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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

The designer of a product typically decides the specifications of the product and passes them on to the

manufacturing section for use in manufacturing the product. The specifications include t

he designed

nominal values and tolerances for the parts and/or elements of the product. The optimum nominal

values of the design parameters are determined by robust parameter design (RPD), and t
tolerances are determined by robust tolerance design (RTD).

RPD, as described in ISO 16336, is applied to the product prior to RTD. In RPD, the major nois
used to evaluate robustness as measured by the signal-to-noise ratio, which represents th

he optimum

e factors are
e variability

of pr
ident
mini

ifies the combination of the values of the design parameters as an optimum RPD*c
izing the variability, that is, maximizing the robustness.

RTD,
elem|
the @
erroj
erroj
with

as described in this document, is a method for selecting the degree of errors of {
ents of the product from the viewpoint of variability under the optimumn*RPD condi
ombination of optimum nominal values of the design parameters. If amianufactured
s from the designed nominal values, the product output will deviate fyom the designe]
in a design parameter should be smaller than the designed error}imit to keep the pr¢
n the designed variability. This is why the design parameters need a tolerance.

The

by u
elem
desig
varig

lesign of a product can be finalized by setting the optimuamerror limits of the design
sing RTD. The expected variance in output of a prodtct ' manufactured with erroq
ents can be estimated using RTD. After RPD is used-to identify a set of optimum v§
n parameters, RTD is used to check whether the estimated variance is smaller tha
nce under the optimum RPD condition.

RPD
many

can be used to set the optimum nominal values of the design parameters withou
hfacturing cost while RTD is closely related\to the manufacturing cost. Smaller tolerang
high¢r-grade parts or elements, result in higher costs, while larger tolerances, meaning
parts or elements, result in lower costs.To finalize the product design, the cost of manuf:
product is considered. The loss functionin the Taguchi methods is used to transform the b
imprjovement in quality into a monetary amount, the same as a cost.

The
decid

cost of the improvement and the benefits of the improvement in quality should be
ling the tolerances. RPD@nd’RTD together provide a cost-effective way of optimizing prd

If RAD cannot achieve the-product variability smaller than the target variability, the toler
design parameters aye réduced to improve the variability, but smaller tolerances result in i

On the other han@4f RPD can achieve the product variability much smaller than the targe
the tplerances-ofthe design parameters are increased to reduce manufacturing cost, so largg
result in lowercosts.

Productssmanufactured with optimum nominal values and tolerances of design parameter
to nai i i iti fter shipment. R
losses due to defects, failures, and quality problems.
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Application of statistical and related methods to new
technology and product development process — Robust
tolerance design (RTD)

1 Scope

This
Tagu

NOTIH
the n
and ¢
targe|

NOTH
manu
valug
value
elem(

document specifies guidelines for applying the robust tolerance design (RTD) proy
chi methods to a product in order to finalize the design of the product.

1 RTD is applied to the target product to set the optimum tolerances of the design param
bminal values. RTD identifies the effects of errors in the controllable design parameters on pj
stimates the total variance of the product output if the tolerances are changed,"Hence, RTD
t variance of the output from the viewpoints of robustness, performance, and cost.

ided by the

eters around
oduct output
achieves the

2 The tolerance expresses a maximum allowable error in the valué of a design parameter in the

facturing process. In a perfect world, the parts or elements of every product have the desig
s of the design parameters. However, actual manufacturing does @ot reproduce the exact desi
s of the design parameters for all products. The actual products have errors in the values of

ents. These errors are supposed to be within the designed tolérances.

2 Normative references

The
cons
unda

ISO
proc

3
For t

ISO 4

following documents are referred to in the text in such a way that some or all of t
Fitutes requirements of this document. Fordated references, only the edition cited
ted references, the latest edition of the referenced document (including any amendme

16336, Applications of statistical and related methods to new technology and product

bss — Robust parameter design (RPD)

Terms and definitions

he purposes of this document, the terms and definitions given in ISO 16336 apply.
nd IEC maintajd-terminological databases for use in standardization at the following g

SO Online bréwsing platform: available at https://www.iso.org/obp

EC Eleetropedia: available at http://www.electropedia.org/

ned nominal
rned nominal
heir parts or

heir content
applies. For
hts) applies.

development

ddresses:

TITC S

difference between the upper specification limits and lower specification limits

3.2

robust tolerance design

RTD

method of setting optimum tolerances from the viewpoints of robustness, performance, and cost
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4 Robust tolerance design

4.1 General

A company’s product design section normally gives the specifications of a product, that is, the nominal
values and tolerances of the design parameters, to the manufacturing section. The manufacturing
section uses the designed specifications in manufacturing the product. When specifications specify the
limits of a design parameter as mtA, the parameter value x in the manufacturing process should
satisfy the following restriction:

m—-A<x<m+A,

(0

where m an
(£A) case s
difference A

If the absolfite error of a design parameter is larger than the specified permissible-difference A

variability i

RTD is used
the designe
permissible
in the manu

The optimu

(RPD) through robustness measure, signal-to-noise ratiolll. Th¢’selection of a robust product by se

the nominal
optimize thg
from the vid

If RPD cann
target varia
upgrading t
to investiga

Even if RPD
those consi
satisfies thg
manufactur

The purpos|
viewpoints
the output g

can be estimpated'based on the results of analysis of variance (ANOVA).

l A denote a nominal value and its permissible difference, respectively. Only the Syymmj
discussed in this document. In the symmetric case, the tolerance is 2A, and the pérmis
is half the tolerance.

h the product output cannot meet the designed performance and spécifications.

by the design section to set the optimum tolerance for each design parameter to ac
| performance, which is evaluated based on the total variance-of the product output
difference of a design parameter is the maximum allowablé¢ error around the nominal
facturing process, and it is closely related to the cost of manufacturing.

