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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.
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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
(lncludlng losses to the manufacturer and the users) due to 1ts poor quallty Caused by functional

z appliers have
)n51b111t1es and obhgatlons to supply robust products to the market to avert lossesyand damages
ting from defects in the products.

him of applying parameter design in product design is to prevent defects,failures,|and quality
ems that can occur during the usage of the product. A robust product,‘dn output of parameter
ign, is a product which is designed in such a way as to minimize user’s_quality lossgs caused by
ts, failures, and quality problems. Note that defects, failures, and(quality problemq are caused

a prq
factqg

Inctional variability of a non-robust product. In parameter desigfi, optimum nomin
duct’s design parameters can be selected by treating a produ¢t’s design parameter
rs and by assessing robustness under noise factors. The us€,of parameter design at ¢

and dlesign stages makes it possible to determine the optimum<$pnoduct design and specific

the p

At m
spec
spec
addr

Roby
desig
the ny

In pr
or v{
i.e. n
robu
resp

roduct is robust in the market.

anufacturing stage, the product suppliers manufacture their products that meet
fications. One can optimize manufacturing precesses to produce the products th
fications. However, robustness against customer’s environment and products’ ag
pssed only by product design.

st parameter design methodology provides effective methods for achieving robustnes
n of specification determination, and.it is a preventive countermeasure against varig
narket.

Actice, many product’s defects and failures occur due to the product’s response that dg
ries around the designed-target values by the change in usage environment and d
pise conditions. The variability of product’s response due to noises can be used as 3
s5tness, because market losses increase in proportion to the magnitude of variability
bnse. SN ratio, cortesponding to the inverse of the variability measure, is used as a

goodness in robustnéss."In other words, the higher the SN ratio is, the less the market losse|

For {
prop,

he experimefital plan of parameter design, direct product of inner array and out
psed. Comtrol factors are assigned to the inner array, and signal and noise factors are

al values of
s as control
levelopment
htion so that

the product
at meet the
ring can be

5 through its
us losses in

bviates from
bterioration,
measure of
of product’s
measure of
S are.

er arrays is
assigned to

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

1 Scope

This
desig
Meth

This
robu
The

undd

of najises. For robust products, their responses are sensitive to signakand insensitive to noi

International Standard gives guidelines for applying the optimization method of robus
n, also called as parameter design, an effective methodology for optimization pased
ods, to achieve robust products.

International Standard prescribes signal-to-noise ratio (hereafter SN rratio) as a

word “robust” in this International Standard means minimized variability of produ
r various noise conditions, that is, insensitivity of the product’s function to the changes

t parameter
on Taguchi

measure of

stness, and the procedures of parameter design to design robust products utilizing this measure.

't’s function
in the levels
5es.

psigned and
s, software,
are used by

ent and are
For undated
es.

brms used in

3534-3, and

The ppproach of this International Standard can be applied teXany products that are d
mantyifactured, including machines, chemical products, electfonics, foods, consumer good
new materials, and services. Manufacturing technologies are.also regarded as products that
manyfacturing processes.

2 Normative references

The following documents, in whole or in part,“are normatively referenced in this documn
indigpensable for its application. For dated Treferences, only the edition cited applies. ]
referjences, the latest edition of the referenced document (including any amendments) appl
[SO 3534-1, Statistics — Vocabulary and symbols — Part 1: General statistical terms and t
probgbility

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

3 Terms and definitions and symbols

3.1 | Term and-definitions

For the pugposes of this document, the terms and definitions given in ISO 3534-1 and ISO
the fpllowing apply.

3.1.1

function

work which a system performs in order to fulfil its objective

Note

3.1.2

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

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 idgal function being zero point proportional, the linear slope forced through the zero point is a yseful
term.

Note 4 to ent] s and

deviation fro

ry: The change in response caused by noise factors is a harmful effect. Effects of neise'factor
 the ideal function are examples.

Note 5 to ent ideal

function und

ry: SN ratio should contain the variability under noise factors and the discrépancy from the
b1 average usage condition.

3.1.4
sensitivity

amount of change in response caused by unit change of input

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

Note 2 to ent
input signal,

'y: For dynamic characteristic cases, the sensitivity shows the magnitude of linear coefficient dque to

B2, where 8 is a proportional constant.

Note 3 to ent P m is

an average of

3.1.5
noise
variable wh

Fy: For the nominal-the-best response, the sensitiyity shows the magnitude of mean, m2, wher
responses.

ch disturbs a system’s function

Note 1 to ent

Note 2 to ent]
and demand,
aging. and wd

"y: Any variable in the user’s-conditions for operating is either a signal or a noise.

ry: Noise is composed of internal noise and external noise. They are sometimes called as cay
respectively. Changes of internal constant of the system or its parts over time, such as deterior
ar, and manufacturingvariations are examples of internal noises. Usage conditions and environ

acity
htion,
ment

conditions of|the product are-egamples of external noises.

3.1.6
signal
input varial
response in

le to.the system, which is intentionally changed by the user to get an intended valpe of

inputioutput 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

stati
non-

c characteristics
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.

3.19

inner array

ctors

expe,
Note

Note
taker

Note
or ou
to thd

3.1.1
oute
expe
evall
Note
Note

or ou
outer

3.2
f
k
L

Li

imental pl::n where dpcign parametersare qccignpd as control factors orindicative f.

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

into consideration in one set of experiments as control factors.
B to entry: Experimental factors should be categorized by their roles and assighed separately {

fer array based on their roles in parameter design. Control factors and indicative factors shoul
inner array.

0
I array

rimental plan where variables in users’ conditions are asSigned as noise factors or sign
lating SN ratio and sensitivity

1 to entry: Any variable in user’s conditions for operating is either a signal or a noise.
P to entry: Experimental factors should be categorized by their roles and assigned separately 4

Ler array based on their roles in parameter desigfY. Noise factors and signal factors should be aj
array.

Symbols
degree of freedom
number of levels of signal.factor
linear form
linear form forlevel of i
signal factor/input signal
sigmallevel of i

value of signal level of i

P to entry: Orthogonal arrays are recommended for the inner array because many deSigii paraeters can be

0 inner array
d be assigned

h] factors for

0 inner array
signed to the

Ni

po

St

© ISO

noise factor

number of levels of noise factor

noise level of i

standardized error rate

sum of squares of input signal levels/effective divisor
sensitivity

total sum of squares

2014 - All rights reserved
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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

Scur estin
Ve varig

VN varig

y outp

sens
AS gain
An gain
n SN 13

Nopt estin
Nbase  estin
Ncur estin

£0 stan

4 Robus

hated value of sensitivity for current condition
nce due to error/error variance

nce due to pooled error/variance due to error and noise
it response

tivity coefficient/linear slope

in sensitivity

in SN ratio

itio

nated value of SN ratio for optimum condition
nated value of SN ratio for baseline condition
hated value of SN ratio for current condition

Hardized contribution ratio

t parameter design —Qverview

4.1 Requjrements

Robust parj
improve rol
procedures:

a) aproce

b) aproce

imeter design is”a‘rational and efficient assessment for discovering technical mea
ustness in thé designing process. It is, therefore, necessary to provide the following

ure for-accurate and simple evaluation of robustness;

Hurefor efficient assessment of multiple technical means.

ns to
two

This clause provides the approach to the goal of parameter design, and more detailed and specific steps

of a robustn

ess 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

© ISO 2014 - All rights reserved
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evaluation. It is important to avoid defects, failure modes, or quality problems for achieving the
ideal function of the system.

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
The
and
propprtional formula is common in energy transformation of real physical systems: The dg
discyssed in Clause 5.

Inpuf and output characteristics are fixed based on the system’s ideal function. Input chai

tl auofun I uatun a} VVilld CIICT 5)’ ;lltU 1utatiu5 CIICT 5)’ tU lJCl fUl Il a VVUl}\ ouuh ado vvat
unction is normally expressed in a mathematical functional form of a relationship_be
putput energies. The mathematical functional form can be expressed in many(way§

r pumping.
tween input
. Zero-point
tails will be

acteristic is

called as a signal in input-output relationship; this is because the changes in output are acquired by the
userfs 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 (f the user’s conditions for changing the input when the users®of the system try to contr
of the system. The signal factor has three or more levels in thé experiment for dynamic c}
so that the straightness of the actual input-output relationship could be evaluated. There
factdr for static characteristic because it has only one targetoutput. Output characteristic is
outppt response or simply a response.

It is
phenomena, for example, detection of output response is difficult in some cases. New m
metHods should be developed in those cases. The output response is associated with the j
systém. In the case of illumination, for example, the output response is magnitude of ligh
case [of a water pump, it is quantity of water.

