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Abstract

The principal difference between a dynamic and a static system is that the former includes a signal factor for expressing the
intended output while the later does not. Assuming a linear association exists between the response and signal variables,
Taguchi offered a two-stage route for optimizing a dynamic system: maximize the dynamic signal-to noise ratio (DSN) and
then, change the gradient to the desired gradient by a suitable modification parameter. Some researchers have indicated
limitations to Taguchi’s DSN analysis, and advocated alternative approaches for optimization of a dynamic system. However,
the Taguchi method as well as these alternative approaches is useful for optimizing a single-response dynamic system only. In
realism, the majority of the contemporary manufacturing practices encompass numerous response variables as well asindustries
demand for developing procedures for optimizing multi-response dynamic system. This paper proposes a novel procedure that
integrates multiple regression (MR) technique and Taguchi’s DSN concept to optimize the multi-response dynamic system. In
this method, appropriate multiple regression equations according to a chosen model for dynamic system are fitted first based on
the observed experimental data and then DSN (called MRDSN) for different response variables are computed using the MR-
based predicted values. Finally, weighted MRDSN is considered as the aobjective function for the optimization. The proposed
procedure is investigated with respect to three modelling approaches for the dynamic systems. The results of analysis reveal
that the proposed procedure with response modelling approach results in the best optimization performance. It also resultsin
better optimization performance than back-propagation neural network-based approach and data mining-based approach
reported by the past researchers.
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1. Introduction

Dynamic systems are those where target values of one or more response variables depend on the setting of the signal factor.
Examples of asignal factor may be the steering angle in the steering mechanism of an automobile or the speed control setting of a
fan. Product/process design with a dynamic system offers the flexibility needed to satisfy customer requirements and can enhance
a manufacturer’s competitiveness. Taguchi (1990) first took interest in designing robust dynamic systems. Assuming that a linear
relationship exists between the response variable and the signal factor of the system, Taguchi proposed a two-step procedure for
optimizing a dynamic system: maximize the dynamic signal-to noise ratio (DSN) and then, adjust the slope to the desired slope by
a suitable adjustment factor. A control factor that has a large effect on the dope but no effect on DSN is considered as an
adjustment factor. Some successful applications of Taguchi method for optimizing single-response dynamic systems are available
in Tzeng and Chiu (2003), Wu et a. (2005) and Tzeng and Jean (2005).

In light of the increasing demands of the customers, the need for dynamic systems is increasing rapidly in industries. In recent
time, therefore, many other researchers (Miller and Wu, 1996; Tsui, 1998; Tsui, 1999; Wasserman, 1996; McCaskey and Tsui,
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1997; Joseph and Wu, 2002; Lesperance and Park, 2003; Bae and Tsui, 2006; Dasgupta et al., 2010) have been motivated to study
the robust design problem concerning the dynamic systems. These researchers have highlighted the potential problems of
Taguchi’s DSN analysis and advocated some alternative approaches for optimization of a dynamic system. The alternative
approaches studied by Miller and Wu (1996), Tsui (1998), Tsui (1999), McCaskey and Tsui (1997), Joseph and Wu (2002) and
Dasgupta et al. (2010) differ from Taguchi’s approach mainly with respect to the modelling approaches. In the Taguchi method,

DSN, i.e. 10log;q (b 2/5 tz,) , where b isthe slope of the ideal relationship and S tz) is the variance around the slope, is modelled

as afunction of control factors. On the other hand, in the alternative approaches, b 2and s tz) are modelled separately as functions

of control factors (known as performance measure modelling), or control and noise factors (known as response function
modelling) or the response is directly modelled as a function of control, noise and signal factors (known as response modelling). In
the alternative approaches, the factors levels that minimize variance is chosen first and then slope is adjusted to its target slope by
using suitable adjustment factor. Wasserman (1996) explained the use of Taguchi's DSN using a regression perspective.
Lesperance and Park (2003) proposed the use of a joint generalized model. Bae and Tsui (2006) generalized the response
modelling approach. On the other hand, Su et al. (2005) and Jung and Yum (2011) proposed artificial neural network based
approaches for optimizing a dynamic system. These alternative approaches can overcome many potential problems of the Taguchi
method. However, all these research articles are focused on optimization of a single-response dynamic system.