M nominal values of the design parameters can be identified by robust parameter d

values as the optimum values using RPD prior+to RTD is highly recommended. RPI
 target product by choosing the optimum combination of design parameter nominal v
wpoint of the variability of the product output without increasing the cost[2l.

bility even at a higher cost. Smallettolerances result in smaller variability, but this req
he parts or elements of the product, which leads to higher manufacturing cost. RTD is
fe the balance between product quality and improvement cost.

achieves the target varianee, RTD is used, in some cases, to identify larger tolerances
lered in RPD. Larger-tolerances mean larger variability, but if the increased varia
target variability_the larger tolerances are applicable as they lead to reduced cq
ng the designediproduct.

bf robustness, performance, and cost. For this purpose, RTD estimates the total variar
f the desighed product if the tolerance of a design parameter is changed. The total var

Assume tha

etric
sible

, the

hieve
The
ralue

Psign
tting
can
hlues

bt achieve a target variability, RTD isiused to identify possible tolerances for achieving the

liires
used

than
hility
st of

e of RTD is\te” achieve the target variability by setting optimum tolerances from the

ce of
ance

[ a-value x of dpcign parameter E has a linear effect on outputy of the prndn{‘f, as shoy

/n in

Figure 1 a). If the present permissible difference of x in F is Ap = A, the error distribution of F affects
output y with a magnitude of BA. If the permissible difference A of F is reduced to new permissible
difference Ay = AA [A<1 in Figure 1 a)], the effect of changing A in F on the output is reduced to AfA,
and the variance in y due to changing A in F is reduced from the present variance Vip to new variance
Ven = A%Vgp. As a result, the total output variance is reduced from Vip to Vyy [Figure 1 b)].
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The 1

whel|

If th
para

y y=a+px o =) Ao
2 i
Yo ~ Vep
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i Vo | | ¥
A X
-2 VTp VTN
m

a) Linear dependence on x in F b) Change in total varianc

Figure 1 — Effect of changing A in design parameter F on total variance

new total variance Vpy can be estimated as

r _132
N =Ven Ve =AVep +V,,

e AZA% is assumed.
P

e tolerance of a design parameter is reduced, thiat'is, A<1, the magnitude of error o
eter becomes smaller, and the total output variance is reduced. A smaller tolerance

anu

graded part or element is used, so the cost 6f producing the new design can be higher

the present design.

If the tolerance of a design parameter is\enlarged, that is, A>1, the magnitude of error o

parameter becomes larger, and the tetal“output variance is enlarged. A larger tolerance n
down-graded part or element is used;-so the cost of producing the new design can be smal
of the present design.

RTD [comprises two steps, as follows.

1y

TD experimentation:-Collect data on the designed product, and analyse the data to dg
ependence of thé-product output on the design parameters.

Tolerance determination: Estimate the total variance if a tolerance is changed, and ¢

pffects inquality with the cost of the change to identify the optimum tolerance.

expefiments collect the output data of the designed product in which there are errors in
i n parameters and estlmate the total variance and its dependence on the de51gn parad

A1

(2)

f the design
means that
than that of

ff the design
neans that a
er than that

termine the

ompare the

the product
meters. The
eter errors.

The ANOVA results show the effects of errors in the de51gn parameters on the product output. The
product output has a target variance from the viewpoints of robustness and performance.

In RTD experiments, the design parameters are taken as noise factors. A noise factor is an experimental
factor which is taken into experiment for the purpose of estimating its variability. The variance in the

linea

r effect of errors in the design parameters is estimated.

In RPD, on the other hand, the design parameters are taken as control factors. A control factor is an
experimental factor which is taken into experiment for the purpose of selecting the optimum level of the
factor. Designers can fix the nominal values of design parameters to the optimum RPD values. However,
in actual manufacturing, the parts or elements of the product invariably have errors, so the designer
cannot specify the error of a design parameter. The designer can set only the permissible difference A
as an error limit.

© ISO
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Design parameter errors cause variability in product output. If the error of a design parameter has a
linear effect on the product output, the output variance can be changed by resetting the tolerance of the
design parameter. RTD experimentation is used to determine the contributions of the effects of errors
in design parameters to the product output.

In the tolerance determination step of RTD, the change in the output variance due to resetting a
tolerance is estimated, and the designer selects optimum tolerance for achieving the target output
variance. The optimum tolerance can be determined by balancing the effect in quality due to a tolerance
change against the cost of the tolerance changel3l.

4.2 RTD experimentation

4.2.1 Dath generation

RTD experimentation is used to determine the design parameters’ linear effects for the designed
product. The relationship between the output by the product and the errors in the design’parameters is
investigated. The output data can be generated in three ways:

1) by using a theoretical formula,

2) by expefrimentation with an actual product;

3) by siml.Iation experimentation.

When the theoretical relationship between the product output and the design parameters is known,
the output gata can be directly calculated for various combjnation of the design parameter vdlues.
RTD offers multi-factor design as an experimental design.for generating the output data in various
combinations of the level of experimental factors, as showiiin case study (1) in Clause 5. ANOVA isjused
for analysing the dependence of the product output onthe factors.

Mathematicpl analysis can be applied in this caselMathematical analysis consists of using varijance
estimates fqQr a system by, for example, propagating an input variance through the system via Thylor
series expansions of moment generating funetions(4.

If an actual product can be constructed, it can be used for experimentation, and the data output can be
collected usjing the actual experiment-However, in many cases, it is difficult to set the intended levels
of the errorp of design parameters(inyan actual product because the noise levels cannot be contrplled
within the error distribution of the)ydesign parameters. Simulation experimentation can be used inf{such
cases. This is why simulation experiments are often used in RTD. A simulation program can provide the
product output data, as show1in case study (2) in Clause 6.

4.2.2 Experimental design for data collection

RTD experimentation is used for collecting output data for the designed product under the combina ions
of design pa
isused to g
the main effects of experimental factors. An orthogonal array plan is recommended as a multi-factor
experimental plan for collecting the data as it is an efficient way to collect data for an RTD experiment.

An orthogonal array plan can reduce the number of experimental runs compared with a full-factorial
plan for the same number of factors and can assign the maximum number of factors in a plan for the
same number of experimental runs. The main effects of factors can be estimated under the condition of
a balanced combination of the other factors’ levels. The choice of the orthogonal array depends on the
numbers of factors and their levels[3l.