Nois¢ condition is a source that makes the system’s actual function deviate from the ide
iples include environmental‘conditions in actual working, such as temperature and humidity, an
actual supplied voltage, electricalnoise conditions, frequency of operations, and stress. The
as external noises. On the other hand, there are noise conditions which are called internal
ing and wear. Examples include operating and/or idling time length after started, deterioration

Exan

as ag
of system’s parts after*long operation, and manufacturing variability of a system and/
Thesle noise conditionSalways reduce the system’s functional performance to lower level t

important to identify a suitable measurement method of output response. In tim

1 the output
laracteristic
is no signal
called as an

b-dependent
easurement
burpose of a
[, and in the

al function.

by are called
noises, such

br its parts.
an the level

expefted at the time.of design. Since the purpose of robustness assessment is to clarify the performance
by mleasuring the-extent of this reduction, the variation of the system’s function under noisg conditions
should be estimhated 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 fgctors are a)

envii
strat

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

© IS0 2014 - All rights reserved
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| Noise factor | \\\\\\\\

~N

Objective system | | Data | S~ T ——
T~ TS~ \\\\ Noise levels
T~ Tl RN RN R Nn | SN ratio
T~ - | Evaluated system X1 X, Xn n
Ni...Noise level
X;...Data

Figure 1 — Robustness assessment with a noise factor

When multi
be applied f]
combinatiof
layout other

ple different types of noise factors are applied in an experiment, an orthogonal array
br determining the noise levels. In Figure 2, noise levels, N1 to Nn, are determined b
oflevels of noise factors, such as A, B,and C, indicated by the orthogonal array. Experim
than orthogonal arrays can be applicable for determining the noisélevels.

y the
ental

Orthogonal array for
noise factors

Objective system | | Data :

y can

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

. . \\\ l‘,| A : Ambient temperature, humidity|

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

\\\ \\ \ C : Usage fréquency

\\\ \\\ | |
\*\ R Noiselevel N1 | N2 | N3 | N4 Nn | SNrgtio
[N . Evaluated system X4 X, X3 X4 Xn 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 fu
parameter (
function of {
of the syster]

nction and the noise strategy are the key issues for the robustness assessment of r
lesign. It'is essential to measure and evaluate the variability and efficiency of the a

he’system. The intent of doing this is that the evaluation covers the whole technical isues
h's/operations to prevent technical problems. Robustness evaluation also involves assepsing

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

bust
ctual

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

robu

stness assessment introduced in the previous subclause can be applied to select the

best design

conc

Aftel
Ssyste
the o
effici
beca

Cons
best
stabl
of te
The
ther
robu
robu

Ept.

selecting the best design concept, the next step is to perform a detailed design byselect
m’s design parameters. In this detailed design step, designers can optimize the-system
ptimum nominal values so that the function of the designed system becomes the mos
ent. The system design optimization method performed at this step is\Called param
1se design optimization is performed by setting design parameters to-the optimum nor

ider what sort of states might be significant. When a system is in the’optimum state, it
pverall performance in all conceivable usage conditions. More specifically, an industria
y perform its intended function anytime, even when, for examiple, it is working under 4§

perature and humidity, and when it is used in many different ways and in different en
ptimum design conditions are taken as a combinationof design parameters’ values th
bbustness of the product. Since optimization by parafieter design implies optimizing fo
stness, that is, minimized variability and maximized efficiency, judgments should be m
5tness measure, SN ratio, and sensitivity.

The basis of the system design optimization by ;ebustness assessment through SN ratio is a

optiy
poss
woul

As a
orth
undd
beca
sam¢
a pla
shou
a spd

Proc

hization in parameter design. The robustness assessment should be performed with reg
ble designs in design space, but in practice this is impossible. This is because a vast nur
d have to be performed to take all-possible combinations of design parameters into co

more practical method for applying in development and design stages, an experimsg
gonal array is recommended*where the combinations of many design parameters c
r a limited number of eXperimental runs. An orthogonal array plan is recommend
1se it can reduce the niumber of experimental runs comparing with a full factorial p
number of control-factors, but also because it can assign maximum number of contr
n under the situation of same number of experimental runs. Reliability of experime
Id be confirmedin'the confirmation experimental run for reproducibility check. Clausg
cific methodfer performing the confirmation experiment to check the reproducibility

bdure ofaparameter design experiment should be as follows:

Step. 1) Clarify the system’s ideal function;

ing values of
by selecting
t robust and
eter design,
hinal values.

nchieves the
| system can
wide range
vironments.
ht maximize
"maximized
hde by using

criterion for
hrd to all the
nber of tests
nsideration.

ent using an
in be tested
ed not only
an with the
ol factors in
ntal results
6 describes

© ISO

Step 2) Select signal factor and 1ts 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, 1, 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 plafr.

TheTumber of experimental data CorTesponads to the product of the Tumbers 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 N
orthogonal array for \\\
noise factors Tl
Inner ! Sl
orthogonal ! T
8 Data i RO
array for ! RN
control factors, i RS
‘l \\\\\
|‘ ~
N ™, | Noise levels by orthogonal array
N\ N 1
\\\ . 1| Noise factors 1 2 3 4 n
\\\ \\\ "‘ A temperature
N N, 1
. KN 1| B: humidity
\\\ \\\ 3 Ciun
\ \\
\\\ \\\ I
\ \ 1
\\ \\
\\ \\
\ AN N1 N2 N3 N4 Nn | Sensitivity | SN ratio
N\ 7 [}
N\ £ § 1 Sy 11
AN ] 8 v
N ?, s E 2 SZ 12
\ O
. T4 3 S3 n3
-
\\\ g g c:n 4 54 14
N m o
A
AN m Sm 1

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

8

© ISO 2014 - All rights reserved


https://standardsiso.com/api/?name=b328d55a1fbe8107a161b364626f587f

IS0 16336:2014(E)

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
factd
parameter should be used to adjust a mean value or linear slope, i.e. sensitivity (see Figllre 5), to the
targgt value. For this adjustment, it is desired to select one factor with maximal effecton sepsitivity 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 twe-step design procedure
is a yery important concept for the design of robustness. This is the reason Wwhy parametgr design for
robuptness 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)

; \\///VJ

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)
[\

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?

The 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.
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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
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pdutes 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.

Select measurement method of output response

(Step 3)

Select 4
also cal
expect

appropi
(Step 4

Conditipns that disrupt the ideal function under actual usage conditions during system’s oper
are called as noise conditions or error conditions. In an experiment te*evaluate SN ratios,
ns should be generated by noise factors. Noise factors arefvariables that vary the olitput

conditid
respong

to defink efficient and effective noise conditions for assessing.robustness. Noise factors come

“usage ¢
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n appropriate measuring method for the output characteristic. Output charactéris

o get. There can be some difficulties in measuring time-depending responses{dn‘such g
iate measuring method should be developed for the purpose of robustnessiassessmen

Develop noise strategy, and select noise factors and their levels-

e in actual operating stages. It is recommended to discussall possible noise condition
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It is pospible to expand the system’s lifetime, by takinghoise 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 W

combin
assignny

the output response will be measured under various combinations of signal and noise levels.

conduct
tobeca
under t
outer af

(Step 6

SN ratid

htion of levels of signal factor and noise factors will be applied in the experiment. Ty
lent is a two-way full factorial layout of a signal factor and a noise factor. In other wj

experiment and collect.data in the experimental layout. Then a dynamic SN ratio is 1
culated. In a static/nion-dynamic characteristic case, there is no signal factor so obtain|
ne noise conditions,-The experimental layout for evaluating robustness corresponds t
ray of a directpreduct plan of robust parameter design.

Calculaté SN ratio, n, and sensitivity, S.

shown in 54.‘The calculation formula is based on the system’s ideal function defined in Step
ratio is fo-assess the functional variation due to noise conditions. SN ratio is a robustness med

and sensitivity are calculated based on the data obtained in Step 5. Calculation formula
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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):

y =pM

(7]

wheffe 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 th

coefflicient.

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

levels and the noise factor has n levels.