Product/process design has a tendency of being somewhat multifaceted to satisfy persistently shifting needs of the customer as
well as manufacturing know-how. Manifold reactions should essentially be appraised concurrently to resolve complete
process/product value (Tong et al., 2008). Industries have, therefore, all the time more highlighted building up measures competent
of concurrently optimizing the multi-response dynamic systemsin the light of the increasing complexity of modern product design.
To deal with the requirements of the contemporary industries, more than a few studies have (Tong et al., 2002; Tong et al., 2004;
Hsieh et al., 2005; Wang and Tong, 2005; Wu and Y eh, 2005; Chang, 2006; Wang, 2007; Wu, 2007; Chang, 2008; Tong et al.,
2008; Wu, 2009; Zhong and Liu, 2009; Chang and Chen, 2011; Wang et al., 2011; Sharmaet al., 2012; Gauri, 2014; Zhang et al.,
2014; Wu, 2015; He et al., 2015; Bashiri et al., 2016) have proposed different procedures for optimizing a multi-response dynamic
system. Applying the two-step procedure is not feasible for optimizing a multi-response dynamic system because it is almost
impossible to find out any control factor that may be considered as an adjustment factor. Therefore, the basic approach adopted by
the researchers is to define first an appropriate overall objective function (performance metric) and then to optimize the objective
function such that each response variable is as close as possible to its target value with minimum variability around the target value
at each signal level.

The available approaches for the optimization of dynamic systems can be broadly classified into three categories. (1)
mathematical modelling based approaches (Tong et al., 2002; Hsieh et al., 2005; Wu, 2007; Zhang et al., 2014; Bashiri et al.,
2016), (2) multiple attribute decision making (MADM) methods based approaches (Tong et al., 2004; Wang and Tong, 2005;
Wang, 2007; Zhong and Liu, 2009; Gauri, 2014; Wu, 2015) and (3) meta-heuristic approaches (Chang, 2006; Chang, 2008; Tong
et al., 2008; Chang and Chen, 2011). The implementation of the mathematical modelling based approaches requires that the
engineers possess a well-built experience in mathematics or statistics, whereas the MADM method based approaches are easy to
implement but the optimal solution derived by these approaches may not guarantee that all response means are near to their
relevant goal values at different signal levels. On the other hand, in meta-heuristic based approaches, the actual association amid
the response variables and control factors remain unknown, and therefore, the engineers fail to gain knowledge of professional
engineering practices for the duration of the optimizing process. Therefore, the process engineers are even now looking for an
effortlessly implementable scheme capable of optimizing the manifold responses, certifying that no particular response move away
remotely from its goal and unevenness in the region of the goal is the least amount at al signal level along with understanding of
the actual relationship between the response variables and control factors.

Pal and Gauri (2010) showed that, in case of a multi-response static problem, multiple regression based weighted signal-to-noise
ratio (MRWSN) method can results in an optimal solution which ensure that every quality features (responses) are extremely near
to their relevant goal values having sensibly little inconsistency in the region of the goa values. In this technique, suitable
polynomial regression expressions for prediction of mean and variance of all response variables are established first based on the
experimental data and then the weighted signal-to-noise ratio (WSN) is computed using the predicted mean and variance of the
response variables, and optimized. Since the method includes establishment of the regression equations, the process engineers also
get clear understanding of the actual relationship between the response variables and control factors during the process of
optimization. The purpose of the present investigation is to extend the concept of Pal and Gauri (2010) in solving multi-response
dynamic problem so that the gap between the available techniques and the process engineers’ requirements in solving multi-
response dynamic problems can be fulfilled.

The research report is ordered as follows. Section 2 outlines succinctly the Taguchi’s dynamic system and reports various
approaches for its optimization. Section 3 presents the review of the literature on the optimization of multi-response dynamic
systems. The proposed method for optimization of a multi-response dynamic system under different approaches for modelling the
dynamic system is presented in section 4. In section 5, analysis of one experimental dataset taken from literature and related results
are discussed. The paper is concluded in section 6.
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2. Taguchi’s Dynamic System and Related Works

Robust design problem of a dynamic system was first addressed by Taguchi (1990). He considered a dynamic system where a
single response variable is expected to assume different target values as aresult of changesin the levels of asignal factor. A signal
factor (e.g. speed controller of afan) isafactor that is controlled by the user of the product to make use of itsintended function.