An example orthogonal array (L;g) is shown in Table 1. Seven experimental factors with three levels
(B-H) and one factor with two levels (A) can be assigned to the columns in the array. Rows represent
the experimental run. The number in each cell represents the level of the factor assigned to the column.
The experimental run of low No. 1 should be performed under the combination of factor’s levels
A1B1C1D1E1F1G1H1.

4 © IS0 2021 - All rights reserved
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For RTD, the design parameters are assigned to the columns as noise factors. For the purpose of
estimating the linear and non-linear effects of a factor, each factor has at least three levels. However,
if the proportional property is obvious for a factor, a two-level setting is sufficient. Two-level factor
is assigned to the first column. The last column in Table 1 shows the output data y; calculated for the
combination of factors’ levels shown in the cells in the same low

Table 1 — Example of orthogonal array L, and output data

Column 1 2 3 4 5 6 7 8 Data
output
No A B C D E F G H
1 1 1 1 1 1 1 1 1 &}
2 1 1 2 2 2 2 2 2 \p
3 1 1 3 3 3 3 3 3 V3
4 1 2 1 1 2 2 3 3 Va
5 1 2 2 2 3 3 1 1 Vs
6 1 2 3 3 1 1 2 2 Ve
7 1 3 1 2 1 3 2 3 y,
8 1 3 2 3 2 1 3 1 Vs
9 1 3 3 1 3 2 1 2 Yo
10 2 1 1 3 3 2 2 1 Vio
11 2 1 2 1 1 3 3 2 Vi1
12 2 1 3 2 2 1 1 3 V1o
13 2 2 1 2 3 1 3 2 Vi3
14 2 2 2 3 1 2 1 3 Via
15 2 2 3 1 2 3 2 1 Vis
16 2 3 1 3 2 3 1 2 V16
17 2 3 2 1 3 1 2 3 V17
18 2 3 3 2 1 2 3 1 Vig
Table 2 shows an example of l[evel setting of factors for RTD. The upper and lower permissibl¢ differences
are assumed to be the sante\for simplicity. The levels of the factors are set around nominal yalue m with
level|width d. Nominal #7alue m is set to an optimum value by RPD from the viewpoint of{robustness.
Leve| width d is set ffem the actual standard deviation of the design parameter if it is known.
Table 2 — Example of level settings of factors for RTD
Factor 1 2 3
A mpy —dy my+dy —
B mp—tp g mp+p
C me-dg me me+dc
D mp - dp mp mp + dp
E mg - dg mg myg + dg
F mg - dg mg mg + dp
G mg —dg mg mg+dg
H my - dy my my + dy

When the actual standard deviation o, of the error in the design parameter is not exactly known, the
assumption o, :% or o, =% can be applied.

When the actual standard deviation o, of the error in the design parameter is known, the level width d
and the levels of the factors are set as follows.

© IS0 2021 - All rights reserved 5
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For a two-level factor, d =0, :

X1: First level X, =m-0o,, (3)

X2: Second level X, =m+0, . 4)

For a three-level factor, dz\/gox :

X1: Firstlevel X, :m—d:m—vlgﬁx (5)

X2: Secand level Xy =m, 6)
. 3

X3: Third level Xz =m+d=m+ EGX. (7)

Y
linear effectjof the error in the factor ﬂzaf , where ff represents the lineat coefficient of the relatio

y=px between output y and input x.

Setting the level of the factors in this way makes the estimated variance 0'25 ef'output y caused b‘Er the

ship

If Yij (i=1,--,n, j=1,---,r) represents the output from j-th rundnyrrepeated runs on i-th level x in n

level factor, the linear coefficient f and the sum of squares of liiear effect Sﬁ are calculated as

22 (55 =)
ﬁ= i=1 j¥l - ’ (8)
rZ(xi -x)?
) Ijl 5
[}‘,Z(x,- -0y ,-j—y)] .
Sﬁ= =] j=1 =rz(xi_§)2_ﬁ2_ 9)

n .
Y'Z(Xi —-x)? =1
=

For a two-lgvel factor A'with levels Xy =Xx—d and X, =Xx+d, the sum of squares of linear effect ‘;[3 is
calculated as Sﬁ =r2d?B2. If the linear effect of factor A is significant, Sﬁ approximately repregents

2r0)2,€, whefe 2 denotes the number of data items and 0)2/€ denotes the variance of each. If level width

dissetto o' Sp =222 —2;‘(7)%[32 :2:’"654 —Thenvarianee wa Hretutptti-cansed-by-the tinear-effect
of the error in the factor becomes 0'}2,[ :ﬂzaf .

For a three-level factor B with levels X4 =)?—d,x2 =X, and X3 =Xx+d, the sum of squares of linear effect
Sﬁ is calculated as Sﬁ =r-2d?B2. If the linear effect of the factor is significant, Sﬁ approximately

2
ye’

where 3r denotes the number of data items. If the level width d is set to %O'X,

represents 3ro
Sp =2rd? 32 =2r%o§ -p? :3r0'£[32 531‘0'51Z . Then variance szz in output y caused by the linear effect of

the error in the noise factor becomes O'JZM =ﬁ26§ .

6 © IS0 2021 - All rights reserved
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4.2.3 Analysis of variance

ANOVA is used to identify the linear effects of the factors and the ratios of their contributions to the

total

variance.

The ANOVA calculations for orthogonal array L;g are as follows.