The data set for zero-point proportional formula are shown in

Table.1, where the signal

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

Lo

hr :ynz +y122+“.+-ynk2 (f, =nxk)

$um of squares of input signal levels/effective divisor

1 :Mf+M%+---+M,%

Linearforms for noise levels:

oMy + Moy +-+ My

Ly=Myy, +Myyop+--+Mypyyy
Ly=M1yp +MpYpp+-+Mpy

Sum of squares due to linear slope 8

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

Sgp (fp=1)
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Sum of squares due to the variation of linear slope § between noise levels

2415+ +12
s n_Sﬁ (foﬁ:"—l)
r (6)

SNxp =

Sum of squares due to error

Se:ST_Sﬁ _SNxﬁ (fe:fT_fﬁ_fNXﬁ =n><k—n)

(7)
Variance due to error/error variance
V = & — Se
e
fe| nxk—n (8)
Variancp due to pooled error/variance due to error and noise
S +S
Vy=—pp"e
fN x B + fe (9)
SN ratid, n, and sensitivity, S
1
(Sﬁ - Ve)
n=101dg* _______ (db)
" (10)
1
S$=101l9g—(Sg—-V,) (db)
nxr (11
5.4.2 Line€ar formula (dynamic ¢haracteristic)
The zero-pajint proportional formula has very wide applications. When input energy is zero, the olitput
energy will pe zero. Howeyér;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 functipn as
the linear formula suchyas Formula (12):
This functiom s catted a tinear formuta fdeat function. T ite coefficient 5 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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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

TP oo eI o T O o o T O T OO oot C O ToO T IIrre o ToT Tirerr

Total sum of squares

! 2 2 2
$t=y11"*ty2"t Yo (fr=nxk)

L

$um of squares due to mean

2
FYqo et
_ Uty Ynk) (fn=1)

Im
nxk

The mean of signal levels

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

=

~l

$um of squares due to input signal levels-from the mean

N=(My —M)? +(My— M)+ + (M= M)*

$um of squares due to lineap slope S

_ — — 2
M, -M)Y M5 —-M)Y, +---+(M, —M)Y
‘,;J( 1 = M)Yy + (M =~ M)Yy 4+ (M~ M)Y), | 5 -1)

nxr

Lo

$um of squares due to the main effect of noise

2 2 2
Ni+N5+---+N
N5 Sm (fy=n-1)

Lo,
T

Sum of squares due to error

Se=St-Sm-Sp-Sy  (fe=nxk—-1-n)

Variance due to error/error variance

fe “nxk—1-n
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Variance due to pooled error

_SN +Se

N

_fN+fe

SN ratio, 1, and sensitivity, S

n =10 log

1
nxr

(Sz-V,

e

)
(db)

N

(21)

S$=101q

NOTE1 In
under the sit
the same. Nd
Evaluation of

NOTE2 It
formulae’s fo
for a zero-po
functional fo

5.4.3 Refq
One fixed p

for referenc
follows:

(M'y")

Subtracting
by a referen|
Y-,

This ideal f
linear slope

g——(S5-Ve)  (db)
nxr

the computation of SN-ratio, pure replication trial is not applied, but multiple trials are perfo|
uation where the combinations of levels of noise factor(s) are changed-and other condition
ise factors are intentionally introduced in the replication rather than‘random noise condi
variability under intentionally arranged noise conditions is a featuré_of the assessment of SN
should be noted that the formulae for the decomposition of sum/of squares vary with the ca

nt proportional formula case. There are some other differences in the formulae depending g
'ms.

rence-point proportional formula (dynamic‘characteristic)

int, which is called the reference point, is treated like an origin point in the space. SN
e-point proportional ideal function can'be calculated from the data (M', y') transform

:(May)_(Moayo)

the reference point (Myp. yo) from each data (M, y), then the ideal function can be desc
Ce-point proportional formula such as,

:ﬁ(M_Mo)

orSensitivity coefficient.

(22)

(23)

rmed
S are
tions.
ratio.

bes of

rms. For example, sum of squares due to mean (Sy,) is calculated for a linear formula case, byit not

n the

ratio
bd as

(24)

ribed

(25)

inctien\is called a reference-point proportional ideal function. The coefficient § depotes

Calculation

the transformed data (M', y') are treated as the original data (M, y).

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

formulae of SN ratio are the same as those for a zero-point proportional ideal function when

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.

16
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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

6:2014(E)

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

Total sum of squares

. 2.2 2
§r=yitys+-+y, (fr=n)

L

$um of squares due to mean

2
:(y1+yz;---+yn) (fo=1)

1 m

$um of squares due to error

Se=8S7-5, (fe=n-1)

Variance due to noise and error

S S

I/ :—e:—e

° f. n-1

$N ratio, n, and sensitivity, S
1

- (Sm - Ve)

= 10 lognv— (db)

e

N

=10 logl(Sm—Ve) (db)
n

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

Wheh@-system has a non-negative output response and its ideal value is zero, the syst

respomsets catted stratter-the=better characteristicorsmatter-the=better response- SN=rati
the-better response should be applied in this case in robustness assessment.

a) 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

(26)

(27)

(28)

(29)

(30)

(31)

em’s output
for smaller-

data set for

static/non-dynamic characteristic, as shown in Table 3, where the noise factor has n levels.

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

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

2 1,2 9 2
o =;(y1+y2+'~+yn)
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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)

62

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

When a sys ;
infinity. The¢ system’s output response is called larger-the-better characteristic or larger-the-b
response. SN ratio for larger-the-better response can be applied in the robustness assessment ir
case.

In cases where the limit value yg is theoretically fixed, after data transformation to the difference
the limit value, y' = yp -y, the new variable y' can be considered as a smaller-the-Better characte
or nominal-the-best characteristic. It is recommended to transform the data and apply the static
dynamic forjmulation. 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<gonfiguration of the data seg
static/non-dynamic characteristic, as shown in Table 3, wherethe noise factor has n levels.

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

Foralarger-the-better response, the inverse of y, 1/y, istreated as a smaller-the-better character
Therefore, the estimate of mean squared deviation &7 is given by Formula (33):

.2 1[1 1 1
o =-— —2+—2+"'+—2>
iyl v, v,

SN ratid, n, is calculated as

n =-10|log6?% =10 logi2 (db)
o

5.4.7 SN natio for digital ¢characteristics

In computers, controlsystems, digital communication systems, and the like, the input and the resy
output data|consist'ef‘only two digital sates, namely ones and zeroes. In such digital input and d
output systems,robustness should be evaluated by standardized SN ratio. Standardized SN ratio m

(33)

ue is
etter
this

from
ristic
non-

t for

istic.

(34)

(35)

Iting
gital
eans
htion

“SN ratio after.optimized by adjusting the threshold level”. This adjustment is also called as calibr

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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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

\
1

=

q

q

=

q

5.5

5.5.1

The
in th

(Vhen the communication system 1s optimized by adjusting the threshold level so th
ates p and q are the same, standardized error rate pg is calculated as

1

R i

ecause the following formula is held in this case:

AT

$tandardized contribution ratio pg should be calculated from the standardized erro
follows:

$tandardized SN ratio is

0=-10 log[i - 1] (db)

Po

$tandardized SN ratio for'a-digital characteristic shows the robustness of the digital s

ptimizing it by levellingthe threshold.
Some topics 6fSN ratio

Using SN'ratios in system comparison

bsolute value of an individual SN ratio does not carry any significant meaning, but th
e values of SN ratios of two systems evaluated under the same noise levels can be

at the error

(36)

(37)

r rate po as

(38)

(39)

ystem after

e difference
hpplied as a

meag

ure of system comparison. The magnitudes of SN ratios calculated for the same noise le

vels 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

proportiona

EXAMPLE

l ideal function. SN ratio can be computed accordingly.

“« . .n “,_n

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.

Assumée

Formula for

5.5.3 SN

It is most ¢
be applied :
dynamic ch
downstrean

6 Procedure of a parameter design experiment

6.1 Gene

This clause
proportiona

[tisrecommended thatan orthogonal array is appliédfor the inner array to explore the design paran

space becay
parameters
to other pla

improvement in robustness by selecting:optimum levels of design parameters becomes much high

The procedd
following su

6.2 (Step

A function is
the operato
system’s ob
relation bet

Ny asanewvariable ol "V Y=Ina + BM.

SN ratio for linear formula is applicable in this case.

atios of static/non-dynamic characteristics

ffective and, therefore, recommended that SN ratios for dynamic characteristics sh
it the upstream stage of the technology/product development process, rather than
racteristics. In some cases, SN ratio for non-dynamic characteristies can be applied 4
1 stage of the technology/product development process.

ral

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

se an orthogonal array makes it pgssible to evaluate the combinations of many d
simultaneously. The number of design parameters explored becomes large as comg
s of experiment in the same number of experimental runs. It means that the possibil

res of parameter design.experiment mentioned in 4.4 will be discussed in more detail i
bclauses.

1) Clarify the system'’s ideal function

work that d system performs to fulfil its objective. A function has an input signal to ac
I’s intention. The input signal can change the output response of the system to fulf
ective’based on a function. The function can be expressed by a mathematical form d
lveen input signal and output response.

ould
non-
t the

boint

heter
psign
ared
ty of

eI,

In the

fuate
I the
f the

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:

Whatis

What is
What is
What is

20

the intended function of the system?

How does the system deliver the intended response?

the physics of the system?
the energy transformation of the system, in case of hardware system?

