvement in robustness by the gain.
The estimates of SN ratio and sensitivity for optimum and baseline designs are calculated.

The estimation using all the factorial effects tends to be excess in some cases. For the moderate
estimations of SN ratio and sensitivity, some factorial effects that are relatively large can be selected
for the estimation.

In this case study, factors B, D, G, and H are selected to estimate SN ratio, and factors D, E, G, and H
are selected to estimate sensitivity.

The baseline design is the initial design of the cooling system that has a combination of control
factor’s levels of AIB1C1D1E1F1G1H1.

Using the averages of SN ratio shown in Table 16, the calculations of SN ratios for the optimum and
baseline designs are performed as follows.

Grand average of SN ratio

Tgy = Average of 18 SN ratios =-7,38

Estimated value of SN ratio for the optimum design

Estimated value of SN ratio for the baseline design

Nbase =181 +1p1 +Mg1 M1 —3Tsy =—7,37-5,34—-4,91-8,71-3x(-7,38)=- 4,19

The gain in SN ratio is calculated as the difference between the estimates for the optimum and the
baseline designs.

Gain in SN ratio

AN = Nopt ~ Nbase = 2,23 - (- 4,19) = 6,42 (db)

The gain in sensitivity is also estimated in a similar way. It shows as follows.
Grand average of sensitivity

’I_"ﬁ = Average of 18 sensitivities =—28,77

Estimated value of sensitivity for the optimum design

Sopt =Sp1 +Sg3+Sg1 +Sp3 3T =—30,83-26,05-26,58—26,55-3x(~28,77)=-23,70

Estimated value of sensitivity for the baseline design

Shase =Sp1 +Sg1 +S¢1 +Sy1 —3Tg =-30,83-31,14-26,58-30,18-3x(~28,77) = 32,42

The gain in sensitivity is calculated as the difference between the estimates for the optimum and
the baseline designs.

Gain in sensitivity
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AS= Sopt — Sbase = 23,70 - (- 32,42) = 8,72 (db)

— (Step 12) Conduct a confirmation experiment and check the gains and “reproducibility”.

The confirmation experiment was conducted under the baseline design and the optimum design.
SN ratio and sensitivity are computed from the data of the confirmation experiment. From the
results of the confirmation experiments shown in Table 17, it is confirmed that the gains in db show

excellent reproducibility.

Table 17 — Results of the confirmation experiment

SN ratio Sensitivity
db db
Estimated value Confirmed value Estimated value Confirmed value
Optimum 2,23 1,66 -23,70 -24,03
Baseline -4,19 -4,17 -32,42 -35,08
Gain 6,42 5,83 8,72 11,05

Figure 9 shows the input-output relationships for the optimum design and the baseline design.

d

It can be seen that the robustness and the efficiency of the cooling system are greatly improved by the
parameter design. Substantially, higher air flow speed can be achieved with the same motor voltage in
the optimum design. It can be predicted by the gain in sensitivity. Due to the improved cooling capacity,

18 1

)

14
1.2

1
08
06
04
0.2

Air flow speed ({m/s

0

b 10 18 20
Volage(V)

optimum design

baseline design

Figure 9 — Functions observed in the confirmation experiment

these results show that a reduction of temperature in the lighting machine can also be expected.

Finally, the temperature test was performed on the optimum design and on the baseline design. The

results of the temperature test are shown in Figure 10.The improvement was confirmed.
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Figure 10 — The temperature change of a thermal part

As shown in Figure 10, for the baseline design, the temperature rising continues 20 min after the test
started. However, for the optimum design, the temperature is stabilized after 3 min and does not rise
thereafter. It is kept below the critical temperature of 100 °C.

Because testing cooling performance by measuring temperature is very tedious and time consuming,
an easy and quick assessment method is conducted in this study. It focuses on the air flow generating
function of the cooling system and the robustness optimization through SN ratio. Remember, SN ratio
is a measure of performance where the numerator is efficiency of energy transformation and the
denominator is the variability of energy transformation.
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Annex A
(informative)

Comparison of a system'’s robustness using SN ratio

A.1 Assessing robustness of design concepts

A.1.1 General

As mentioned in Clause 6 of this International Standard, a parameter design can optimize one design
concept by assigning many design parameters of control factors to an inner orthogonal array. However,
in product development, it will become necessary to compare the robustness of various design concepts.
Forinstance, itis necessary to benchmark competitors’ designs against one’s own designs for robustness.

In such cases, as long as the products have the same function (even if there are multiple systems based
on different design concepts), robustness assessment can be conducted to compare various design
concepts. The procedure described in Clause 5 of this International Standard can be applied as a
robustness assessment. Basically, for each design concept, the SN ratio and sensitivity will be evaluated
under noise strategy for the common ideal function.

Two examples are presented in the following subclauses.

A.1.2 Case study 1: Robustness assessment of mechanical components

The robustness assessment of ball bearings is presented as a case study. Ball bearings form rotating
parts of various mechanical products, where they perform the task (objective function) of supporting
a shaft while allowing it to rotate smoothly. Conventionally, a bearing’s ability to rotate smoothly is
assessed by, for example, using sensory assessment by listening for rotation noise, or by assessing
the audible noise level. However, in this example, the smoothness of rotation is assessed based on the
rotation function of a bearing as described below.

The input-output relationship for aball bearing can identified as follows. Assume that the inputis applied
pre-load and the output response is rotational torque, the rotational torque y should be proportional to
the applied pre-load M. Then the ideal function is given by a zero-point proportional formula,

y=pM (A1)

where y and M represent the rotational torque and the applied pre-load, respectively.

If this torque remains low and stable under all usage conditions, the bearing is highly robust and
should also exhibit a low level of quality problems, such as audible noise, vibration, and poor reliability.
Therefore, the relation between the rotational torque and the pre-load was chosen as the function of
a bearing to be assessed. Using the pre-load as an input signal, the rotational torque was measured
while changing the pre-load in three levels, M1 = 20 N, M2 = 30 N, and M3 = 40 N, covering the range
encountered in the use of bearings.

Factors that cause variability and inefficiency in this function are called noise factors. Here, rotation
speed and elapsed time are selected as noise factors. These factors have alarge effect on the deterioration
of the bearing. These two noise factors are taken into account for robustness assessment. The rotation
speed was taken at two levels, 1 r/min and 3 r/min. The elapsed time is taken at two levels, starting
point and 1 min after starting. Then these noise levels are compounded into two combinations: one is to
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have an effect of relatively smaller deterioration (relatively smaller torque), and the other is to have an
effect of relatively larger deterioration (relatively larger torque).

— N1: Combination of lower seed and shorter elapsed time levels (1 r/min and starting point)
— N2: Combination of higher speed and longer elapsed time levels (3 r/min and 1 min after starting)

When the tendency of the effects of each noise factor on the output is known, it is possible to reduce the
number of test replications by compounding noise conditions into one compounded noise factor. Also, the
noise conditions in the assessment do not have to come from or to be the same as the conditions of test
standards or lifetime tests of the product. Develop a noise strategy, such that it is efficient and effective.
With regard to the rotation speed, there is also no need to perform assessment at the high rotation
speed used in practice, and assessment can be performed under these evaluation conditions. A set of
data of rotational torque is obtained as shown in Table A.1 for the example of two design specifications
A and B. Figure A.1 shows a plot of the acquired data.

Table A.1 — Measurement results of rotational torque

Dimensions in newton metres

M1 M2 M3
20 30 40
N1 15,0 25,5 39,0
Design specification A
N2 28,5 49,5 65,5
N1 13,5 24,5 42,5
Design specification B
N2 42,0 65,0 92,5

rotational torque (Nm)

pre-load (N)

Figure A.1 — Scatter plot of measurement data

It is ideal that the torque is proportional to the pre-load and there is no effect of noise. The response :
under N1 and N2 should be the same when noise factor has no effect. In reality, as shown in Figure A.1, -
the torque is not necessarily proportional to the pre-load and the effect of noise factor is significant. The
SN ratio will assess the proportionality and how small the effect of noise factor is, i.e. it will assess the '
robustness. The sensitivity measures nothing but the linear slope, 8. In this case, the sensitivity has a unit -
of torque per pre-load, and represents the amount equivalent to the coefficient of friction. Accordingly,
if a combination of the SN ratio and sensitivity is obtained based on the same noise conditions for two
design specifications A and B, the difference in the robustness between A and B can be comprehensively
and quantitatively expressed.
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The SN ratio and sensitivity should be calculated from the data in Table A.1 as follows. The following
computation for the design specification A is shown.