Total sum of squares:

18
2
18 18 (2 Vi)
T‘ L _—\7 v 2 — 121 10
S22 0=7=27; T (10)
i=1 i=1
The total sum of squares is decomposed into sum of squares S,, of the linear effect|of each factor and
sum pf squares S, of the error as follows:
§1=Sp+Sg+Sc;+Sp; S5 S5 56 +Sh e - (11
For galculating the factor effects, the sum of the data for each factor level’is calculated:
YA =YtV t Y3 tYa Vs +YVe+tV; t Vgt
Ya2=V1ot V11tV P Vi3 t Vst V15 t V16 t V17t V1
Y1 =Vt t Y30V T2
Y2 =Vat VstV t Vi3t V14t V15 (12)
Y3 =Y+ Vgt Vo T V16 T V17 T V18
Y3 =3t Vet YtV VstV
Tabl¢ 3 summarizes the calculated stnis of data.
Table 3 — Sums of data for each factor level
Sum of data
Factor
Level 1 Level 2 Level 3
A Va1 Va2 :
Y1 Y2 Vg3
C Ye1 Yea Ye3
D Yby Y2 Y3
E Y1 Y2 YE3
k Yy Yo Vg3
G Ya1 Y62 Y63
H Yh1 Yho Yh3
For a two-level factor (A):
Main effect of factor A:
2 2 2 2
¢ _Ya1t¥a C(Mpq tY0)" (Va1 —Yp,) _ (13)
A 9 18 18
For a three-level factor (B, for example):
The effect of each three-level factor is separated into two parts, a linear term and a quadratic term.
© IS0 2021 - All rights reserved 7
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Total effect of factor B:

2
_ Y +Y5, +Y5; (YBl +Yg, Y5 )

= 14
B 6 18 ()
Linear term Sp; and quadratic term SBq:
[(—1)x¥y, +0x¥g, +1xVp [ [(~1)x¥y, +0x¥, +1xVy, |
Bl 6 (-112+02+12 6x2 '
. 1t +(=2)x¥y, +1xVg, | _[1x¥gy + -2V, +1xVg, | s)
Ba 6x[ 12 +(-2)2 +12 | 6x6
The following relationship is useful for checking the calculations.
Sp =S [FSpq- (16)

The effects ¢f the factors are also calculated for all other 3-level factors, factorsC to H.

The results pf the ANOVA calculations are shown in Table 4.

Table 4 — Results of ANOVA calculations

Source f SS %4
A 1 Sa Va
Bgq 1 Sgq Viq
Cl 1 S Ve
Cq 1 Scq Veq
DI 1 Spi Vb
Dq 1 Spq Vg
El 1 Sk Ve
Eq 1 Skq Vig
12| 1 Sk Vi
Fq 1 Skq Viq
Gl 1 Sci Ve
Gq 1 Stq Viq
HI 1 Su Vi
Hq 1 SHq Viq
e 2 Se A

17 St

If the linear term of a factor is smaller than the error term, it is pooled into the error effect.

If the quadratic term of a factor is small compared with the linear term and is comparable to the error
term, it is pooled into the error effect.

If the quadratic term of a factor is large compared with the linear term, it is not pooled into the error
effect because it can have higher order dependence than the linear effect. The tolerance of this factor
cannot be changed without more investigation.
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If the linear terms of all factors are larger than the error term, and all quadratic terms are pooled into
the error effect, the sum of squares of error S, is estimated as

Se :ST —(SA +SBI +Sc1 +SDI +SE, +SF1 +SGI +SHI ). 17)

Table 5 — Pooled ANOVA: Linear effects of factors and their contribution ratios

Source f SS %4 S’ p
A 1 Sal Vai S'al Pal
Bl 1 Spi Vg Y Pgi
Cl 1 Sci Ve S'a Pci
DI 1 Spi Vb S'or Ppi
El 1 Sgl Vi S'g1 PEI
Fl 1 Sk Vi S'wl PFi
Gl 1 Sai Vi S'al LGl
HI 1 Shi Vhi S'wi PHi
e 9 Se V. S’y Pe
T 17 St Ve Pr

The resultant pooled ANOVA is shown in Table 5. It shows the\inear effects of all factors, their pure
sumg of squares, and their contribution ratios. The contribution ratio p is defined as the p¢rtion of the
purefsum of squares S’ of a factor’s effect to the total sum‘f'squares S as:

S/
p=—x100 (%). (18)

St
Consjider the case in which the product has.design parameter B and the total sum of squafes Sy of the
outppt. The pure sum of squares of linear-term Séf of B with degree of freedom f;, =1 gnd the pure
sum pf squares of error Sé can be estimated as follows.

Pure|{sum of squares of linear term 51’31 :

$51=Sp1 —fp1¥Ve =Sp; Ve ) 1f Sp; >Ve,

q

./ : (19)
84, =0 if Sy <V..

If Sg, <V,, the lineaxterm Sy, is pooled into the error term S,. If the linear terms of theg factors are

pooled into the ertor term, the degree of freedom of the error term f, is changed, and the erfor variance
is refalculated after all linear terms of the factors are checked. Table 5 shows the case in which the
linear terms-of all factors are not pooled.

Contfibution ratio pg; of linear term 51,31 of factor B:

Sgi
P ="x100. (%), (20)
T

The error part fg; XV, of sum of squares S, is pooled to the pure sum of squares of error Sé .

© IS0 2021 - All rights reserved 9
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Pure sum of squares of error Sé :

S(; :Se+fBIXVe:(fe+fBI)XVe' (21)

If these calculations are carried out to the other factors C to H, Sé is finally calculated as

sg:se+[ D fﬂ}<Ve=fT><Ve=17><Ve. (22)

i=A,--H
The following formulas are used in these calculations:

E[Vg, |Ho2 +2rd? B2 =V, +Vg, (for two-level factor)
E[Vg, |HoZ+6rd? Bt =V, +Vy, (for three-level factor)
E[Sg; 19 51 (Ve Vi1 )= faVe +Sgi

E[S. = fr %02 = fr XV, (23)
Y pi=100 (%)

i
zsgst
i

where the linear term of factor B is estimated from level width’d, and summation with subscript i
denotes sunpmation of all the terms.

In summaryj, the contribution ratio of the linear term of factor B is estimated as

S];) SBI _Ve 0,
Pg; =?—><100=S—x100 (%). (24)
1] T

The contriblition ratios of the other factors’ {inear terms are also estimated.

The contribfition ratio of the final errorsterm is estimated as

S’ xV
p, == <100=%x100 (96): (25)

ST T

The results jof these estimations are shown in the pooled ANOVA in Table 5, which is used in the|next
step of RTD|

4.3 Tolenance determination

4.3.1 Estimating total variance iftoleranceischanged |

If the tolerance of a design parameter is changed, the new total variance of product output can be
estimated using the pooled ANOVA in Table 5.