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 is 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 ap
unde

Such

Ther]
poin{
and ¢
in Cl3

6.3

Ident
asin

licable to their ideal function from the viewpoint of physics. A linear system is easy

for users to

rstand and operate it.
characteristics expressed in the input-output relationship are also called dynamiccha

e are mainly three types of formula for dynamic ideal function: zero-point proportiong
proportional, and linear formulas as shown in Clause 5. In some cases, the-relation be
utput can be expressed by a simple linear formula after some transformation. See morg
huse 5.

(Step 2) Select a signal factor and its range

fended. The signal factor is the user’s manipulating conditions for the purpose of inputti

to thle system. Sometimes, the user indirectly changes thé.anput, for example, by foot peda

lever

Leve
dynd
dem{
demq
rang

The

Select the signal and a signal factor for changing the signal.

s of the signal factor should cover the entire range of customer’s usage conditions. In c
mic characteristics, the output range is more’important because the output response
ind itself. So check if the range of output response changed by the signal covers thg
ind. In case of passive dynamic characteristics, such as temperature for a thermometg
b of signal should be covered by the(evels of the signal factor in the experiment.

bverall range of the signal should be taken rather wider because results of the exp

be applicable to wider situations.\The number of signal levels should be three or more ley

nonl
signa

6.4

The

meth
beca
mea

1 levels is set equal, the ‘ealculation of sum-of-squares decomposition becomes easier.

(Step 3) Selectimeasurement method of output response

method for nieasuring the response should be selected. In some cases, a suitable m
od cannetexist. In general, industries have been making efforts to measure non-dynam
1se of validation purposes. It is critical to develop an efficient and effective measureme
ure the response of ideal functions.

racteristics.

|, reference-
tween input
discussions

ify the input signal of system. The input signal is supposed to change the value of outpiit responses

g the signal
1, handle, or

hse of active
is the user’s

customer’s
1, the actual

eriment can
rels because

nearity and higher order'distortions can be assessed as a noise effect. When each widith between

easurement
icresponses
nt system to

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

6.6 (Step

is, the more robust the system is.

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
as wide as p

Control fact
material tyy

First of all, ¢
recommend
where contr
control fact

For examplg
one experin
control fact
energy and

6.7 (Step

Assign the ¢
the signal f34
orthogonal
be an orthog

Orthogonal
(B-H) can bg
should be a
in each cell
under the c(
of row No. 2

be determined by how the design space should be explored. It is usual that it should be
ossible. Sometimes optimum value of a design parameter is found in an unexpectedvra

ors can be continuous variables, such as length and mass, or it can be attributed, su
e and shapes, depending on the nature of design parameters.

ontrol factors should be defined such that they can be varied independéntly. Secondly
ed to define control factors in such a way that their effects are independent. In some g
ol factor effects are interactive, a technique called sliding level canbe applied, or redef
brs such that their effects become more independent.

, when volume, specific gravity, and mass of a cubic part.are selected as control facta
lent, they are correlated and not independent. Two of thém can be selected as indepe]
rs. Instead of taking time and temperature as contraelfactors, you can redefine them as
fime, or simply call it time and temp profile.

6) Assign experimental factors to inner'or outer array

ontrol factors selected in step 5 to innerarray, and the noise factor(s) selected in step 4
ctor selected in step 2 to outer array,Inner array should be an orthogonal array such
irray L1g and outer array can be afactorial plan. In simulation experiment, outer arra
ponal array because repeated rungin outer array are rather easy to perform in this cag

array Li1g has eight columns:‘One two-level control factor (A) and seven three-level fa
assigned to columns in.an-.erthogonal array L1g shown in Table 5. Two-level control fad
ssigned to the first celumn. Rows represent the experimental run number. The nunj
represent the levelrof-the factors. The experimental run of row No. 1 should be perfo
ndition of the comibination of factorial levels A1B1C1D1E1F1GH1. The condition in th
should be performed under the combination of factorial levels A1B1C2D2E2F2G2H2.

Table 5 — Orthogonal array L1g

aken
nge.

rh as

, it is
ases,
ning

rs in
dent
heat

I and
hs an
y can
e.

ctors
tor A
ibers
'med
b run

No. A B C D E F G H
1 T 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

11 2 1 2 1 1 3 3 2
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Table 5 (continued)

No.

12

13

14

15

16

17

N NN (NN
Wlw (N (N[N |- W
N (R [w|N R |w]|e
=W R | w NN

WiN[([N|R|w| o |m
R W W I N|~R |~
N (R[NP |w|= ]

1

A 3 3 Z 1 A 3

R W (NP, w N | w]|E

As fo
spac
to th
is sti

r the inner array in parameter design, an orthogonal array is recommended to eXplor
e efficiently. Omitting design parameters due to a large number of experimental rung
e purpose of parameter design. Therefore, performing experiments based 6n'an orthg
ongly recommended so that it is possible to evaluate combinations ofqmany design

simufltaneously. It is also essential to assess a design parameter under the conditions 1

para

meters are varied.

The number of rows of an orthogonal array is the number of experiméntal runs. The numbe

is th

b number of assignable factors. If the number of control factors does not exceed th

columns of an orthogonal array, all factors could be assigned to£he orthogonal array. Itis re

to fil

Ano

up all columns with control factors for the sake of efficiency.

'thogonal array Lig is usually recommended, where\the interaction between any twg

columns are compounded almost uniformly to other thi€e-level columns. Relatively strong

e the design
is contrary
gonal array
parameters
where other

r of columns
b number of
commended

three-level
main effects

can He identified without specific compounded interaction in this family of orthogonal arrayd, suchas L1,
L1g, 136, and Ls4. In contrast, in the 21, 3n, and 40 systems of orthogonal arrays, the interactjon between
any two columns is compounded in specific celumn(s), so it is not robust against strong finteractions
between control factors. See more discussiefi-on this topic in the Bibliography.
6.8 | (Step 7) Conduct experimefitand 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 thle puter array data should be repeated for each row of the innerf orthogonal
array. In other words, robustness assessment should be done for each combination of design|parameters
indidated by the inneriferthogonal array.
Tabl¢ 6 shows an-example of outer array layout for assessing robustness by SN ratio and sgnsitivity for
each|row of the)inner orthogonal array. While the outer array in this example is a full factprial plan of
signgdl 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 yi Y12 Yik Ly
. N2 Y21 Y22 Y2k Ly
Noise factor

Nn Ynl Yn2 Ynk Ly

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=M%+M%+~-+M,%

Linear formg for each noise level
L1 :Mlxy11+M2xy12+---+Mk X Y.,
L2 :Mlxy21+M2xy22+---+Mk X Y,
Ln =M

Sum of squajres due to linear slope 8

xyn1+M2xyn2+---+Mk Xy .

1

S :(Ll +L, +---+Ln)2 (f5=1)

nxr

Sum of squajres due to the variation of linear slope § between noisglevels

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

SNxp= =S (Unxp=n-1)

Sum of squajres due to error

Se=ST14Sp-SnNxp (fe=nxk-n)

Variance du to error/error variance

V :S—e = Se
¢ f. | nxkn

Variance dup to pooled errof

Se +SNXﬁ _Se+SNxﬂ

VN =
fet [N« 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

Fron
avery
in th

No. SN ratio Sensitivity
db db
1 N1 S1
2 n2 S2
3 n3 S3
4 N4 Sa
5 15 S5
6 16 S6
7 n7 S7
8 ns Ss
9 n9 S9
10 n10 S10
11 N1 S11
12 n12 S12
13 n13 513
14 N14 S14
15 115 S15
16 N16 S16
17 n17 S17
18 018 S18

| the calculated results of SN ratio and.sénsitivity for each row of inner array shown ir
nges of SN ratio and sensitivity are calculated for each level of control factors (design
e inner orthogonal array to identify.the factorial effects.

Table 7, the
barameters)

The gverage of SN ratio for the level 1 of factor A is calculated by averaging SN ratios of lowfs from No. 1
to N¢. 9. Likewise, the average ofSN ratios for the level 2 of factor A is calculated by averaging SN ratio
of loyvs from No. 10 to No.18¢Similar calculations should be conducted for the control factdrs B to H, as
indidated as follows.
The gverage of SN ratios-for each level of control factors
(1 +n3d13 4104 +715+16 +17 +11g +79)
Na1= 9
, (7710 +1M11 ¥ M12 7113 TN14 TN15 116 T 117 +7718)
Naz2= 9
M1 +12 T3 110 *111 12
NMB1= ( ) (40)
6
B (773 N4 +N7+112 114 +'717)
Mu3 = 6
In the same way, the averages of sensitivity for each level of control factors should also be calculated as
follows.
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(Sl +Sy+S3+S,+Sc+Sc+S,+Sg +Sg)

Saq=
Al 9
¢ - (S10+S11+S12+513+S14+S15+S16+S17+51g)
A2~ 41)
9 C
o _ (S3+S4+S7+S1,+S14+S17)
H3 = 6
Table 8 shoys 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
Control factor SN ratio Sensitiyvity
db db
Level 1 Level 2 Level 3 Level 1 Level 2 Level |3
A UIN 1NA2 - Sa1 Sa2 -
B nB1 1nB2 nB3 SB1 SB2 SB3
C nci ncz nc3 Sci Sc2 Sc3
D 1nb1 1np2 D3 Sp1 Sp2 Sp3
E NE1 NE2 NE3 SE1 SE2 SE3
F 1NF1 1NF2 1nF3 SF1 SF2 SF3
G nG1 1nG2 163 SG1 SG2 S63
H NH1 1NH2 143 SH1 SH2 SH3
6.10 (Step|9) Generate factorial effect@diagrams on SN ratio and sensitivity
Plot factorigl effect diagrams on both SNiratio and sensitivity based on the data of averages shown in
Table 8. These diagrams show how each ¢ontrol factor affects SN ratio and sensitivity. SN ratio repregents
variability while sensitivity represents linear slope or mean of the response.