Total sum of squares

St=15,02 + 25,52 + 39,02 + 28,52 + 49,52 + 65,52 =9 949,00 (fr=16)
Sum of squares of input signal levels/effective divisor

r=20"+30%+40°=2900

Linear forms for each noise level

L1=15,0x20+25,5x30+39,0x40=2625,0
L =28,5x20+49,5x%x30+655x40=4675,0

Sum of squares due to linear slope, 8

Ly +Ly)*  (2625,0+4675,0)°

Sp
2r 2x2 900

=9187,9310 (fﬁ =1)

Sum of squares due to the variation of linear slope  between N1 and N2

(Ly —Ly)*  (26250-4675,0)°
2r 2x2 900

SNxp= =7245690 (fy,. p=1)

Sum of squares due to error

Se=5ST1-Sp-Snxp=9949,00-91879310 - 724,569 0=36,5000 (fe=4)

Variance due to error/error variance
S
v,=2e_ 36,5000
fe

Variance due to pooled error

=9,1250

_Se+Snxp 36,500 0+724,569 0
fe+foﬂ 4+1

Here, Ve represents the variance due to higher order effects other than linear effect within N1 and N2,
or variance due to the deviation from the proportional input-output relationship within N1 and N2. Vy
represents the variance due to the difference between N1 and N2 in addition to the variance due to error
and/or higher order effects.

VN =152,2138

SN ratio, 1, and sensitivity, S

1 1
16 = (9187,9310-9,1250
5y 55 Ve) 22900 )
n=10log=——=10log =-19,82 (db)
Vy 152,213 8
S=10log—(S, ~V.)=10 log——(9187,931 0-9,125 0)=1,99 (db)
Sorop e 822900 ’ ’ ’

Similar calculations are done for the design specification B. The results are summarized in Table A.2.
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Table A.2 — SN ratios and sensitivities (db)
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Design Design
specification | specification Gain
A B
SN ratio -19,82 -23,09 3,27
Sensitivity 1,99 4,00 -2,01

From these results, the SN ratio and sensitivity of the design specification A are, respectively, 3,27 db
higher and 2,01 db lower as compared to the design specification B. From the anti-logarithm scale, the
gain of 3,27 db in the SN ratio is equivalent to a factor of 2,12 times, so it can be concluded that the
robustness of the design specification A is approximately twice that of the design specification B.

Also, the anti-logarithm of the sensitivity gain of -2,01 db is 0,63, and its square root is 0,79. This shows
that the average value of rotational torque for design specification A is about 20 % lower than that for
design specification B with the same pre-load.

The difference in robustness and averages between two design specifications Aand B has been expressed
quantitatively by gains in SN ratio and sensitivity. Furthermore, based on the benchmarking results, if
the target values of new product are, for example, the SN ratio of —=20,0 db and sensitivity of 2,0 db, it can
be concluded that the design specification A satisfies the targets, while the design specification B does
not.

A.1.3 Case study 2: Robustness assessment on a measurement system

A measuring instrument can be defined to have a dynamic ideal function with a passive signal with
the expression of y = M, where M is the value of measurand (measured quantity) as a passive signal
and y is its indicated value by the instrument. Signal in this case is called passive signal as opposedto
active signal. In case of car steering, for example, the steering angle would be an active signal, because
customers actively manipulate the steering and change the value of steering angle to get desired
turning radius of the vehicle. The output response, the turning radius, is important to the customers.
In case of measurement system, the value of input signal, the value of measurand, is already fixed when
measurement is started and it is what customers want to know. The function of the measurement
system is to reproduce the value of input signal from the output response of indicated value. So this kind
of signal is called a passive signal.

An example of robustness assessment on three-dimensional coordinate measuring machine is shown.

Three-dimensional measuring machines are widely used for the measurement outside standard rooms
recently. The usage conditions of three-dimensional measuring machines differ from one measurement
process to another. A sensor attached to the measuring machine is important for reserving measurement
accuracy and required to exhibit adequate performance under any conditions. Robustness assessment
was applied for selecting an adequate sensor from three kinds of sensor design.

Conventional assessment method for a measuring instrument involves performing repeated
measurements under a certain set of usage conditions and calculating a standard deviation in order
to determine the magnitude of measurement error of the machine. In this method, the robustness
under other usage conditions cannot be known, so it is not possible to guarantee whether the same
performance will always be ensured under different usage conditions.

In contrast, this case study presents a method for evaluating the overall robustness of a measuring
instrument by conducting measurements under a number of different usage conditions as noise
conditions. The function of measurement system including a sensor is expressed as a zero-point
proportional formula y = fM, where M denotes the value of a measured quantity and y denotes its
indicated value. Robustness of measuring system is expressed by the smallness of variation of the
proportional relationship under various noise conditions, this means the smallness of measurement
error in the customers’ situation.

First, usage conditions such as measurement speed, probe rotation angle, etc. were studied for selecting
noise factors. As a result, four noise factors, each having three levels, were identified. These four factors
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at three levels were assigned to an orthogonal array Lg, and nine noise conditions were generated by Lo.
When many noise factors are dominant and it is not easy to compound them or does not make sense to
compound them, assigning them to an orthogonal array is recommended.

Next, for signal factor M, three different test pieces whose values were already known with satisfactory
uncertainty were selected to set the three levels of signal factor as shown in Table A.3.

Table A.3 — Signal factor levels and sensor A measurement results

Dimensions in millimetres

M1 M2 M3

9,999 6 109,998 9 209,999 2
N1 9,999 0 109,998 9 210,000 1
N2 9,998 7 109,999 1 210,000 6
N3 9,998 0 109,998 6 209,999 6
N4 9,999 1 109,998 7 210,000 3
N5 9,997 0 109,997 0 209,997 8
N6 9,998 9 109,998 8 210,000 0
N7 9,997 3 109,997 1 209.998 8
N8 10,000 6 110,000 5 210,002 3
N9 10,000 0 109,999 9 210,001 4

Under these experimental factors, measurements were conducted using three different sensors A, B,
and C, and the robustness of these three sensors was compared. Table A.3 shows the measurement
results obtained using sensor A. Using 3 x 9 = 27 data from three levels of passive signal and nine noise
conditions from the Lg, SN ratio and sensitivity were computed as follows:

Total sum of squares

S =9,999 0% +109,998 9% +210,000 12 + --+10,000 0% +109,999 92
+210,001 4% =506 697,642 064 29 (fy =27)

Sum of squares of input signal levels/effective divisor

r=9999 62 + 109,998 92 + 209,999 22 =562 99,414 002 01

Linear forms for each noise level

L =9,9990x9,9996 +109,9989 x109,9989 +210,0001x209,9992=56299,597 00153
L,=9,9987x9,9996 +109,9991 x109,9991+210,0006%209,9992=56299,72100103

L,=10,0000%9,9996 +109,9999 x109,9989+210,001 4x209,9992=56299,98999899

Sum of squares due to linear slope,

Ly + Ly e+ Lg)?

- 9r

(56 299,597 001 53+56 299,721 001 03 +---+56 299,989 998 99)2
- 9x56 299,414 002 01

=506 697,642 018 87 (f5 =1)

Sp
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Sum of squares due to the difference of linear slope, 5, between noise levels

L12+L22+---+L92
r

SNxp = -Sg

_56299,597 001 53% +56 299,721 001 032 +---+56 299,989 998 99°
a 56 299,414 002 01
~506 697,642 018 87=0,000 02419 (fy, 5 =8)

Sum of squares due to error

Se:ST_Sﬂ _SNXﬂ
=506 697,642 064 29-506 697,642 018 87-0,000 024 19 =0,000 021 23 (f, =18)

Error variance/Variance due to error

V S—ez—O'OOO 002123 =0,000 00118

¢ f. 18
Variance due to pooled error

_ Se+Snxp 0,000 021 23+0,000 024 19
fetfnxp 18+8

SN ratio and sensitivity

=0,000 001 75

N

1
97(5[3 _Ve)
n=10log 22—
VN
556 255 114 507 o (506 697,642 018 870,000 00118)
=10 log > ’ -57,57 (db)
0,000 001 75
1
S=10log—(S4 -V,
g 9]"( ﬁ e)
~10 log ! (506 697,642 018 87 —0,000 00118)=0,000 02499 (db)
9x56 299,414 002 01

Similar computations were done to calculate SN ratios and sensitivities for the sensors B and C. SN ratio
of a measurement system is very important because it shows the magnitude of measurement error.
However, it is not for sensitivity since it can easily be calibrated, i.e. two-step optimization is easily
applicable to measurement systems.