If a design parameter has a large linear effect on the output, the permissible difference of the design
parameter can be changed to match the total variance to the target variance. If the contribution ratio
of the linear effect of a factor is large, the effect of changing its tolerance on the output is large, so the
new total variance of output is greatly changed. In this way, factors with large contribution ratios can
be used to adjust the total variance.

If a design parameter has no significant effect on the output, its permissible difference can be increased.
Doing this will lead to a larger tolerance and a lower cost part or element. If the estimated new total
variance does not exceed the target variance, the tolerance of one or more factors can be enlarged. In
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this way, factors with small contribution ratios can be used to adjust the cost. Final decision on the
tolerance is made in the next step.

There can be cases in which the estimation of the total variance is not reliable, for example, a case in
which a tolerance is substantially enlarged and a case in which a factor has a large higher order effect
on the output. In such cases, conducting a confirmation experiment is recommended. If the tolerance of
factor B is enlarged by a factor of A (A>1), the linear effect of B is enlarged by a factor of A2, but the higher
order effect of B can be enlarged even more. The quadratic effect of B, for example, is increased by a factor
of A%, A confirmation experiment can be conducted by RTD experimentation. In the tolerance reduction

case (A<1), the higher order effects of B can be reduced, so the error variance does not change much.

If th
diffe

=

whet

Whe

4 H il Jdi L A £ 1 A | 3 i R L. Jd &
- lJl COoCIIL lJCl IIIISOSITUIT UITITTI TIILT l_\P Ul LUIIC ucolsu qu dllITLCT D 15 Luquscu LU 1ICVV

Fence Ay as Ay = AAp, a new total variance Vyy can be estimated from the present togal

=[1+(12—1)%}

An
A
e A=AN A =d% is assumed.

P P

h three factors (D, E, and F, for example) are used to adjust the total variance and their

AP tpe ,

2 2
_ 92 _
TN = j Vg +V, =AVg +V, = 100 TP XVrp,

P

permissible
ariance Vyp:

(26)

permissible

diffefences are changed to ApAp, AzAg, and ApAR, respectively, the new total variance Vyy is ¢stimated as
Ppi PEi P

Won = 1H( A3 1) = +( A2 1) = +(A% 1) — [XVip, 27

TN [ (23 )100 (4 )100 ( )100 TP (27)

whet
facto

4.3.2
In th

For ¢
into

funcf
func

The quality loss L per product can be estimated using Taguchi’s loss function,

e the independence of the factors’ effects is assiimed. If there is a high correlation 1
rs, a more intensive study for estimating a newitotal variance is needed.

Deciding tolerance

stimating the improvement in.quality, the benefits of an improvement in quality are {
q monetary amount. Taguehi's loss function is used to estimate the quality level. T4
ion expresses the level df the designed quality of a product on a monetary scale. T§
ion is used to transfer thé total variance V; into the equivalent monetary loss L.

between the

e final step of RTD, the improvement in quality is compared with the cost of improvemient.

ransformed
iguchi’s loss
iguchi’s loss

A
— 2 — Ja
L=ko —kVT —FVT ) (28)
wheie A denotes the permissible difference in the design parameter, and A denotes the loss|per product
when the error in the value of the design parameter exceeds the permissible difference.|The quality
loss . per product represents the quality level of the product in a monetary unit the samg as for cost.

The quality loss represents the loss in the market by the product which has variability in output. When
quality loss L is large, the quality of the designed product is low.

If maintaining the quality level of the product has a cost C per product, the total loss L; per product is
estimated as

Ly =L+C. (29)

Cost C includes, for example, the cost of purchasing parts or elements and the cost of maintaining
the manufacturing process within the tolerance. If a part or element is upgraded through a tolerance
change in the manufacturing process, for example, the cost of the upgraded part or element per product
is included in cost C.
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Total improvement gain G can be estimated as:

G=Lyp—Lpy =(Lp +Cp )~(Ly +Cy )=(Lp —Ly )+(Cp —Cy )=AL+AC,

(30)

where L with subscripts P and N denote the total loss under the present condition and that under the
new condition, respectively, and AL and AC denote the improvement in quality and the improvement in
cost, respectively.

If the cost of improvement AC is zero, the improvement in quality can be simply estimated as the

difference AL between present loss Lyp and new loss Lpy:

VN J:

G=AL=

If the imprd
applied becd

If the improvement cost exceeds the improvement in quality, that is, G0, the new tolérance cann
other tolerances should be tested.

applied, and

These are tH
after due co

Lrp — LN =KVpp —KVpy =K(Vpp

hsideration.

vement in quality exceeds the improvement cost, that is, G>0, the new tolerahce ca
iuse the tolerance change is cost beneficial.

5 RTD case study (1) — Stabilizing a circuit by using theoretical formula

5.1 Expe

51.1 Obj

The target product is the constant voltage circuit shown in Figure 2. Output V_, is the voltage of reg
be constant even if the circuit elements have errors. The objective is stabilizing the ci
btimum specifications for minimizing the variability of

—h

R,; it should
by setting o

rimentation

pctive

%

out-

Vout

(31)
n be

ot be

e decisions made using RTD. If there are other restrictions, releyant decisions can be made

istor
rcuit

Figure 2 — Configuration of constant voltage circuit

The theoretical formula for the relationship between the output of the circuit and the values of the

elements, such as resistors and batteries, is

R, +R
(1— 1 3]E1+E2
Rl
=R,I,=R .

%4

out

This case study is an example of RTD using a theoretical formula.

12

2 R, (R +R;)
R

+Ry

1

(32)
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Experimental design for data collection and analysis of variance

RPD is applied prior to RTD to improve robustness. Table 6 shows the values of the design parameters
before RPD is applied (“current values”) and the optimum RPD values. The optimum RPD values are

used

to be the nominal values of the elements in the circuit.