Figure 6 shd

ws examples of factorial effect diagrams on SN ratio and sensitivity.
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\ e\ N

Sensitivity (db)

Sinc¢ the average of each level(of control factors (design parameters) is calculated from thg
array, the grand average of SNyratio and sensitivity should be the same as the averages for
factgr (design parameter). When the factorial effect diagrams are generated, it is easy

Al A2 B1 B2 B3 C1C2C3

D1 D2 D3 E1 E2 E3 F1 F2 F3 G1 G2 G3 H1 H2pH3

SN SN N -

Al A2 B1 B2 B3 C1 C2 C3

Figure 6 — Examples of factorial effect diagrams on SN ratio and sensitivit

misthkes in calculations:

Grand average of SN.ratio

D1 D2 D3 E1 E2 E3 F1 F2 F3 G1 G2 G3 H1

H2 H3

y

orthogonal
pach control
to check for

oMKt N3 414 *15 +16 +117 +1g +119 +1110 *M11 *M12 + 113 T 114 +115 M6 +M1p7 + 118 (42)
SN 18
Averhgeof SN ratio for each control factor should be the same as the grand average:
Ma1tNMaz _ . _Mui+MH2+Mu3 _ 7 (43)
2 3 N

Grand average of sensitivity

— S1+8,+853+8S4+S5+8+857,+S5g+S59+S519+S11+512+513+S14+S15+S16+S17+S18

Tﬁ =
(44)
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Average of sensitivity for each control factor should be the same as the grand average

Sa1+S
2Aa1toa T,

2

_SH1tSua+Su3 _
3

(45)

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 monoto

6.11 (Step
The strateg)

First, obsery
highest SN 1

Second, obg
anticipate w

Since paranj
with highes
variability g

For examplg
selected as 4

icallvincreasing or decreasing.

10) Select the optimum condition
 of two-step optimization should be applied when selecting the optimum cendition.

re the factorial effect diagram on SN ratio and select the level of each conttol factor wit
atio average as an optimum level for robustness.

erve the factorial effect diagram on sensitivity. If adjustment of the output is ne
hich factor(s) can be used to adjust the linear slope or mean, after confirming the first

eter design implies optimizing robustness, it is essentialjto’/select the control factor 1
t SN ratio. This means that the resulting system can.be*expected to exhibit the sm{
f system’s function in the market.

e, assuming the factorial effect diagrams of Figure 6, the optimum condition shou
\1B1C1D1E3F3G1H1. However, if choosing anather level of the control factor causes a §

difference ip the db value of SN ratio, another level can'be selected by consideration of sensitivity

other criter
linearity on
for SN ratio,

a than SN ratio. In Figure 6, control factor' E has small effect on SN ratio but has a st
sensitivity. If the level 2 is selected forsensitivity reason rather than the optimum lg
it results only in a small difference inySN ratio, that is, robustness. This kind of trade-of

be applied i two-step optimization. In any case, the optimum combination can be strategically selg

by considert
the first pri

6.12 (Step

As the impr
between thd
condition.

For the exai
calculated u

ng many different criteria, but'robustness should be the most important and it should
rity.

11) Estimate the improvement in robustness by the gain

pvement in robusthess, gain in SN ratio should be estimated by the difference in SN
optimum desjgn condition and some reference design condition, usually the baseline d

sing the following procedures.

Calculate th

h the

bded,
step.

evels
hllest

d be
mall
y and
rong
vel 3
f can
pcted
have

ratio
Psign

hple ofFigure 6, the optimum design condition is A1B1C1D1E3F3G1H1. The gain shoulld be

ostimated value of SN ratio for the npfimnm anign condition as follogws

Estimat

ed value of SN ratio for the optimum design condition

Nopt =M A1 +1B1 t7c1 t1p1 +1E3 T11F3 T1G1 T1H1 ~7Tsn

(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.

Estimat

ed value of SN ratio for the baseline design condition

NMbase =MA1 T71B2 TNc2 T Hp2 T ME2 TN E2 T162 T1H2 —7TSN

Calculate the gain in SN ratio as the difference between the SN ratios.

28

(47)
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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 :SAl +SBl +SC1 +SD1 +SE3 +SF3 +SG1 +SH1 _7Tﬂ (49)

Estimated value of sensitivity for the baseline design condition

Ybase =Sa1 +Sp2+Sca+Sp2 +SE2+Sk2+Sc2 +Suz2 ~7Tp (50)
Gainfin sensitivity

AS =.S'Opt -S,... (db) (51)
6.13 (Step 12) Conduct a confirmation experiment and-check the gain and “reproducibil-
ity”
Confjrmation runs under the baseline design and the optimum design conditions should be conducted

to canfirm the gains. This experiment is called a confirmation experiment. Just take two

oute

condjition. Then compute the SN ratios, the sensitiyities, and the gains as confirmed values.

" array, that is, the run under the baseline desigi.condition and the run under the opti

runs on the
mum design

Tabl¢ 9 summarizes the estimated db values from the factorial effect in the parameter desigrf experiment
and the confirmed db values in the confirmation experiment for both of SN ratio and sensitivity under
the Haseline and the optimum design cenditions.

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
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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

Levels M1 M2 M3
Motor voltage (V) 5 15 25

— (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.

oise factors should be selected from noise conditions in the actual use in magket, such as
nvironment conditions and deterioration of parts of the system. One or two typicaknoise conditions
re enough to be selected if they have strong effects.

n this study, existence of obstacle at the exhaust port was selected as @-noise factor as shown

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 obstdcle exists at
tthe exhaust port or not.

Table 11 — Noise factor and itsdevels

Levels N1 N2
Obstacle No Yes

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

Dne two-level factor and seven three-leveldactors can be assigned to an orthogongl 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 equipment enclo- 20 40 60
suxe 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 IIU}C dialllctcl at thc bUttUlll Uf llcat I“IU Mcdiuux Lcll sc
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 6p
9 No 60 40 30 Medium No 50
10 Yes 20 110 0 Medium Mediwm 6p
11 Yes 20 60 30 30 No Large 5P
12 Yes 20 40 15 15 Large No 4D
13 Yes 40 110 15 0 Large Large 5D
14 Yes 40 60 0 30 Medidm No 4D
15 Yes 40 40 30 15 No Medium 6P
16 Yes 60 110 0 15 No No 50
17 Yes 60 60 30 0 Large Medium 4D
18 Yes 60 40 15 30 Medium Large 6p
Noise factor and signal factor should be assigned-to-outer array. In this study, outer array is ajtwo-
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 agray.
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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 0193 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 0,19 076 0,57 1,06 0,71

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

(Clause 6.

Total sum of squares

=52 ¥ 152 + 252 = 875

$um of squares of input signal levels/Effective divisor

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

When the motor voltage is 0, theait~flow speed should be 0. Accordingly, formulas for
proportional ideal function are applied to the calculations of SN ratio and sensitivity

[omputations for the data)of row No. 1 of the inner array Lig are shown as follows.

Q zZero-point
s shown in

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

(16,25+14,60)°

Sp= =0,543 841 (f5 =1)

2x 875

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

16,25% + 14,60
875

S =0,001556 (fy,5=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

%

e

0,002 503

=0,000626

Variance due to pooled error/variation due to error and noise

~0,002503+0,001556

VN =0,000812
1+4
SN ratid, n, and sensitivity, S
5 1875(0,543841—0,000626)
n=10log =" =—4,17 (db)
0,000812
5$=101og (0,543 841-0,000 626)=-35,08 (db)
2 x 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 grray.
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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
[§) -9,30 —46,/4
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 -23,4%
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

— (Step9) Generate factorial effect diagrams on SN ratio and sensitivity.

iagrams.