Table A.4 shows the comparison of SN ratios for three sensors. From these results, the robustness of
sensor A is better than that of sensor B in 3,14 db, and better than that of sensor C in 8,93 db. This means
that after calibration, the standard deviation for measurement error of sensor A is 0,68 times smaller
than that of sensor B, and 0,35 times smaller than that of sensor C. By performing this sort of evaluation,
it is possible to comprehensively assess the robustness of a measurement system.

Table A.4 — Comparison of SN ratios (db)

Sensor A Sensor B Sensor C
SN ratio 57,57 54,43 48,64
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A.2 Layout other than orthogonal array for inner array

As discussed in Clause 6, parameter design involves a large number of design parameters (control
factors), and the design parameters are assigned to an inner orthogonal array to prescribe the plan
for experimentation. Even if there are four or fewer design parameters, they can still be assigned to an
orthogonal array, but it is also possible to evaluate all possible combinations of options instead of an
orthogonal array. This is called a multi-way layout or a full factorial plan.

In any case, itis important to take control factors simultaneously into one experiment so that each factor
level can be evaluated under various combinations of other factors’ levels rather than a fixed condition.

For example, let control factors A and B have two levels and let C have three levels. In this case, the full
factorial layout will consist of 2 x 2 x 3 = 12 combinations of factor levels as follows.

— No. 1: A1B1C1
— No. 2: A1B1C2
— No. 3: A1B1C3
— No. 4: A1B2C1
— No. 5: A1B2C2
— No. 6: A1B2C3
— No. 7: A2ZB1C1
— No. 8: A2ZB1C2
— No.9: A2B1C3
— No. 10: A2B2C1
— No. 11: A2B2C2
— No. 12: A2B2C3

Robustness evaluation is performed for each combination, yielding 12 SN ratios and sensitivities. The
average value for each level of control factors is calculated to determine the factorial effect of each
parameter.

Calculations are the same as in Clauses 5 and 6 in this International Standard.

AA — i
Copyright International Organization for Standardization © 1S0 2014 - All FlghtS reserved

Provided by IHS under license with ISO Licensee=University of Alberta/5966844001, User=ahmadi, rozita
No reproduction or networking permitted without license from IHS Not for Resale, 01/26/2015 10:15:26 MST



IS0 16336:2014(E)

Annex B
(informative)

Case studies and SN ratio in various technical fields

B.1 Case studies of dynamic characteristics

B.1.1 Case study 1: Application of dynamic characteristic in electromechanical system
(Optimization of a small DC motor based on energy transformation)

An automobile uses many small DC motors in various subsystems, such as window regulator, wiper
system, electric calliper, etc. OEMs are demanding to improve performance and quality requirements,
such as audible noise, heat generation, torque and rpm requirement, and energy efficiency and reliability.

It is typical to test a motor to check if it meets those requirements one by one, and conduct trade-off if
necessary. This is nothing but a validation, not a robustness assessment or optimization.

In this study, the ideal function for robustness assessment was identified based on the energy
transformation of DC motor. It is very much in line with today’s strong demand for energy efficiency.

This approach is to improve multiple requirements simultaneously by optimizing the ideal function
based on energy transformation.

— (Step 1) Clarify the system’s ideal function.

A DC motor takes electric power consumption to get amount of rotational power needed for doing
some works as input. A DC motor’s function can be described as transformation of electric power to
rotational mechanical power to provide intended displacement.

The ideal function of DC motor should be defined as a zero-proportional ideal function of energy
transfer, based on energy thinking that says “to provide the required motive power with low power
consumption.” It’s ideal function can be expressed as

y=pM

where input M is needed motive power and outputy is power consumption for providing the motive
power to do some works. Coefficient §is defined as the power consumption rate, which corresponds
to the electric power consumption needed per unit of motive power. The criteria for optimization
is to reduce variability due to noises, i.e. increase “robustness” of this relationship, and to minimize
the power consumption rate § as shown in Figure B.1.

e A AT
Copyright International Organization for Standardization '('lghtS reserved 47

Provided by IHS under license with ISO Licensee=University of Alberta/5966844001, User=ahmadi, rozita
No reproduction or networking permitted without license from IHS Not for Resale, 01/26/2015 10:15:26 MST



IS0 16336:2014(E)

y=pM

B

y.Power consumption)

M. motive power (W)

Figure B.1 — DC motor robustness

— (Step 2) Select signal factor and its range

In the experiments, the motor was loaded with three levels of torque, 2, 3, and 4 (N - m), to simulate
the driving load, and was connected to a 12 (V) supply, which is corresponding to an automobile
battery. Needed rotational power can be expressed as mechanical energy, that is, 2m x rotation
speed n (rps) x torque T (N - m), thatis, M = 2nnT.

The rotation speed and the internal current were measured for 180 s at sampling intervals of 0,1 s.
The motive power was computed to identify the input signal levels. The signal levels are computed
as the product of the rotation speed and the load torque as described in Table B.1. Rotation speed is
measured at the sampling interval of 0,1 s, because its instantaneous speed changes from time to
time due to noise effects, such as heat generation even under a constant torque condition.

Table B.1 — Signal factor for DC motor and its levels

. Load torque T4 Load torque T3 Load torque T3
Signal factor M1 M2 M3
Motive power Level values set from the product of the calculated rotation speed and the

(2mnT) three load torque levels corresponding to working conditions

— (Step 3) Select measurement method of output response.

The output response is the electrical power consumption. Electric power consumption can be
expressed as the product of currentand voltage of electrical input, thatis, current I (A) x voltage E (V),
thatis, y = IE. Therefore, the ideal function can be expressed as the relationship

IE = § x 2nunT

From the motor operation over time, it seems that the overall trend should be characterized three
elapsed time periods: the initial start-up and the operating states at 90 s and 180 s after starting-
up. And 10 data samples were extracted during 1,0 s intervals over 10 s at each of “Initial”, “90 s”,
and “180 s”. Since the number of data samples at each point was set to ten, making a total of 30 data
samples for each loading condition, the number of data samples for SN ratio calculation per each
run is 90. With regard to the orthogonal array No. 1 combination of control factors, the left side of
Figure B.2 shows the entire power consumption measured under each load conditions, and the right
side of Figure B.2 shows the example of the results of input-output relationship of the ideal function.
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Figure B.2 — Change of power consumption in time and input-output relationships

— (Step 4) Development noise strategy and select noise factors and their levels.

Recognize that the noise factor is those three levels of elapsed time, namely, initial, 90 s, and 180 s
as shown in Table B.2.

This noise factor results in undesirable effects such as variability, inefficiency, and nonlinear
relation between the input and output power.

Noise factors often account for such things as the customer’s usage conditions, the ambient
temperature and degradation/aging of the product, but in this case study, it was decided to actively
incorporate into the data the effects of reduced efficiency caused by heat generation by intentionally
running the motor continuously to allow it to heat up, since these effects greatly surpass the effects
of actual usage conditions (it can be safely said that no one uses a window regulator continuously
for 180 s). Therefore, the noise factor was selected as the elapsed time, and was set to three levels.
This is a very creative noise strategy.

Table B.2 — Noise factor for DC motor

Noise factor Level 1 Level 2 Level 3
N1 N2 N3
Elapsed time Initial start-up After90 s After 180 s

— (Step 5) Select control factors and their levels from design parameters.

Eight control factors from the DC motor design were selected. Control factors and levels are
summarized in Table B.3. :
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Table B.3 — DC motor control factors and levels

Control factor Level 1 Level 2 Level 3
A |Fixing method for part A Current Rigid -
B |Sheet thickness of part B Small Medium Large
C |Shape of partB Shape 1 Shape 2 Shape 3
D |Width of partD Small Medium Large
E |Shape of partE Shape 1 Shape 2 Shape 3
F |Inner R of partF Small Medium Large
G |Shape of part G Shape 1 Shape 2 Shape 3
H |Sheet thickness of part H Small Medium Large

(Step 6) Assign signal factor and its range.

The assignment of control factors to an inner orthogonal array L1g is shown in Table B.4.