Table 6 — Results of RPD application

Design Current Optimum
parameters value value
B:R1 (Q) 150 350
C:R2 () 70 15
D:R3 (Q) 210 160
E:E1 (V) 5 3
F:E2 (V) 15 19

The ¢xperimental factors for RTD are taken from the design parameters as same as those for RPD. The

level

set t¢ nominal value m in accordance with the optimum RPD condition."The first and third |

to th
assu

calcy

d=\/3
2

5 of the factors for RTD are set around the nominal values as shown'in Table 7. The se

e values of the errored design parameters, i.e. the deviated,values from the nominal
med that the standard deviation of the error is set as 0 = m/30. Level width d of a faq

— o . The values shown in Table 7 are the calculated“results rounded to five dig

lations here and hereafter are done using all digits,

Table 7 — Levels:of factors for RTD

Level B:R1 (Q) C:R2 () D:R3 () E:E1 (V) F:E2 (V)
1 335,71 14,388 153,47 2,877 5 18,224
2 350,00 15,000 160,00 3,0000 19,000
3 364,29 15,612 166,53 3,1225 19,776
NOTE Values are rounded to five digits.

cond level is
pvels are set
values. It is
tor is set as

its, but the

All the factors are three levél factors, and then they are assigned to columns 2 to 6 of orthggonal array

Lyg as shown in Table 8. They can be assigned to another orthogonal array, but for simplicity, orthogonal
array L,g is used. Columns without assigned factors are error columns, then the experimental error can
be rdliably estimated with more degrees of freedom.
The ¢lata are cateulated for the designated combination of the factor levels. Table 8 shows|the data for
the gptimum®RPD condition calculated using the theoretical Formula (32). Table 8 also shgws the data
for the current condition using the current values for comparison with the optimum RPD cpndition.
Table 8 — Assignment of factors to Lis and data for the circuit
Column 1 2 3 4 5 6 7 8 Data (V)
No e B C D E F e e Current | Optimum

1 1 1 1 1 1 1 1 1 1,421 1,395

2 1 1 2 2 2 2 2 2 1,411 1,447

3 1 1 3 3 3 3 3 3 1,396 1,499

4 1 2 1 1 2 2 3 3 1,551 1,461

5 1 2 2 2 3 3 1 1 1,542 1,513

6 1 2 3 3 1 1 2 2 1,356 1,388
NOTE Data values are rounded to four digits.
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Table 8 (continued)
Column 1 2 3 4 5 6 7 8 Data (V)

No. e B C D E F e e Current | Optimum

7 1 3 1 2 1 3 2 3 1,674 1,474

1 3 2 3 2 1 3 1 1,338 1,342

9 1 3 3 1 3 2 1 2 1,639 1,572

10 2 1 1 3 3 2 2 1 1,228 1,335

11 2 1 2 1 1 3 3 2 1,686 1,579

12 2 1 3 2 2 1 1 3 1,327 1,432

13 2 2 1 2 3 1 3 2 1,285 1,335

14 2 2 2 3 1 2 1 3 1,436 1,402

15 2 2 3 1 2 3 2 1 1,742 1,638

16 2 3 1 3 2 3 1 2 1,523 1,412

17 2 3 2 1 3 1 2 3 1,485 1,451

18 2 3 3 2 1 2 3 1 1,635 1,518

NOTE Data vplues are rounded to four digits.

ANOVA calc
of all the col
the error te]

Table 9 — ANOVA for optimuin RPD condition

1lation is carried out to the data for the optimum RPD condition. Table 9 shows the effects
umns. It indicates that the effects of the error columns.1,7, and 8 are comparable to that of
m and that orthogonal array assignment is successfully applied.

Source f SS %4
(Column 1) 1 0,000 009 0,000 009
BI 1 0,000 552 0,000 552
Bq 1 0,000 011 0,000 011
Cl 1 0,033 531 0,033 531
Cg 1 0,000 003 0,000 003
DI 1 0,043 011 0,043 011
Dq 1 0,000 033 0,000 033
El 1 0,000 207 0,000 207
Eq 1 0,000 001 0,000 001
FI 1 0,049 683 0,049 683
Fq 1 0,000 002 0,000 002
(Column 7)1 1 0,000 005 0,000 005
tCoturm 7)q T 0,000001 0;000001
(Column 8) / 1 0,000 041 0,000 041
(Column 8) q 1 0,000 002 0,000 002
e 2 0,000 034 0,000 017

T 17 0,127 126 —

NOTE  Values are rounded to appropriate number of
decimal places.

If the variance of an effect is smaller than or comparable to the error variance, the effect is pooled into
the error term. All the variances of linear effects of factors B to F are larger than the error variance
in this case, so they are not pooled into the error term. The quadratic terms of all factors are small
compared with the corresponding linear terms and comparable to the error term. They are thus pooled
into the error term. The effects of error columns 1, 7, and 8 are also pooled into the error term.

14
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The resultant pooled ANOVA is shown in Table 10. The pure sum of squares S”and the contribution ratio
p of each effect are shown in the table.

Table 10 — Pooled ANOVA for the optimum RPD condition

Source f SS %4 S’ p

BI 1 0,000 552 0,000 552 0,000 540 0,42
Cl 1 0,033 531 0,033 531 0,033 520 26,37
DI 1 0,043 011 0,043 011 0,042 999 33,82
El 1 0,000 207 0,000 207 0,000 195 0,15
FI 1 0,049 683 0,049 683 0,049 671 39,07
e 12 0,000 142 0,000 012 0,000 201 0,16

17 0,127 126 0,007 478 — 100,00

NOTE Values are rounded to appropriate number of decimal places.

The pure sum of squares 51'31 and the contribution ratio pg, of linear effect of factor B, for example, is
calcylated as follows:
S, Ser—fr XV
Pro _381q00= B T8 g9 (%)
T T
_ 0,000552—1><0,000012><100
0,127126 (33)
_ 0,000540><100
0,127126
=0,42 (%)
The ¢ontribution ratios of the other factors, C to F, are calculated in the same way.
The ¢ontribution ratio of the error term'is calculated as follows:
S, xV, 7%0,000012
Pe :—e><100=g><100:1'—><100 (%)
St St 0,127126
201
:—0'000 0 x100 (34)
0,127126
=0,16 (%)
ANOVA calculation is also carried out to the data for the current condition for comparispn. Table 11
shows the resultant pooled ANOVA.
Table 11 — Pooled ANOVA for the current condition
Source f SS %4 S’ p
BI 1 0,056 630 0,056 630 0,056 595 14,64
Cl 1 0,014 296 0,014 296 0,014 261 3,69
DI 1 0,129 569 0,129 569 0,129 534 33,51
El 1 0,033 357 0,033 357 0,033 322 8,62
FI 1 0,152 300 0,152 300 0,152 266 39,39
e 12 0,000 416 0,000 035 0,000 589 0,15
17 0,386 567 0,022 739 — 100,00
NOTE Values are rounded to appropriate number of decimal places.
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The total variance of the optimum RPD condition of 0,007 478 (Table 10) is much smaller than that of
the current condition of 0,022 739 (Table 11). It means that the standard deviations of the output are
0,086 V for the optimum RPD condition and 0,151 V for the current condition. RPD thus reduced the
standard deviation of the output by more than 40 % compared with that for the current condition. This
demonstrates the advantage of using RPD prior to RTD. RPD achieve small total variability by selecting
nominal values without cost-up.