The average values of SN ratio and(sensitivity for levels of control factors assigned
mrthogonal array L1g should be calculated based on the data in Table 15 to generate fag

The averages of SN ratioforeach level of control factors assigned to the inner orthogor]
¢alculated 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)

a1 =

9

(—8,82—11,4-0—1,08—5,57—4,92—8,00—9,13—4,89—11,99) 7 31

Naz =

9
(#4,17-12,77-5,99-8,82-11,40-1,08)

B~

6

in the inner
torial effect

al array are

(-5,99+1,76-15,93-1,08—-4,92—4,89)

NMH3 =

6
The averages of sensitivity are similarly calculated.

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 djameter 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 shqws the factorial effect diagrams on SN ratio and sensitivity for the cooling system.
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Figure 8 — Factorial effect diagrams for the cooling system

(Step 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 A2ZB2C3D1E3F1G1H3.
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
re selected to estimate sensitivity.

he baseline design is the initial design of the cooling system that has a combinatign of control
actor’s levels of A1B1C1D1E1F1G1H1.

sing the averages of SN ratio shown in Table 16, the calculations of SN raties for the optimum and
aseline designs are performed as follows.

[rand average of SN ratio

~J

sy = Average of 18 SN ratios =—7,38

Estimated value of SN ratio for the optimum design

=

opt =182 +71p1 +761 + 113 —3Tgy =—4,48-5,34-4,91-5,18-3%(~7,38)=2,23

Estimated value of SN ratio for the baseline design

base =MB1 *1p1 *M61 +Nu1 —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
Ibaseline designs.

ain in SN ratio

>

1 = Nopt — Nbase = 2,28 (- 4,19) = 6,42 (db)

The gain in sersitivity is also estimated in a similar way. It shows as follows.

[rand average of sensitivity

~

'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
Baselirle -4,19 -4,17 -32,42 -35,08
Gain 6,42 5,83 8,72 11,05

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

18 1

~ 1.6
14
1.2
1
08
06
04
0.2

Air flow speed ({m/s

d

0
0 ]

19 20

Volage(V)

Figure 9 —=Functions observed in the confirmation experiment

optimupdesign

baseline design

It can be se¢n that the Tobustness 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 degign. It can be predicted by the gain in sensitivity. Due to the improved cooling capacity,

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

thereafter. It is kept below the critical temperature of 100 °C.

Becal

se testing cooling performance by measuring temperature is very tedious and time

jown in Figure 10, for the baseline design, the temperature risifig continues 20 min after the test
ed. However, for the optimum design, the temperature is stabilized after 3 min and does not rise

consuming,

an easy and quick assessment method is conducted in this study. It focuses on the air floy generating
function of the cooling system and the robustness opfimization through SN ratio. Remember, SN ratio
easure of performance where the numerator is efficiency of energy transformatjon and the

is a
den

inator 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 mentiongd in Clause 6 of this International Standard, a parameter design can optimize-one design
concept by dssigning many design parameters of control factors to an inner orthogonabarray. However,
in product development, it will become necessary to compare the robustness of variguSdesign congepts.
Forinstancd, itis necessary to benchmark competitors’ designs against one’s own designs for robustness.

In such casgs, as long as the products have the same function (even if there are'multiple systems hased
on different design concepts), robustness assessment can be conducted o 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 evalyated
under noise|strategy for the common ideal function.

Two examples are presented in the following subclauses.

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

The robustress assessment of ball bearings is presented as a case study. Ball bearings form rotpting
parts of varfious mechanical products, where they perform the task (objective function) of suppofting
a shaft while allowing it to rotate smoothly. Conventionally, a bearing’s ability to rotate smootl[ly is
assessed by, for example, using sensory assessment by listening for rotation noise, or by assepsing
the audible poise level. However, in this gxample, the smoothness of rotation is assessed based oh the
rotation function of a bearing as described below.

The input-oytput relationship for a ball bearing can identified as follows. Assume that the inputis applied
pre-load andl 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,

Yy =BM (A1)

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

If this torqyie remalns low and stable under all usage condltlons the bearlng is hlghly robust and
should also exhit v : S5 9 SvR: ability.
Therefore, the relatlon between the rotatlonal torque and the pre- load was chosen as the functlon 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
speefl used in practice, and assessment can be performed under these evaluation conditipns. A set of
data|of rotational torque is obtained as shown in Table A.1 for the example of two designspecifications
A angl 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, . 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 formg for each noise level

L1=15,0 x 20 + 25,5 x 30 + 39,0 x 40 = 2 625,0
L =28,%5%x20+495x%x30+655x40=4675,0

Sum of squafres due to linear slope, 8

(Lq+Ly)* (2625,0+4 675,0)
2r 2x2 900

=9187,9310 (fﬁ =1)

Sum of squajres due to the variation of linear slope  between Nland N2

(Ly —Ly)*  (26250-4675,0)°
2r 2x2 900

SNxp= =724,5690 (fy . p=1)

Sum of squajres due to error

Se=51Sp-Sn=p=9949,00 -9 187931.0<724,569 0 =36,5000 (fe=4)

Variance dup to error/error variance

S
y, - Se | 365000
fe

Variance dug to pooled errer

=9,1250

SetrSNxp _36,5000+724,569 0
fe+foﬁ 4+1

Here, Ve repiresents the variance due to higher order effects other than linear effect within N1 and N2,
or variance dueto the deviation from the proportional input-output relationship within N1 and NR. 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
il — —(9187,9310-9,1250
5y 55 Ve) 22900 )
n=10log=——=10log =-19,82 (db)
VN 152,213 8

S=10 1og2i(s,3 ~V,)=10 1og;00(9 187,931 0-9,1250)=199 (db)
r

2x29

Similar calculations are done for the design specification B. The results are summarized in Table A.2.
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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 conclu

ed that the
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Conv

stness of the design specification A is approximately twice that of the design specificat

the anti-logarithm of the sensitivity gain of -2,01 db is 0,63, and its square rootis-0,79
Lhe average value of rotational torque for design specification A is about 20 %,lower {
n specification B with the same pre-load.

lifference in robustness and averages between two design specifications Aand B has beg
titatively by gains in SN ratio and sensitivity. Furthermore, based,en-the benchmarki
hrget values of new product are, for example, the SN ratio of -20,0 db‘and sensitivity of
ncluded that the design specification A satisfies the targets, while the design specific

B Case study 2: Robustness assessment on a méasurement system

asuring instrument can be defined to have a dynamic ideal function with a passive
xpression of y = fM, where M is the value of measurand (measured quantity) as a pa
v is its indicated value by the instrument. Signial in this case is called passive signal a§
e signal. In case of car steering, for example,the steering angle would be an active sig
mers actively manipulate the steeringyand change the value of steering angle to
ng radius of the vehicle. The output response, the turning radius, is important to the
se of measurement system, the value)of input signal, the value of measurand, is already
urement is started and it is what customers want to know. The function of the m
m is to reproduce the value of input signal from the output response of indicated value,
nal is called a passive signal.

kample of robustness.asséssment on three-dimensional coordinate measuring machin

e-dimensional measuring machines are widely used for the measurement outside star

bss to another-A’'sensor attached to the measuring machine is important for reserving m
facy and required to exhibit adequate performance under any conditions. Robustness
hpplied for'selecting an adequate sensor from three kinds of sensor design.

entional assessment method for a measuring instrument involves performin

ion B.

This shows
han that for

n expressed
g results, if
p,0 db, it can
htion B does

signal with
ssive signal
opposed to
hal, because
get desired
customers.
F fixed when
easurement
So this kind

b is shown.

dard rooms
easurement
easurement
assessment

g repeated

measg

urements under a certain set of usage conditions and calculating a standard deviat|

jon 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 t

hem, 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

Under thess
and C, and

results obta
conditions fi

Total sum o
St=99
+21

Sum of squalres of input signal levels/effective divisor

r=9,999

Linear form

L,=9,9
L,=9,9

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 7 210,0003
N5 9,997 0 109,997 0 209997 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

experimental factors, measurements were conducted using three different sensors
the robustness of these three sensors was cempared. Table A.3 shows the measure
ined using sensor A. Using 3 x 9 = 27 data frem three levels of passive signal and nine
Fom the Lo, SN ratio and sensitivity were. computed as follows:

squares

D9 02 +109,998 92 +210,000 1% +<-+10,000 02 +109,999 92
,001 4% =506 697,642 06429 (fy =27)

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

5 for each neise level

D9 0x%9;9996 +109,9989 x109,9989+210,0001x209,9992=56299,597 00153
D87%9,9996 +109,9991 x109,9991+210,0006x209,9992=56299,72100103

A, B,
ment
hoise

L,=10,0000x9,9996 +109,9999 x109,9989+210,001 4x209,9992=56299,98999899

Sum of squa

_Uy

res due to linear slope,

+L2+---+L9)2

Sp

9r

(56 299,597 001 53+56 299,721 001 03 +---+56 299,989 998 99)2

9%x56 299,414 002 01

=506 697,642 018 87 (f4 =1)
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Sum of squares due to the difference of linear slope, 5, between noise levels

S

L12+L22+---+L92
r

Nxp = =S

56 299,597 001 532 +56 299,721 001 03% +---+56 299,989 998 992
56 299,414 002 01
~506 697,642 018 87=0,000 02419 (fy, 5 =8)

Sum of squares due to error

§

Errof variance/Variance due to error

Varid

SN r4

=

N

Simi
of a
How

applicable to\measurement systems.