Table B.4 — Control factor assignments

A B C D E F G H
1 Current Small Shape 1 Small Shape 1 Small Shape 1 Small
2 Current Small Shape 2 Medium Shape 2 Medium Shape 2 Medium
3 Current Small Shape 3 Large Shape 3 Large Shape 3 Large
4 Current Medium Shape 1 Small Shape 2 Medium Shape 3 Large
5 Current Medium Shape 2 Medium Shape 3 Large Shape 1 Small
6 Current Medium Shape 3 Large Shape 1 Small Shape 2 Medium
7 Current Large Shape 1 Medium Shape 1 Large Shape 2 Large
8 Current Large Shape 2 Large Shape 2 Small Shape 3 Small
9 Current Large Shape 3 Small Shape 3 Medium Shape 1 Medium
10 Rigid Small Shape 1 Large Shape 3 Medium Shape 2 Small
11 Rigid Small Shape 2 Small Shape 1 Large Shape 3 Medium
12 Rigid Small Shape 3 Medium Shape 2 Small Shape 1 Large
13 Rigid Medium Shape 1 Medium Shape 3 Small Shape 3 Medium
14 Rigid Medium Shape 2 Large Shape 1 Medium Shape 1 Large
15 Rigid Medium Shape 3 Small Shape 2 Large Shape 2 Small
16 Rigid Large Shape 1 Large Shape 2 Large Shape 1 Medium
17 Rigid Large Shape 2 Small Shape 3 Small Shape 2 Large
18 Rigid Large Shape 3 Medium Shape 1 Medium Shape 3 Small

— (Step 7) Conduct experiment and collect data.

Table B.5 shows the data obtained in outer array for each row of inner array.
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Table B.5 — Data obtained in outer array

IS0 16336:2014(E)

Experl_m_ental Voltage E (fixed)
conditions
Load T1 T3

Measure_- Initial start-up | After 90 s After 180 s Initial start-up |After90s After 180 s
Measurement |mentpoint
data Rotation n

61---170 n71...ngQ ng1...ngQ

speed ni..nio ni1...n20 n21...n3¢Q

Current I1..I10 I11...I20 I71...13¢ Ig1...I70 I71...Ig0 Igq...I9g
. Motive nz1T1... ne1T3...n70T: n7173..ngoT3 |ng1T3...n9oT
Signal M bower W n1T1...n10T1 n11T1...n20T1 ngcl)Ti 6113...n7013 7113...n80T3 |ng113...n9013

Electrical Ig1E...I70E I71E...Ig0E Ig1E...IgoE
Outputy power: W LE...I1oE I11E...IoE I21E...I30E

(Step 8) Calculate SN ratio, , and sensitivity, S.

Since the input signal and output response are physical values associated with energy, the square
root of each value was taken based on a consideration of the additive nature of factorial effects
obtained from a sum of squares decomposition. Accordingly, a zero-point proportional relationship
of the dynamic ideal function was analysed for the signal factor: 2mn1Ty ... 2mngoT3, square root
Mj ... Mgg; output: [1E ... I9gT3 square root yi ... ygg. The calculation procedure is the same as the

procedure discussed in Clause 6.

Total sum of squares

St=y12 +y22 + - +y90? (fr =90)

Sum of squares due to input signal levels/effective divisor

Linear form

L =Mqy1 + Mgy, + -+ + Mgqy9o

Sum of squares due to the linear slope

12
T

Sp= (f5=1)

Sum of squares due to error/noise

Se=51-5p (fe=89)

Error variance/variance due to noise

Se

Vv, ==
¢ 89

SN ratio, 1, and sensitivity, S

J(55-ve)

n=10log L
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1
$=10 log;(Sﬂ ~V,) (db)
The SN ratio and sensitivity calculated by the above formulations are shown in Table B.6.

Table B.6 — Calculated SN ratio and sensitivity

No. SN ratio Sensitivity
db db
1 11,20 6,00
2 8,99 6,64
3 14,61 5,99
4 14,04 6,46
5 9,33 6,65
6 14,78 598
7 11,95 6,21
8 10,86 6,51
9 9,72 6,81
10 7,34 6,78
11 12,22 6,47
12 8,99 6,17
13 11,90 6,21
14 792 6,32
15 12,54 6,66
16 9,68 6,64
17 14,92 6,20
18 8,99 6,61

RéSponse tables of Table B.7 show the average for each level of each factor.

Table B.7 — Average of SN ratios and sensitivities

SN ratio Sensitivity
Control factor db db
Level 1 Level 2 Level 3 Level 1 Level 2 Level 3
A | Fixing method for 11,72 10,50 - 6,36 6,45 -
part A
B | Sheet thickness of 10,56 11,75 11,02 6,34 6,38 6,50
part B
C Shape of part B 11,02 10,71 11,61 6,38 6,47 6,37
D Width of part D 12,44 10,03 10,87 6,43 6,42 6,37
E Shape of part E 11,18 10,85 11,30 6,27 6,51 6,44
F Inner R of part F 12,11 9,50 11,72 6,18 6,60 6,44
G Shape of part G 9,47 11,75 12,10 6,43 6,41 6,38
H | Sheet thickness of 10,04 11,22 12,07 6,54 6,46 6,23
partH
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— (Step 9) General factorial effect diagrams on SN ratio and sensitivity.

Figure B.3 shows the factorial effect diagram on SN ratio and sensitivity for DC-motors.

13

NN S

A1 A2 B1 B2 B3 C1 C2 C3 D1 D2 D3 E1 E2 E3 F1 F2 F3 G1 G2 G3 H1 H2 H3

SeSnTA AR

Al A2 B1 B2 B3 C1 C2 C3 D1 D2 D3 E1 E2 E3 F1 F2 F3 G1 G2 G3 H1 H2 H3

SN ratio(db)

Sensitivity(db)
o o
w vl

Figure B.3 — Factorial effect diagrams

— (Step 10) Select the optimum condition.

Factorial effect diagrams of Figure B.3 show that all the factors except B and D show that
sensitivity is low when SN ratio is high. In other words, the better the robustness is, the lower
the power consumption is, as expected. The optimum condition just for maximizing SN ratio is
A1B2C3D1E3F1G3H3. However, E2 was selected for sensitivity and cost consideration because
there is a small difference in SN ratios between E2 and E3. As a result, the optimum condition is
selected as A1B2C3D1E2F1G3H3.

— (Step 11) Estimate the improvement in robustness by the gain.

Before the confirmation run, SN ratios and sensitivities for the optimum condition and the current
conditions are calculated as follows. Here, the effects of all factors are used for the calculations. The
current condition is A1B2C1D3E2F1G1H1.

The overall average of the SN ratio is calculated from 18 SN ratios from L1g.
Grand average of SN ratio

= My +ny++ng7+ng  11,20+8,99+---48,99

T —11,174
SN 18 18

Estimate of the SN ratio for the optimum condition is calculated as follows

Nopt =7 a1 +MB2 +1c3 +1p1 +ME2 T1F1 +163 +1n3 —7 Ton
=11,72+11,75+11,61+12,44+10,85+12,11+12,10+12,07-7x11,174=16,43

Similarly, estimate of SN ratio for the current design 7y is calculated.
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Near =M a1 +MB2 +Mc1 +7p3 +ME2 +1F1 +M61 +Mu1 —7 Ton
=11,72+11,75+11,02+10,87+10,85+12,11+9,47+10,04-7%x11,174=9,61

Predicted gain is

An = Nopt — Neur = 16,43 - 9,61 = 6,82 (db)

Next, calculation of sensitivities is done in a similar fashion. The overall average of sensitivity is
calculated from the 18 sensitivities from Lqg.

=6,397

7 _§1+S8y++51g  6,00+6,64+---46,61
B 18 18

Estimate of sensitivity for the optimum condition is calculated as follows

SOpt =SA1 +SB2 +Sc3 +SD1 +SE2 +SF1 +SG3 +SH3 _7Tﬁ
=6,36+6,38+6,37+6,43+6,51+6,18+6,38+6,23-7%x6,397=6,06

Similarly, estimate of sensitivity for the current design S¢yr is calculated.

Scar =Sa1+SB2 +Sc1 +Sp3 +Sg2 +Sp1 +S61 +Sn1 —7Tg
=6,36+6,38+6,38+6,37+6,51+6,18+6,43+6,54—-7%x6,397=6,37

The gain in sensitivity is calculated as follows

AS = Sopt = Scur = 6,06 - 6,37 = - 0,31 (db)

A smaller sensitivity or a smaller linear slope means lower power consumption in this case. This

means thata minus value of the gain in sensitivity indicates the improvement in power consumption.