As shown in Table 10, the factors with large contribution ratios are factors C, D, and F. The factors
with small contribution ratios are factors B and E. The effect of a tolerance change is considered in the

next step.

5.2 Tolern

The pooled

RPD conditi
target stand
reduce the |

If the result
is used to e
deviation is
in order to 1

Three cases
a circuit.

Case 1: To in
A=1/2.

The new tot]

ance determination

ANOVA for the optimum RPD condition are shown in Table 10. If the results of the-opti
on are not satisfactory, RTD is used to achieve the target variability. For example, i
ard deviation is 0,050 V, the optimum RPD condition is not satisfactory, and RTD is us
plerances in order to achieve the target standard deviation.

5 of the optimum RPD condition are satisfactory in terms of the total-eutput variance,
kamine the possibility of reducing manufacturing cost. For example; if the target stan
0,090 V, the optimum RPD condition is satisfactory, and RTD is used to widen the toler4
educe manufacturing cost.

are examined for tolerance determination to improve thé quality and/or reduce the c

hprove quality, the permissible differences of factors C, D, and F are reduced by half; th

hl variance is calculated as follows:

P, p P
Vo | (R0 L 331) 2L 1) B8
=Py ¥Vrp
i 26,37 33,82 39,07
:_1 ((32-1)=== o +H((3Eea)== o +((3)2-1)=—= o }xo 007478
_2955 ) 007478
100
=0,001911
=(0]044)?

mum
f the
ed to

RTD
dard
nces

st of

atis,

(35)
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Case 2: To reduce cost, the permissible differences of factors B and E are doubled; that is, A = 2.

The new total variance is calculated as follows:

Pgi 2 PEi
Vi =| 14(A2 =1) 25 +( 12 —1) ==L |V
TN <A'B )100 (/,LE )100 TP
=prXVyp
Lotz 1y 042 o 015 L6 50n4ag
Y V100 Y 100 7 (36)
= 101'74><0,007478
=0,007608
=(0,087)>
Case[3: Toimprove quality and reduce cost, the changes made in cases 1'ahd 2 are applied simultaneously.
The new total variance is calculated as follows:
¥y =P XV,
Pc1 Ppy Pry PBl PEI
= 1+(A% - 2_1) 2L 4 (A2 1) =+(22-1 Z_
26,37 33,82 39,07 0,42 0,15
=[1+((1)2 -1 2 2 22T (22 1) =4 (22 -1) = [x0,007478
[ <(2) ) 100 (( - ) 100 (( - ) 100 ( )100 ( )100_
=27'29x0,007478
0
=0,002041
=(0,045)>
(B7)
The new total variances'and standard deviations for the three cases are summarized in Talple 12.
Table 12— New total variance V; and standard deviation o for cases 1, 2, and 3

Optimum
RPD Case 1 Case 2 Case 3
condition
pr (%) 100,00 25,55 101,74 27,29
Ve (V) 0,007 478 0,001 911 0,007 608 0,002 041
or (V) 0,086 0,044 0,087 0,045

NOTE Values are rounded to appropriate number of decimal places.

Since there is no information on cost, only quality improvement is discussed here. These results
demonstrate that using RTD can reduce the variability of circuit output and thus achieve technical
improvement in circuit quality.

In case 1, the standard deviation of the output is 0,044 V, which is less than the target variability of
0,050 V. This leads to the improvement in quality.

© ISO

2021 - All rights reserved
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In case 2, the standard deviation of the output is 0,087 V, which is almost the same as that for the
optimum RPD condition. Even if the tolerances of design parameters B and E are twice those assumed
in the RPD experiment, the increase in the total output variance is not so much. This can lead to cost
reduction.

In case 3, the standard deviation of the output is 0,045 V, which is slightly larger than that in case 1 but
still smaller than the target variability of 0,050 V. This demonstrates that both variability and cost can
be improved.

6 RTD case study (2) — Stabilizing the piston by using a simulation experiment

6.1 Experimentation

6.1.1 Objpctive

The demangl for passenger cars equipped with small direct injection diesel engines is increasing
because sudh engines have high heat efficiency and low carbon dioxide emisgiens. It is essential to
stabilize angl lower the temperature of the piston lip to improve the durabilit§7of piston performpance.
The objective is to set optimum tolerances for improving piston reliability By minimizing variabiljty in
piston lip temperature and thereby efficiently achieve the target variance.

6.1.2 Experimental design for data collection and analysis of variance

RTD is used to determine the optimum tolerances of the pistonlip design parameters, after RPD is
used to detgrmine the optimum nominal values of design parameters for improving robustness[2]. The
optimum RED condition is shown in Table 13. Second level represents the current level.