Tabld

e PT 28 °Nxp
=506 697,642 064 29-506 697,642 018 87-0,000 024 19 =0,000 021 23 (f, =18)

S_e:0,000 002123 0,000 001 18

°T 7, 18
nce due to pooled error

_ Se+Snxp 0,000 021 23+0,000 024 19

=0,000 00175
fetfnxp 18+8

itio and sensitivity
1
‘§;Csﬁ'_vg)
=10 log=——
VN
956 299 114 00201 (506:697,642 018 870,000 00118)
=10 log > ’ -57,57 (db)
0,000 001 75
1
=10 lOg;(Sﬁ —Ve)
=10 log ! (506 697,642 018 87-0,000 00118)=0,000 02499 (dI

9x56 299414 002 01

ar computations were done to calculate SN ratios and sensitivities for the sensors B an
mmeasuremenf.system is very important because it shows the magnitude of measur
bver, it isnot for sensitivity since it can easily be calibrated, i.e. two-step optimizat

A7, shows the comparison of SN ratios for three sensors. From these results, the r

sens

6:2014(E)

)

d C. SN ratio
bment error.
jon is easily

bustness of

br&Vis 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.

© ISO

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 examplg
factorial lay]

Robustness
average val
parameter.

Calculation{

46

No.
No.
No.
No.
No.
No.
No.
No.
No.
No.
No.
No.

antral factarc A AR oo a0 ] le ondlaot C Lo three laovale T thic cocn 1% full

1: A
2:A
3:A
4: A
5:A
6: A
7:A
8: A
9: A
10:
11:
12: ]

lat a o o aua zath alce T+ +
) ICLU LUTIUTIUTNITAUCLUTI O 11 dIIU D IIdAdvVe LVWUIILVUIO dIIu It U IIdve LIIr CICVUIO. I1IT UIIIo CAdOL, Ui

put will consist of 2 x 2 x 3 = 12 combinations of factor levels as follows.
1B1C1
1B1C2
1B1C3
1B2C1
1B2C2
1B2C3
PB1C1
P2B1C2
2B1C3
\2B2C1
\2B2C2
\2B2C3

evaluation is performed-for each combination, yielding 12 SN ratios and sensitivities| The
e for each level of centrol factors is calculated to determine the factorial effect of|each

are the same as,in Clauses 5 and 6 in this International Standard.
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Annex B
(informative)

Case studies and SN ratio in various technical fields

B.1 Case studies of dynamic characteristics

B.1.

An aptomobile uses many small DC motors in various subsystems, such as window regu
systd
such

It is typical to test a motor to check if it meets those requirements one\by one, and conduc
nece

In this study, the ideal function for robustness assessment.was identified based on
trang

This
base

YFBM

m, electric calliper, etc. OEMs are demanding to improve performance.and quality re
as audible noise, heat generation, torque and rpm requirement, and energy efficiency an

5sary. This is nothing but a validation, not a robustness assessmeént or optimization.

formation of DC motor. It is very much in line with today’s strong demand for energy ¢

approach is to improve multiple requirements simultaneously by optimizing the id
H on energy transformation.

(Step 1) Clarify the system’s ideal functiom

A DC motor takes electric power consumption to get amount of rotational power need
gome works as input. A DC motor’s funiction can be described as transformation of elect]
fotational mechanical power to previde intended displacement.

ransfer, based on energy thinking that says “to provide the required motive power wit
¢onsumption.” It’s ideal function can be expressed as

yhere input Miis'needed motive power and outputy is power consumption for providin
ower to doseme works. Coefficient 8 is defined as the power consumption rate, which
o the eleetric power consumption needed per unit of motive power. The criteria for g
iIs to reduce variability due to noises, i.e. increase “robustness” of this relationship, and
he’power consumption rate  as shown in Figure B.1.

| Case study 1: Application of dynamic characteristic in electromechanicall system
(Optimization of a small DC motor based on energy transformation)

lator, wiper
quirements,
d reliability.

[ trade-off if

the energy
fficiency.

eal function

ed for doing
ric power to

The ideal function of DC motor should be defined as a zero-proportional ideal functi¢n of energy

h low power

g the motive
corresponds
ptimization
to minimize
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y=pM

B

y.Power consumption)

M. motive power (W)

(Step 2

In the €]
the driy
battery.
speed n

The rot
The mo
asthep
measur
time du

Figure B.1 — DC motor robustness

Select signal factor and its range

kperiments, the motor was loaded with three levels of torque, 2, 3, and 4 (N~ m), to simulate
ing load, and was connected to a 12 (V) supply, which is corresponding to an autompobile
Needed rotational power can be expressed as mechanical energy,that is, 2m x rotation
(rps) x torque T (N - m), that is, M = 2mnT.

htion speed and the internal current were measured for 1805 at sampling intervals of 0,1 s.
five power was computed to identify the input signal levels»The signal levels are computed
roduct of the rotation speed and the load torque as described in Table B.1. Rotation spqed is
bd at the sampling interval of 0,1 s, because its instantaneous speed changes from timpe to
P to noise effects, such as heat generation even undér a constant torque condition.

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

. Load torque T4 Load torque T3 Load torque T3
Sigmal factor M1 M2 M3
Motfive power Level values setfrem the product of the calculated rotation speed and the
2mnT) three load torquelevels corresponding to working conditions
— (Step 3) Select measurement method of output response.

48

The out
express
that s, }

IE = 3 %

From th
elapsed

put response is thelelectrical power consumption. Electric power consumption cgn be
ed as the productofcirrentand voltage of electrical input, thatis, current! (A) x voltage £ (V),
b = IE. Therefore, the ideal function can be expressed as the relationship

brtnT

e motor operation over time, it seems that the overall trend should be characterized three
time periods: the initial start-up and the operating states at 90 s and 180 s after starjting-

up. And

EWa 1 + 1 + 4 1 1 . 40O - + 1 4.0 + 1 £y LIPS VT4 ”n
1U Udid SdHIPICS WETC EXLIdlicU UUrillig 1,U S IIET vVdlS OVED 1U 5 dl €4l O 1IIItIdl, )0 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

runis 9

0. 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 factorsiand their levels.

Recognize that the noise factor is those three levels of elapsed time, namely, initial, 90(s, and 180 s
3s shown in Table B.2.

This noise factor results in undesirable effects su€las variability, inefficiency, and nonlinear
felation between the input and output power.

Noise factors often account for such thingstas the customer’s usage conditions, the ambient
ftemperature 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
funning the motor continuously to allow-it to heat up, since these effects greatly surpags the effects

f actual usage conditions (it can bé.safely said that no one uses a window regulator dontinuously
ﬂ)or 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 Level3
N1 N2 N3
Elapsed time Initial start-up After90 s After 140 s

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

Eight ‘control factors from the DC motor design were selected. Control factors anf levels are
Jummarized 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 |Shapg 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 assjgnment 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 Currlent Small Shape 1 Small Shape 1 Small Shape 1 Small
2 Current Small Shape 2 Medium Shape 2 Medium Shape 2 Medjum
3 Current Small Shape 3 Large Shape 3 Large Shape 3 Larfge
4 Current Medium Shape 1 Small Shape 2 Medium Shape 3 Larfge
5 Current Medium Shape 2 Medium Shape 3 Large Shape 1 Smpll
6 Curifent Medium Shape 3 Large Shape 1 Small Shape 2 Medjum
7 Current Large Shape 1 Medium Shape 1 Large Shape 2 Larfge
8 Current Large Shape 2 Large Shape 2 Small Shape 3 Small
9 Current Large Shape 3 Small Shape 3 Medium Shape 1 Medjum
10 Rigid Small Shape-l Large Shape 3 Medium Shape 2 Smpll
11 Rigid Small Shape 2 Small Shape 1 Large Shape 3 Medjum
12 Rigid Small Shape 3 Medium Shape 2 Small Shape 1 Large
13 Rigid Medium Shape 1 Medium Shape 3 Small Shape 3 Medjum
14 Rigdid Med{uny Shape 2 Large Shape 1 Medium Shape 1 Larfge
15 Rigid Medium Shape 3 Small Shape 2 Large Shape 2 Smpll
16 Rigid Large Shape 1 Large Shape 2 Large Shape 1 Medjum
17 Rigid Large Shape 2 Small Shape 3 Small Shape 2 Large
18 Rigid Large Shape 3 Medium Shape T Medium Shape 3 Small

50

(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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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
. Mott 1 ot Fymsot3ng173...n9oT"
Signdl M ;)louvt/levrc: ” miT1..n10T1 niiTL..nz071 ;;;(1)}1 611 311701 3 71131801 3 |n8113...19013
Electrical Ig1E...I70E I71E...IgoE Ig1E...IgoE
Outppty power: W LE...I1oE I11E...IoE I21E...I30E

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

rocedure discussed in Clause 6.