— (Step 12) Conduct confirmation experiment and check the gain and “reproducibility”.

The confirmation run is conducted under the optimum and the current conditions. The results
of SN ratio and sensitivity are summarized in Table B.8. There are some differences between
the prediction and the confirmation but improvement in robustness and power consumption is
confirmed by choosing the optimum design. We can conclude it is exhibiting good reproducibility.

Table B.8 — Results of confirmation run

SN ratio Sensitivity
db db
Estimated value Confirmed value Estimated value Confirmed value
Optimum 16,43 16,43 6,06 6,11
Current 9,61 11,73 6,37 6,93
Gain 6,82 4,70 -0,31 -0,82

The input-output relationships for the optimum and the current conditions are shown in Figure B.4.
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Figure B.4 — Input-output relationship of each condition

Under the optimum condition, there is much less variability in the electrical power consumption. It is
also confirmed that the power consumption rate £ is 4,08, which is approximately 17 (%) lower than
4,93 of the current conditions.

This means that the energy transformation from electric power to mechanical power becomes more
efficient and smooth. We can expect less vibration and audible noise which are nothing but symptoms
of poor function. At the same rpm, audible noise was measured and resulted in 8 (db) reduction of noise
level at the optimum design compared to the current design.

Moreover, reduction of power consumption means it takes less electric energy to produce the same
output torque. This will lead to an opportunity to downsizing the motor without affecting performance.
As aresult, a cost reduction of 30 million yen per year will be realized.

In this case study of robust optimization, the improvement is achieved by defining the ideal function of
DC motor based on its energy transformation, i.e. electric power consumption and mechanical power
generation. As a result, symptoms of poor function, such as audible noise and vibration, are improved
drastically. Because the improvement of robustness exceeds performance requirements, cost reduction
is achieved instead of performance. This improvement is not possible by typical one-factor-at-a-time
experiment measuring performance requirements and conventional quality characteristics. This leads
to reduction of natural resource and energy consumption and contributes to global ecology.

B.1.2 Case study 2: Application of dynamic SN-ratio in food industry (Optimization of
bean sprouting by parameter design)

Bean sprout grows up in a production process where small beans are soaked in water, germinated, and
grown in a lightless environment without soil. The function of this production process can be expressed
as a growth curve of bean sprout weight. SN ratio for dynamic ideal function can be applied to assess
efficiency and variability of the growth curve. Parameter design with SN ratio was applied to optimize
the bean sprout production process in food industry.

— (Step 1) Clarify the system’s ideal function.

Bean sprout growing process is that small beans are soaked in water, germinated, and grown in a
lightless environment without soil. This process is divided into three periods as shown in Figure B.5.
They are germination, growth, and decay periods.

a) Germination period

Bean of bean sprout is a kind of soybean or other type of small bean, such as black mappe (ketsuru
adzuki) and green gram. Small beans are usually in dry and hibernating conditions, so they have
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to be soaked in water and heated for a certain period for germination. Conditions of germination
period have important roles for germination rate and sterilizing bacteria.

b) Growth period

Mappe grows up rapidly after germination with absorbing a considerable amount of water. There is
no clear difference between germination mechanism and growth mechanism, and it is difficult to
distinguish between germination period and growth period. SN ratio and sensitivity are applied to
assess the growth of bean sprout in growth period.

c) Decay period

Plants need photosynthesis for growing up after growth period. Bean sprouts normally decay and
rot after taking all the bean’s nutrition because no light is supplied in the production environment.
Bean sprout is shipped before decay period, which starts typically 7 days or 8 days after the soak
started.

12 r
< Weight change of Bean sprout> ;
10 ; e |dedl curve
s —  Actual curve
8 rd

Germination
4 period

Weight magnification
=]

Growth period Decay period

0 1 2 3 4 5 & 7 & 9

Growth Times | Hour )

Figure B.5 — Growth curve of bean sprouts (Weight growth over time)

Ideal growth process from the theory of plant growth can be expressed as

Ys = YpefM (B.1)

where Yp represents the initial weight of bean at the starting point (M = time = 0), and Y represents
weight of bean sprouts at time M. This is the generic function of bean sprouting. This formula can be
used as the ideal function. In order to linearize this formula, a natural logarithm transformation is
applied. As a result, this formula can be written as follows:

Yo | o
ln[y—oj =pM (B.2)
Lety be
y=In(Yy /Yp) (B.3)

then, the formula can be rewritten as

y=BM
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Then we can express the ideal function of bean sprout growth as a zero-point proportional formula
y = BM, where the input signal M is time, and the output response y is the natural log of the weight
ratio at time M to the initial weight. SN ratio and sensitivity for zero-point proportional ideal
function can be applied to assess the efficiency and variability of bean sprout growth.

— (Step 2) Select signal factor and its range.

As discussed in Step 1, elapsed time from the starting point (starting the soaking) was selected as
a signal factor M. Three levels of the signal factor M were selected as three days in growth period,:
from 5 d to 7 d, as shown in Table B.9. Recall that it typically takes 7 d to complete sprouting. :

Table B.9 — Signal factor’s level for growth

Signal M1 M2 M3
Days (24 h) 5 6 7

— (Step 3) Select measurement method of output response.

Output response yj is computed from the weight Yg at the time M;. Weight balance was used to
measure the weight at the time M;. The ratio of the measured data Ys to the initial weight Yy was
calculated, and then the natural log of it was taken to derive the output response y;.

— (Step 4) Develop noise strategy, and select noise factors and their levels.

Humidity in the growing room was selected as a noise factor because humidity is easy to control in
the experiment. It is plausible to select humidity and temperature in growing room as noise factors,
but usually, it is difficult to control humidity and temperature simultaneously in a room. Other
conditions than humidity in the room were fixed for each run of experiment to avoid disturbances,
because germination conditions usually have strong influences on germination rate and sterilization.

Table B.10 — Noise factor and its levels

Noise factor Level 1: N1 Level 2: N2
Humidity (%) 60 80

— (Step 5) Select control factors and their levels from design parameters.

Table B.11 shows the selected control factors and their levels. Germination conditions, such as
temperature or soaking time, are not selected as control factors and, therefore, were fixed. Design
parameters from the growing period were taken in this study. It is known that ethylene gas has an
effect on bean sprout growing like plant hormone and is strongly related to growth, decay, and rot.
Conditions related to the ethylene gas bathing were selected as control factors, such as factors C and
D. Control factors E, F, and G are the conditions related to sparkling water.
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Table B.11 — Control factors and their levels

Control factors Level 1 Level 2 Level 3
A Type of seed Black mappe Green gram -
B Room temperature (°C) 18 24 30
C Number of ethylene gas bathing per day 1 (morning) 2 (morning and 3 (morning, noon,
(timing) noon) and evening)
D Ethylene gas concentration 10 20 30
B Number of sprinkling per day (timing) 1 (morning) 2 (morning and 3 (morning, noon,
noon) and evening)
F Number of mist sprays in one sprinkling 1 2 3
(0,5 ml/spray)
Addition of mineral to sprinkling water 0 0,1 1,0
¢ (%)

— (Step 6) Assign experimental factors to inner or outer array.

Table B.12 showsthe assignmentofcontrol factorsininnerarray,anorthogonal array L1g. Experiment
of outer array was performed under each combination of control factors’ levels assigned by each
row of the inner array.

Table B.12 — Inner array L1g: assignment of control factors

column 1 2 3 4 5 6 7
low A B C D E F
1 Black mappe 18 1 10 1 1 0
2 Black mappe 18 2 20 2 2 0,1
3 Black mappe 18 3 30 3 3 1
4 Black mappe 24 1 10 2 2
5 Black mappe 24 2 20 3 3 0
6 Black mappe 24 3 30 1 1 0,1
7 Black mappe 30 1 20 1 3 0,1
8 Black mappe 30 2 30 2 1 1
9 Black mappe 30 3 10 3 2 0
10 Green gram 18 1 30 3 2 0,1
11 Green gram 18 2 10 1 3 1
12 Green gram 18 3 20 2 1 0
13 Green gram 24 1 20 3 1 1
14 Green gram 24 2 30 1 2 0
15 Green gram 24 3 10 2 3 0,1
16 Green gram 30 1 30 2 3 0
17 Green gram 30 2 10 3 1 0,1
18 Green gram 30 3 20 1 2 1

— (Step 7) Conduct experiment and collect data.