Table 13 — The optimum RPD'condition for piston lip

Factor Optimum Level
(design parameter) RPD in RPD
condition
A |Width of cealing hole Std. 2
B |Distanee‘of hole from top Down 1
C |Distance of hole from centre Down 1
D |Thi¢ckness of wall Std. 2
E\[Roundness of wall More up 1
F |Distance of ring groove Down 1
G |Temperature of cooling oil Down 1
H | Temperature of cylinder wall Down 1

The factors shiown in Table 13 are control factors in RPD. The RPD experiment identified the optimum
RPD condition as the combination of optimum levels of the factors from the viewpoint of robustness, and
set the optimum levels’ values to the nominal values. Factors A to D are dimensional design parameters,
as shown in Figure 3 a), and factors G and H are piston lip temperatures set by a control device in the
engine. Cooling oil runs through the cooling hole and controls the piston lip temperature. Temperature
of the piston lip is calculated using CAE (computer aided engineering) software for FEM (finite element
method) heat analysis in the model depicted in Figure 3 b).
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Figure 3 — Target product: piston lip

The ¢xperimental factors in RTD are the same design parameters as those in RPD. Howeve, the design
parameters in RTD are treated as noise factors, not control factors;because the errors in the design
parameters are not controllable in manufacturing. RTD is used te estimate the variance df the effects

cond

Table 14 — Experimehntal factors for RTD

of thie experimental factors. Table 14 shows the factors and-their levels for RTD. For thg three-level
factdrs, level 2 has the value m, where m is the nominal valué-which is identified as the optimum RPD
ition. Level width d is set in accordance with the standard deviation o in the current c¢ndition.

Factor m.by RPD Level 1 Level 2 Level 3
A |Width of cooling hole Std. my—dy my+d, —
B |Distance of hole from top Down mg - dg mg mg + dj
C |Distance of hole from centre Down mg-dc me me+d
D |Thickness of wall Std. mp - dp my, mp + df
E |Roundness of wall More up mg - dg mg mg + dj
F |Distance of ring groove Down mg—dg mg mg + dj
G |Temperature ofcooling oil Down mg-dg mg mg+d
H |Temperatuge of wall Down my - dy my my+d

In RTD, product ‘eutput is the temperature of the piston lip, the same as in RPD. It is calculated in a
simullation experiment using CAE software for FEM heat analysis. FEM heat analysis is carried out using
bourndary cenditions based on the results of actual experimental data for the current pistor] design. The
factdrs are’assigned to orthogonal array L;g. The temperatures of the piston lip is calculdted by FEM
heat pfalysis under the conditions determined using L;g. Table 15 shows the assignment of factors and

the resuttsof thre FEM heatamatysis:

© IS0 2021 - All rights reserved

Table 15 — Assignment of factors to ;5 and output data calculated by FEM analysis

Column 1 2 3 4 5 6 7 8 Data
A B C D E F G H (°C)
No.
1 1 1 1 1 1 1 1 1 292,090
2 1 1 2 2 2 2 2 2 294,435
3 1 1 3 3 3 3 3 3 296,931
4 1 2 1 1 2 2 3 3 298,361
NOTE Data values are rounded to appropriate number of decimal places.
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Table 15 (continued)

Column 1 2 3 4 5 6 7 8 Data
A C D E F G H (°C)
No.
5 1 2 2 2 3 3 1 1 294,042
6 1 2 3 3 1 1 2 2 293,420
7 1 3 1 2 1 3 2 3 298,816
8 1 3 2 3 2 1 3 1 294,672
9 1 3 3 1 3 2 1 2 294,553
10 2 1 1 3 3 2 2 1 293,125
11 2 1 2 1 1 3 3 2 295432
| 2 2 1 3 2 2 1 1 3 291,883
13 2 2 1 2 3 1 3 2 295,097
14 2 2 2 3 1 2 1 3 294,217
| 5 2 2 3 1 2 3 2 1 293,474
16 2 3 1 3 2 3 1 2 295,602
17 2 3 2 1 3 1 2 3 295,294
18 2 3 3 2 1 2 3 1 294,183
NOTE| Data values are rounded to appropriate number of decimal places:

ANOVA calcyilation is carried out on the temperature data in Table 15, and the linear effect of each fj
is calculated. The pure sum of squares and the contribution ratios of each effect are also calculated
pooled ANOQVA is shown in Table 16 with the pure sum .6f squares and the contribution ratio. A

hctor
. The
I the

quadratic tgrms of factors are small compared with the.eorresponding linear terms and comparable to
the error teym. They are thus pooled into the error term.

Table 16 — Pooled ANOQVA for piston lip temperature

20

Source f SS 4 S’ p
A 1 4,513 0 4,513 0 4,503 5 7,70
Bl 1 7,090 2 7,090 2 7,080 7 12,10
Cl 1 6,2309 6,2309 6,2214 10,63
DI 1 0,127 5 0,127 5 0,1181 0,20
El 1 0,065 1 0,065 1 0,0557 0,10
¥l 1 11,684 1 11,684 1 11,674 6 19,95
Gl 1 12,5850 12,5850 12,5755 21,49
HI 1 16,137 9 16,137 9 16,128 5 27,56
e 9 0,085 2 0,0095 0,1609 0,27
T 17 58,5189 3,442 3 — 100,00

NOTE Values are rounded to appropriate number of decimal places.
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The contribution ratio Pgj, of the linear effect of factor B, for example, is calculated as follows:

Sy Sp— far XV,
pB,:S—B‘xwo:%xwo (%)

T T
_ 7,0902—1><0,0095><
3,4423
7,0807
= X
3,4423

100

100

The
The

Tabld
of fa

6.2

Thre
a pis

Case
pern

Case
pern

Case
The 1

For d

-—
<

412 1.0 L0420
—Iz;IT0(70J
fontribution ratios of the other factors are calculated in the same way.

fontribution ratio of the error term is calculated as follows:

’

S
) 56100 1700095
St 3,4423
=0,27 (%)

b 16 shows that the contribution ratios of the linear effects of factors G and H are high
tors D and E are low. The effect of a tolerance change is considered in the next step.

x100 (%)

Tolerance determination

e cases are examined for tolerance determination to improve the quality and/or redug
fon lip on the basis of the results shown in Tablé«16.

1: To improve quality, the permissible differences of factors G and H are reduced to hal
lissible differences to reduce the total variance in the output temperature (A = 1/2).

2: To reduce cost, the permissible differences of factors D and E are increased to twice
lissible differences (A = 2).

new variances are calculated as follows:

ase 1:

(1)2—1)%}6,4423

(38)

(39)

while those

e the cost of

Fthe current

the current

3: Toimprove quality and reduceé cost, the changes made in cases 1 and 2 are applied simjultaneously.

© ISO
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(40)
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