Tota

A

sum of squares

T=y12 + Y22+ +yg0? (fr =90)

Sum of squares due to input signal levels/effective divisor

Linear form

—

= Myy1 + May + -+ + Mgaygg

Sum fof squares due to the®linear slope

LZ
‘Sﬂ :T

(fp=1)

Sum [of squares due to error/noise

A

=51 -Sp (fe=89)

$ince the input signal and output response are physical values associated with energy, the square
foot of each value was taken based on a consideration of the additive nature of factprial effects
btained from a sum of squares decomposition. Accordingly, a zero-point proportional
f the dynamic ideal function was analysed for the signal factor: 2mn Ty ... 2mnogT3,
1 ... Mgg; output: I1E ... IogT3 square root yj ... ygo. The calculation procedure is the

relationship
square root
same as the

Error variance/variance due to noise

S
Vv, ==
¢ 89

SN ratio, 1, and sensitivity, S

1(5

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 7,92 6,32
15 12,54 6,66
16 9,68 6,64
17 14,92 6,20
18 8,99 6,61
Response 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
Contro¢l factor db db
Level 1 Level 2 Level 3 Level 1 Level 2 Level 3
A | Fixinig method for 11,72 10,50 - 6,36 6,45 -
partA
B | Sheetthickness of 10,56 11,75 11,02 6,34 6,39 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

AR AVE AV

Al A2 B1 B2 B3 C1 C2 C3 D1 D2 D3 E1 E2 E3 F1 F2 F3 G1 G2 G3 HDH2 H3

SN ratio(db)

Sensitivity(db)
o o
w vl

./’.,/./\'\./\/\kx.\\

A1 A2 B1 B2 B3 C1 C2 C3 D1 D2 D3 E1 E20E3 F1 F2 F3 G1 G2 G3 H1 H2 H3

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 [} show that
gensitivity 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 consideratjon because
there is a small difference in SN ratios between E2 and E3. As a result, the optimum |condition is
gelected as A1B2C3DIE2F1G3H3.

— (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
¢onditions.are calculated as follows. Here, the effects of all factors are used for the calculations. The
¢urrentecondition is A1B2C1D3E2F1G1H1.

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

Grand average of SN ratio

o.M +1p+-+n17+1N1g  11,20+8,99+---+8,99
SN 18 18

=11,174

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 L1g.

= S pSrttS 6-00+6-64+—+6;61
Tg = £ L == - —=6,397
18 18

Estimatie of sensitivity for the optimum condition is calculated as follows

Sopt =Sh1+Sp2+Sc3+Sp1 +Sg2 +Sp1 +S63 +Sn3 —77_”ﬁ
=6/36+6,38+6,37+6,43+6,51+6,18+6,38+6,23-7x6,397=6,06
Similarlly, estimate of sensitivity for the current design S¢yr is calculated.
Seur =Sh1 +Sp2 +Sc1+Sp3 +Sg2 +Sp1 +S1 +Su1 —7Tg
=6,36+6,38+6,38+6,37+6,51+6,18+6,43+6,54—-7x6,397=6,37
The gain in sensitivity is calculated as follows

AS = Sopt = Scur = 6,06 - 6,37 = - 0,31 (db)
A smallpr sensitivity or a smaller linear slope means lower power consumption in this case.|This
means thata minus value of the gain in sensitivitpindicates 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 sumimarized in Table B.8. There are some differences betiween
the prefliction and the confirmatien but improvement in robustness and power consumptipn is
confirmed by choosing the optimmum 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 6,95
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

r the optimum condition, there is much less variability in the eleetvical power consu
confirmed that the power consumption rate £ is 4,08, which isXapproximately 17 (%]
pf the current conditions.

means that the energy transformation from electric péwer to mechanical power be
ent and smooth. We can expect less vibration and audible noise which are nothing by
or function. At the same rpm, audible noise was measured and resulted in 8 (db) reduc
at the optimum design compared to the current.design.

]

over, reduction of power consumption means'it takes less electric energy to produ
it torque. This will lead to an opportunity.to-downsizing the motor without affecting p
result, a cost reduction of 30 million yen per year will be realized.

is case study of robust optimizatior, the improvement is achieved by defining the idea

DC motor based on its energy transfopmation, i.e. electric power consumption and mecha

gene
dras
is ac
expe
tore

B.1.

Fation. As a result, symptoms of poor function, such as audible noise and vibration, a
fically. Because the improyement of robustness exceeds performance requirements, co
hieved instead of performance. This improvement is not possible by typical one-fact
riment measuring performance requirements and conventional quality characteristic

D

q
r 4

bean sprouting’by parameter design)

Bean
grow

as a

sproutgrows up in a production process where small beans are soaked in water, gern
n inadlightless environment without soil. The function of this production process can H

duction of natural resource and energy consumption and contributes to global ecology.

mption. It is
lower than

romes more
t symptoms
tion of noise

ce the same
erformance.

[l function of
nical power
re improved
st reduction
or-at-a-time
5. This leads

Case study. 2: Application of dynamic SN-ratio in food industry (Optimization of

hinated, and
e expressed

browth 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 i
They are germination, growth, and decay periods.

Germination period

n Figure B.5.

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 rjeed photosynthesis for growing up after growth period. Bean sprouts normally deecay and
rot after taking all the bean’s nutrition because no light is supplied in the production envirenment.
Bean sgrout is shipped before decay period, which starts typically 7 days or 8 days affer‘the[soak

started

10

Weight magnification
=]

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

12 1

<_Weight change of Bean sprout™ s

Germination
period

Growth period Becay period

|deal curve
—CActual curve

1 2 3 4 5 & 7 & 9

Growth Times { Hour )

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

(B.1)

where Yo represents the initial weight of bean at the starting point (M = time = 0), and Y represents
weight ¢f béan sprouts at time M. This is the generic function of bean sprouting. This formula can be
used as|theyideal function. In order to linearize this formula, a natural logarithm transformatjon is

applled As aresult, this formula can be written as follows:

In [EJ =M
Yy
Lety be

y=In(¥; /Yy)

then, the formula can be rewritten as

y=BM
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(B.2)

(B.3)
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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.

I'able b.9 — Signal 1actor's level 1or growtn

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

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

Dutput response yj is computed from the weight Ys at the time M;\ Weight balance as used to
easure the weight at the time M;. The ratio of the measured data-Ys to the initial weight Yy was
alculated, and then the natural log of it was taken to derive the-Qutput response y;.

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

umidity in the growing room was selected as a noise factor because humidity is easy fo control in
he experiment. It is plausible to select humidity and temperature in growing room as noise factors,
ut usually, it is difficult to control humidity and“temperature simultaneously in a room. Other
¢onditions than humidity in the room were fixed for each run of experiment to avoid djsturbances,
Ibecause germination conditions usually havestronginfluences on germination rate and gterilization.

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 thé_selected control factors and their levels. Germination conditi¢pns, such as
flemperature or spaking time, are not selected as control factors and, therefore, were fjxed. Design
parameters from the growing period were taken in this study. It is known that ethylene gas has an
effect on beaf¥’sprout growing like plant hormone and is strongly related to growth, dejcay, and rot.
[onditions k€lated to the ethylene gas bathing were selected as control factors, such as factors C and
. ContrelMactors 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,

nnnn) and eveni g)
F NumMber of mist sprays in one sprinkling 1 2 3
(0,5 ml/spray)

G Addition of mineral to sprinkling water 0 0,1 1,0

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

Table B.[L2 shows theassignmentofcontrol factorsininnerarray,anorthogonal array L1g. Experiment
of outer] array was performed under each combination of control facters’ 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 B
1 Black mappe 18 1 10 1 1 D
2 Black mappe 18 2 20 2 2 01
3 Black mappe 18 3 30 3 3 L
4 Black mappe 24 1 10 2 2 L
5 Black mappe 24 2 20 3 3 D
6 Black mappe 24 3 30 1 1 01
7 Black mappe 30 1 20 1 3 01
8 Black frappe 30 2 30 2 1 L
9 Black/mappe 30 3 10 3 2 D
10 Green gram 18 1 30 3 2 01
11 Green gram 18 2 10 1 3 L
12 Green gram 18 3 20 2 1 D
13 Green gram 24 1 20 3 1 L
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

58

(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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