Experiment was performed under the experimental plan of inner and outer arrays. Weight of bean
sprout was measured under each factorial combination of the outer array. Table B.13 shows the
output response y; for each row of orthogonal array Lig. The data shown are only those after the
natural logarithm transformation of weight ratio for analysis.
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Table B.13 — Measured data of growth rate (after transformation)

No. M1 (5 d) M2 (6 d) M3 (7 d)
N1 N2 N1 N2 N1 N2
1 1,500 1,625 1,623 1,697 1,692 1,758
2 1,468 1,440 1,569 1,511 1,649 1,782
3 1,502 1,581 1,569 1,579 1,647 1,658
4 2,012 2,167 2,171 2,301 2,230 2,308
5 2,046 2,131 2,175 2,294 2,222 2,254
6 1,937 2,046 2,079 2,177 2,170 2,239
7 1,921 2,063 2,044 2,039 1,991 2,108
8 1,908 2,019 1,991 2,113 1,982 1,989
9 1,870 1,921 1,974 2,041 2,058 2,092
10 1,597 1,690 1,675 1,798 1,758 1,730
11 1,495 1,558 1,591 1,656 1,652 1,696
12 1,575 1,692 1,652 1,714 1,777 1,873
13 1,798 1,901 1,949 2,088 2,078 2,083
14 1,823 1,952 1,978 2,077 2,115 2,162
15 1,723 1,768 1,815 1,887 1,886 1,977
16 1,833 1,826 1,834 1,852 1,852 1,996
17 1,837 1,949 1,883 1,933 1,858 1,981
18 1,707 1,726 1,733 1,873 1,960 1,947

— (Step 8) Calculate SN ratio, 1, and sensitivity, S.

SN ratio and sensitivity were calculated for each row of inner array Lig. SN ratio for zero-point
proportional ideal function was applied. Calculations of data for row No. 1 in inner array Lig are
shown as follows.

Total sum of squares

St=1,5002 +1,6232 + 1,6922 + 1,6252 + 1,6972 + 1,7582 = 16,359 796 (fT = 6)

Sum of squares of input signal levels/effective divisor

r=52+62+72=110

Linear forms for each noise level

L, =5%x1,500+6x1,623+7x1,692=29,081 734

L,=5x1,625+6x1,697 +7x1,758=30,616 254

Sum of squares due to linear slope 8

(29,081 734+30,616 254)°
pe 2x110

=16,199317 (f5 =1)

Sum of squares due to difference of linear slope 8 between noise levels
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(29,081 734-30,616 254)°
Nxp = 2x110

=0,017 034 ( fy.p =1)

Sum of squares due to error

Se =16,359 796 - 16,199 317 - 0,017 034 = 0,143 445 (fe = 4)

Error variance

Vo= 0,143 445

e

=0,035861

Variance due to pooled error

0,143 445+0,017 034

v
N 1+4

=0,032 096

SN ratio, 1, and sensitivity, S

: (16,199 317-0,035 861)
n=10 log 2x110 =3,596 (db)
0,032 096
$=10log (16,199 317-0,035861)=-11,339 (db)
2x110

Table B.14 shows SN ratio and sensitivity for the inner orthogonal array Lig after the similar
calculation.

Table B.14 — SN ratio and sensitivity for Lig

No. SN Cli'l:;ltlo Sens&gwty
1 3,596 -11,339
2 6,176 -11,732
3 2,854 -11,677
4 2,973 -8,854
5 2,681 -8,905
6 3,802 -9,205
7 1,454 -9,586
8 0,948 -9,714
9 3,562 -9,700
10 2,297 -11,058
11 3,551 -11,562
12 4,011 -10,998
13 4,248 -9,729
14 4,657 -9,573
15 3,867 -9,375
16 2,142 -10,297
17 1,068 -10,128
18 4,887 -10,444
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Calculate the averages of SN ratio and sensitivity for each level of control factors.

(3,596+6,176+2,854+ 2,973+2,681+3,802+ 1,454+0,948+3,562)

= =3,12
Na1 9
(2,297+3,551+4,011+4,248+4,657 +3,867+2,142+1,068+4,881)
9
(3,569+6,176+2,854+2,297 +3,551+4,011)
nB1= 6 =3,75

(2,854+2,973+1,454+4,011+4,657+1,068) 284
6 &

Mu3 =
Table B.15 shows the averages of SN ratio and sensitivity for each level of control factors.

Table B.15 — Average of SN ratio and sensitivity

SN ratio Sensitivity
Control factors db db
Level1l | Level2 | Level 3 Levell | Level2 | Level 3
A |Type of seed 3,12 3,41 - -10,08 -10,46 -
B |Room temperature 3,75 3,70 2,34 -11,39 -9,44 -9,98
C |Number of ethylene gas bathing 2,79 3,18 3,83 -10,14 -10,27 -10,40
D |Ethylene gas concentration 3,10 3,91 2,78 -10,33 -10,23 -10,25
E |Number of sprinkling per day 3,66 3,35 2,79 -10,29 -10,33 -10,20
F |Mist sprays per one sprinkling 2,95 4,09 2,76 -10,19 -10,23 -10,40
G |Addition of mineral 3,44 3,11 3,24 -10,14 -10,35 -10,33
H |- 3,05 391 2,84 -10,31 -10,37 -10,14
— (Step 9) Generate factorial effect diagrams on SN ratio and sensitivity.
Figure B.6 shows the factorial effect diagram of control factors on SN ratio and sensitivity in bean
sprout growing experiment.
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SN ratio(db)
N
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Figure B.6 — Factorial effect diagrams for bean sprouting in SN ratio and sensitivity

“As for the factorial effects, factors B, D, and F have strong effects on SN ratio, and factors A and B
‘have strong effects on sensitivity.

%The combination to maximize SN ratio is A2ZB1C3D2E1F2G1, and that to maximize sensitivity is
“A1B2C1D2E3F1G1. There were some conflict between maximizing SN ratio and sensitivity.

— (Step 10) Select the optimum condition.

Higher SN ratio means more robustness. Higher sensitivity means higher growth rate or higher
production efficiency.

The decision process for optimization was as follows. First, control factor levels were selected to
maximize SN ratio. Usually, maximizing SN ratio has higher priority, and then sensitivity is adjusted
in the second step using those factors with minimum effect on SN ratio. However, factor B has
strong effect on both robustness and sensitivity. Optimum levels are different: B1 for robustness
and B2 for sensitivity. However, the difference between B1 and B2 in SN ratio is only 0,04 (db).
On the other hand, the difference between B1 and B2 in sensitivity is 1,95 (db). Based on this fact,
optimum level of factor B was selected as B2 in spite of SN ratio. Finally the optimum condition of
bean sprout growing was set as A1B2C3D2E1F2G1. The combination of A1B1C3D2E1F1G1 is the
current condition, which is also called the baseline condition.

— (Step 11) Estimate the improvement in robustness by the gain.
a) Estimate of the gain in SN ratio, n

Estimated values of SN ratio for the optimum condition 7opt and for the current baseline condition
Neur Were calculated for estimating the gain in SN ratio. As mentioned in Step 9, factors B, D, and F
have strong effects on SN ratio and were selected and used for calculation to predict SN ratios.

Grand average of SN ratios

T. Mty +...+N1g 3,596 +6,176+...+4,887
SN 18 18

=3,265
Estimated value of SN ratio for the optimum condition
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Estimated value of SN ratio for the current condition

Near =Np1 +1p2 1171 —2Tsy =3,75+3,91+2,95-2x3,265=4,08 (db)

Gain in SN ratio

AN =Nopt ~Neur =1,09 (db)

b) Estimate of the gain in sensitivity S

Estimated values of sensitivity for the optimum condition Sopt and for the current condition Scyr are
calculated for estimating the gain in sensitivity. As mentioned in Step 9, factors A and B have strong
effect on sensitivity and were selected for calculation of estimated values of sensitivity from the

data in Table B.15.
Grand average of sensitivity

— S.+S.+---+S _ _ I
7, - 1 +Sy+ - +S1g _ —11,339-11,732 10444 0000
18 18

Estimated value of sensitivity for the optimum condition

Sopt =Sa1+Sp2 T =—10,08-9,44—(-10,27)=-9,25 (db)

Estimated value of sensitivity for the current condition

Seur =Sa1+Sp1 —Tp =-10,08-11,39-(~10,27)=-11,20 (db)

Gain in sensitivity

AS = Sopt - Scur = 1,95 (db)

— (Step 12) Conduct confirmation experiment and check the gain and “reproducibility”.

Confirmation run was conducted in the optimum and the baseline current conditions to confirm the
improvement which was predicted by the estimation based on experimental data.

Results of the confirmation experiment and the predictions are summarized in Table B.16.

Table B.16 — Results of confirmation experiment

SN ratio Sensitivity
db db
Estimated Confirmed Estimated Confirmed
Optimum 5,17 5,72 -9,25 -8,93
Current 4,08 3,52 -11,20 -11,49
Gain 1,09 2,20 1,95 2,56

Predicted gains and confirmed gains in SN ratio and sensitivity are not so different, then the gains are
assumed to be reproduced. The improvement in robustness leads to smooth growth of bean sprout and
improved controllability of growth curve, that is, controllability of a growth rate, shipping, or surplus
and shortage in volume.

™ ICN TN1 A ATl w3
Copyright International Organization for Standardization '('lghtS reserved 63

Provided by IHS under license with ISO
No reproduction or networking permitted without license from IHS

Licensee=University of Alberta/5966844001, User=ahmadi, rozita
Not for Resale, 01/26/2015 10:15:26 MST



IS0 16336:2014(E)

A gain of 2,56 (db) in sensitivity was achieved. It means bean sprout under the optimum condition
will grow much faster than that under the current baseline condition. In fact, it was confirmed, at the
optimum condition, it took only 4 days for full growth, while at the current condition, it took 7 days. That
is 43 % of improvement in productivity.

Both robustness and efficiency of production process are improved by parameter design experiment.

B.2 SN ratio for static characteristics

B.2.1 Example 1: SN ratio of nominal-the-best characteristics (Robustness assessment
of camshaft casting process by computer simulation.)

The aim of B.2 and B.3 is to show calculations of SN ratio for static and digital characteristics. Details of
control factors are not discussed in the examples and only calculation of SN ratio from outer array data
is demonstrated here.

Camshaft, one of the important parts of an automobile engine, is commonly manufactured by casting.
Casting defects on frictional surfaces will cause poor engine performance. Parameter design using CAE
(computer-aided engineering) is applied to optimize the casting condition. In this clause, one set of data
from the outer array in parameter design for robustness assessment is picked up to demonstrate the
calculation of SN ratio.

Camshaft is produced by casting which is done by pouring molten metal (melted cast metal) into the
cavity of a die (a shell mould). Casting defect can be prevented by eliminating gas from molten metal
during pouring. It is also critical to control turbulence in molten metal flowing through gates. Reynolds
number, Re, indicates the degree of fluid turbulence, and the ideal Reynolds number for casting is well
known. SN ratio for a nominal-the-best response should be applied for evaluating robustness of the
camshaft casting. Computer simulation is applied to obtain the Reynolds numbers in the outer array for
each run of inner array.

Table B.17 shows the data set in the outer array under the condition of row No. 1 of inner array L1g.
Table B.18 shows noise factors and their levels in outer array. The die has two runners and the ranges
of noise factors are within the requirement of variation of production process. Details of control factors
and optimization are not discussed here.

Table B.17 — Data of Reynolds number (Re) in the outer array

K1 K2 K3 K4 K5
1 J1 5749 5900 4722 4552 4070
]2 5732 5728 5484 4967 4712
2 J1 6162 6172 6 298 5138 5062
]2 6 069 5278 4392 3104 3879
Table B.18 — Noise factors and their levels
Level
1 2 3 4 5
Noise factor
I: Mplten metal temperature Lower Std. i i )
during poured
J: Runner Left Right - - -
K: Filling rate of molten metal 35% 40 % 45 % 50 % 55%

SN ratio and sensitivity of row No. 1 can be calculated by the data in Table B.17 as follows.
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Total sum of squares

ST=57492+590 02 + -~ + 310 42 + 387 92 =545 915 058 (fr = 20)

Sum of squares due to mean

(5749+5 900+---+3 104+3 879)°
n= o =531 736028 (fy, =1)

Sum of squares due to error/noise

Se=8T-S5m=545915058 - 531736 028 =141 790 30 (fe =19)

Error variance
S 14179 030
V, =€ _— " "7 " 736265
fe 19

SN ratio of nominal-the-best response

l(Sm—Ve) i(531 736 028—-736 265)

n=101log"— ——=10log 20 S eE =15,51 (db)

e

Sensitivity S: for nominal-the-best response
§$=10 logl(Sm -V.)=10 log% (531736 028-736 265)=74,24 (db)
n

- In this case, SN ratio for nominal-the-best response indicates the stability of the response, that is,

" squared mean of Reynolds numbers over error variance. Sensitivity indicates the magnitude of the
mean. Sensitivity will be used to adjust the mean of the response to the target value in the second step
of two-step optimization after robustness optimization by SN ratio.

B.2.2 Example 2: SN ratio of smaller-the-better characteristics (Robustness assessment
on the printer usability)

The objective of this study at product development and designing stage is to find out the optimum
design of a printer cartridge for customers to operate it easily. For the purpose of evaluating usability
of a printer cartridge, image sketches of the printer cartridge are drawn and scored by 10 customers.
Scoring has three levels as follows:

— +operation is simple and easy: point 0;
— + operation is not so easy: point 1;
— + operation is hard or impossible: point 2.

Usability can be evaluated by SN ratio of smaller-the-better response, since, lower score number is set
for better ease of operation.

For parameter design experiment, control factors are selected from the procedure of changing operation
of printer cartridge and assigned to inner array L1g. Details of control factors and optimization are not
discussed here.

Table B.19 shows the outer array and the data. Three noise factors are selected from customers’ usage
operation and environment. Noise factors have two levels and they are assigned to orthogonal array L.
The data are the total of scores by 10 customers for row No. 1 of the inner orthogonal array L1g.
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Table B.19 — Outer array and the data for printer cartridge design

Noise factor Combination of levels
Usage arm One hand | One hand Both hands | Both hands
Room lighting Bright Dark Bright Dark
g;?;ilelftion height of Front Foot Foot Front
Total of scores 3 5 4 5

SN ratio for the row No. 1 can be calculated by the data in Table B.19 as follows.
Mean squared deviation

2 2 2 2 2 2 2
+ ot
OA_zzyl Yo Yy :3 +5 -;4 +5 18,75

r

SN ratio of smaller-the-better response

n=-10 logé2 =10 1ogi2 =10 log ! - = ~12,73  (db)
G :

The SN ratio of smaller-the-better response indicates mean of squared deviation from the value of zero,
that is, the distance from the target value. Mean squared deviation is represented by total variance of
the response. Sensitivity should not be calculated for smaller-the-better characteristics.

B.2.3 Example 3: SN ratio of larger-the-better characteristics [Improving of culture me-
dium for BRN (enzyme) producing fungi]

BRN is a kind of enzyme which fungus produces, and has potency (total titre) of decomposing some kind
of ingredient. BRN-producing fungi, producing microorganisms, are cultivated in tank (culture medium)
to produce BRN. The total titre of BRN strongly depends on the potential of producing microorganisms,
and then it is important to find out fungus which has high potential of producing enzyme of high total
titre. For this purpose, parameter design is applied to improve culture medium for cultivating BRN-
producing fungi. Control factors are selected from the conditions of culture medium composite and are
assigned to inner array L1g. Details of control factors are not discussed here. Only the calculation of SN
ratio from outer array data is demonstrated.

Total titre (U/ml) is an output response and it is a measure of the potency of decomposing the
predetermined ingredient in 1 ml. Total titre is treated as a larger-the-better response. SN ratio of
larger-the-better response is applied to assess the performance and robustness. Noise factor is selected
as two types of fungus. Optimum culture medium should have larger and the same potency to each of
the selected types of fungus. Table B.20 shows the data of the outer array for row No. 1 of the inner array
L1g.

Table B.20 — Data of the outer array [Total titre (U/ml)]

Type of fungus
R1 R2
No.1 5030 5340

SN ratio of larger-the better response is calculated from the data in Table B.20 as follows.
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Mean squared deviation

62_1 1 + 1 4+ 4 1 :l 1 + 1 :3,73)(10_8
ry? v, y.?) 2|5030% 53407
SN ratio of larger-the-better response, n
2 1 1
n=-10 logo” =10 log— =10 log—— =74,28 (db)
G2 3,73x1078

SN ratio of larger-the-better response indicates the mean square of inverse of response values. Inverse
of larger-the-better response is considered as a smaller-the-better characteristic. Sensitivity should not
be calculated for larger-the-better characteristics.

B.3 SN ratio for digital characteristics (An improvement of automated system for
classification by words)

An automated system to classify user’s voice into several categories is used as a voice recognition
system in many products. Classification by words is one of such classifying methods. Assume there are
two choices: classified and not-classified in some categories, such as service, sales, competition, and
software. First, words which appear often in one category are collected and listed into a word table for
each category. When the listed word in a word table of one category is found in a customer’s voice text,
it is classified into the category. When not found, it is not-classified.

If words are not correctly chosen into a word table, many errors in classifying happen in the classification
by words. There are two types of error.

a) Type-1 Error: The true state is classified, word is not classified.

b) Type-2 Error: The true state is not classified, but word is classified.
There are two kinds of right classification.

a) Right (1): What should be classified is classified.

b) Right (2): What should not be classified is not classified.

Table B.21 shows four cases of judgment. Correct judgment is needed to evaluate the performance of
classification by words system. Judgment by human is assumed to be a correct judgment as a standard.

Table B.21 — Classification of two errors

Classification by words system
Categorized Not categorized
Right (1) Error (2)
Categorized (Classified) (Uncategorized)
Classification by 1-p p
human Error (1) Right (2)
Not categorized (Over-classification) (Not classified)
q 1-q

Two-level orthogonal array is utilized to evaluate the contribution of each word in a word table to
classification. Each word is selected as a control factor and assigned to inner array. As for the levels,
level 1 is for using the word, and level 2 is for not using the word. The magnitude of contribution of the
word can be evaluated by standard SN ratio. SN ratio is calculated for each row of inner array. Outer
array is like Table B.21 and also shown in Table B.22. Details of control factors are not discussed here.
Only calculation of SN ratio, a robustness measure, is demonstrated.
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Table B.22 — Data table

Word | Word | Word | Word | | Word | Right(1) i Right (2)_ Gl )
R V| (comten | Cnctepo | Ottt | @uerconr
No. 1 1 1 1 1 1 0,611 0,389 0,796 0,204
No. 2 0 1 0 1 0 0,443 0,557 0,875 0,125

Standardized SN ratio for digital characteristic for the data of outer array is calculated as follows.

Standardized error ratio

1

1

Po=

1

o) o

Standardized contribution ratio

po=(1-2py)? =(1-2x0,287)% 0,180

Standérdized SN ratio

1 1
——10log| ——1 |=-10log| ———-1|=-6,57 (db
No g( j g(o 150 j (db)

Po

)

1)(0,2104_1j

=0,287

Standardized SN ratio is SN ratio for digital characteristic and expresses the system capability to
correctly classify.

B.4 Application of robust parameter design in the various fields

Table B.23 shows examples of parameter design for dynamic characteristics with ideal function.

Table B.23 — Examples of parameter design (Dynamic characteristics)

Field System Signal factor Output Noise factor(s) Control factor(s)
Mechanical Soldering pro- |Current Voltage Temperature, Tip shape, tip tempera-
cessl8] vibration, meas- |ture, solder wire diam-
urement position |eter, preheating time,
solder feed time, heating
time after solder feed,
solder feed rate, solder
feed angle
Mechanical Plasticizing Screw rotation |Mass of Plasticization Screw compression ratio,
equipment for [time x screw |molten resin |interval screw pitch, temperature
an injection rotation speed of heater zone 1, tempera-
moulding ture of heater zone 2, tem-
machinel9] perature of heater zone
3, screw speed, screw
position
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Field System Signal factor Output Noise factor(s) Control factor(s)

Mechanical Machining Rotation time |Cumulative |Motor + main Bearing type, housing
centre[10] electrical shaft, motor only |dimensions, main shaft

power dimensions, spacer
dimensions, spacer shape,
jamming, bearing shape,
cooling dimensions

Mechanical Mold process- |Square root Square root |Material (FC Processing method, rota-
ing (single- of processing |of processing |material, equiva- |tion speed, volume of a
blade carving) |volume energy lent to SKD61) single blade, minimum
[11] feed limit, holder type,

tool type, under-neck
length, cutting oil

Mechanical Photorecep- Photoreceptor |Time- Whether or not Two different toner for-
tor cleaning rotation time |integrated photorecep- mulations, five different
system[12] torque value |tor rotation is process conditions, photo-

stopped midway, |receptor formulation
max/min values of
torque waveform

Mechanical Cutting pro- Square root Square root |[Minimum and Cutting oil dilution, depth

cessl13] of processing |of electrical |maximum values |of cut, tip nose angle, tip
time energy of electrical rake angle, side cutting
Square root power, number of |edge angle, chip surface
of the cutting cuts chamfering, rotation
mass speed, feed rate

Electrical Xerographic Voltage Current/ Frequency of Six different drugs, two
belt fixing cross section |applied voltage different production con-
system[14] ditions

Electrical Magneto- Laser emission |Recorded Environmental Materials, deposition
optical disk time mark length |degradation (con- |process
(exchange- tinuous recording,
coupled over- recording field,
write)[15] laser power),

production condi-
tions (memory
composition,
recording layer
composition,
thickness of all
layers)

Electrical Xerographic Development |Toner quan- |Deterioration of |Two different carrier
development |potential dif- [tity developing mate- |conditions, one set of
system[16] ference rials, toner conditions, five dif-

ferent development device
conditions

Pharmaceutical |Spray drying of|Amount of lig- |Amount col- |Solution concen- |Atomizer rotation speed,
pharmaceuti- |uid introduced |lected tration spray angle, air flow rate,
calsl17] exhaust temperature, air

flow rate at top, air flow
rate at bottom, air flow jet |
angle at top, air humidity |
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Table B.23 (continued)

Field System Signal factor Output Noise factor(s) Control factor(s)
Pharmaceutical |Roasting of Roasting time |Overall Moisture content |Hot air flow rate, amount
crude medi- change in of untreated of raw material prepared,
cines[18] mass of crude medicine raw material introduction
crude medi- temperature, roasting
cine temperature, heating
rate, stirring rate, hot air
temperature
Pharmaceutical |Blending of Time Change Rat pathology 5 different constituent
herbal medi- in level of (severe, moderate, | medicines
cinel19] serum cre- |mild)
atinine
Food Culture con- Elapsed time |Bacterial pH of dilution Bacterial strain, type of
ditions for count water diluent, bench time, type
heat-resistant of basal medium, amount
bacterial20] of catalase, amount of
lysozyme, amount of
sodium pyruvate, amount
of alanine

Table B.24 shows examples of parameter design experiment for static characteristics.

Table B.24 — Examples of parameter design (Static characteristic)

Field System Signal Output Noise factor Control factor
factor

Mechanical Simulation of — Reynolds num- |Molten metal tem- |Chalk, vertical runner,
casting [21] ber of molten perature, Filling swirl horizontal runner,

metal rate, runner swirl entrance weir, weir
(SN ratio of under swir.l, horizontal.

. runner, weir under, weir
nominal-the-
best character-
istics)

Mechanical Usability of — Point of easiness |One hand, both Front cover, lock, release,
printer car- of exchange hands, usage arm, |knob, stopper, lock
tridge exchange work bright, dark, room
work [22] (SN ratio of lighting, front, foot

smaller-the-
better charac-
teristics)

Construction |Spreading — Total number of |Coating speed, Compounding ratio of
of polymer pinhole amount of spread- |cement, type of addi-
cement mortar (SN ratio of ing, temperature, |tive, amount of additive,
[23] viscosity of mate- |aggregate grain diameter,

smaller-the- . - .

better charac- rial compounding ratio of
.. te

teristics) aggrega
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Table B.24 (continued)
Field System Signal Output Noise factor Control factor
factor
Biology Improvement - Total titre Kind of bacterium |Incubation temperature,
of enzyme . amount of activator,
. 24 (SN ratio of : .
medium [24] amount of Zn inclusion
larger-the-bet-
ter characteris-
tics)
Marketing Text classifica- — Two kinds of — Word used for classifica-
research tion [25] error rates tion
(SN ratios of
digital charac-
teristics)

See Bibliography for references for Tables B.23 and B.24.
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