According to Taguchi (1990), perfect quality is established on the perfect association amid the signal factor as well as the
response variable, and quality loss is brought about through deviations from the perfect association. So, noteworthy quality
enhancement is deemed to be attained through first describing a system’s perfect function and after that, employing designed
experiments to seek an optimal design which decreases deviations from this perfect function. Taguchi (1990) supposed that a
linear relationship is present amid the response variable (Y) and the signa factor (M) of the system, and thus the perfect
function could be articulated thus:

Y=bM +e (1)

whereb is the slope or system sensitivity, and € denotes random error. Here ¢ is assumed to follow a normal distribution with a

mean of zero and variance of S S . The deviation from the ideal function is represented by the variability of the dynamic system,

- 2
1.e. S b -

For obtaining the robust design of a product/process, Taguchi suggested a special experimental format (i.e. cross-product of
inner and outer arrays) and analysis of experimental data. In the inner array control factors are assigned and in the outer array

signal and noise factors are assigned. For each combination of control factor levels in the inner array, values of the response
variable under all the combinations of signal and noise factor levels in the outer array are measured, and these observations are

used to estimate the slope (b ) and variance (s 5) of the ideal function. Thus, for an experiment involving one s-level signal
factor (M{,M,, ..., My), n-level noise factor settings (Z,,Z,, ...,Z,) and with r number of repeated observed values, the
sope (b ) and variance (S 2) of aresponse (Y ) in afixed combination of control factor settings (levels) are estimated as follows:
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where Y., is the observed value of the response variable (Y ) in the m'" replication at k™ level of signal factor and 1" level of

noise factor setting. The aspiration of robust design is the discovery of the amalgamation of control factor levels such that the
consequence of noise factors on the target response of the dynamic system is trivial (Chang, 2008). Taguchi, therefore,
recommended to use DSN to judge the system’s performance. For a fixed combination of control factor levels, the DSN is
obtained as follows:

b 2
DN = 10Iogl({—2J 4
Sp

Taguchi (1990) treats the computed DSN values corresponding to different combinations of control factor levels in the inner
array as the responses, and proposes the following two-step procedure for identifying the optimal factor settings. In the first step,
the settings of the control factors that maximizes DSN is determined and in the second step, the slope (b ) is shifted to the target

slope by changing the level of the adjustment factor (a control factor that has alarge effect on b but no effect on DSN).

Wasserman (1996) observed that the factor-level combination of a dynamic system using Taguchi’s DSN might not be optimal.
Lunani et al. (1997) noted that using DSN as a quality performance measure might produce inaccuracies due to biased dispersion
effect. Miller and Wu (1996) have highlighted that Taguchi (1990) essentially proposed a performance measure modelling (PMM)
approach for dynamic system optimization. In the PMM approach, the performance measures (PMs) are modelled as functions of
the control factor effects, and Taguchi (1990) considers the DSN as the PM. Tsui (1998) considers that DSN is a loss measure by
which a system’s robustness is quantified, and so he has termed Taguchi’s approach as the loss model (LM) approach. It is not
always possible to identify an ideal signal-response relationship and the assumption of the existence of an adjustment factor also
does not hold in many practical situations. Therefore, Miller and Wu (1996) recommend to consider the intercept, slope (b ) and

~bM ) ©)

variability (S 5) as the separate PMs for the purpose of modelling and analysis. They have also proposed a new modelling
approach, called response function modelling (RFM), which models the PMs as functions of the effects of both the control and
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noise factors. The advantage of the RFM approach is that it can reveal how a specific control factor interacts with a specific noise
factor. Tsui (1998) has investigated optimization of dynamic systems using response model (RM) which directly models the
response as a function of the control, noise and signal factors.

Tsui (1999) has derived relationship between the effect estimates of the LM approach and those of the RM approach. Tsui (1998)
has compared the performance of LM, RFM and RM approaches. He has found that the LM approach creates unnecessary biases
for the factorial effect estimates and may lead to non-optimal solutions and information loss. McCaskey and Tsui (1997) have
developed a two-step procedure for optimization of dynamic systems under an additive model. Joseph and Wu (2002) have
formulated the robust parameter design of dynamic system as a mathematical programming problem. Lesperance and Park (2003)
have suggested to use a joint generalized linear model (GLM) so that model assumptions can be investigated using residual
analysis. Su et al. (2005) and Jung and Yum (2011) have applied neural network based approaches to optimize parameter design
with dynamic characteristics. Bae and Tsui (2006) have observed that the GLM-RM approach can provide more reliable results.
Dasgupta and Wu (2010) have developed statistical models and performance measures for measurement systems, a kind of
dynamic system. All these research articles are focussed on optimization of a single-response dynamic system.

3. Review of Literatureon Optimization of M ulti-response Dynamic Systems

The problem of optimization of multi-response dynamic system has drawn lesser attention of the researchers. Tong et al. (2002)
have used dual-response-surface method (RSM) and composite desirability function (CDF) for optimization of a multi-response
dynamic system. Tong et al. (2004) utilizes principal component analysis (PCA) to simplify the dynamic multi-response problems
and applied TOPSIS (technique for order preference by similarity to ideal solution) (Hwang and Y oon, 1981; Hwang et al., 1993)
to derive the overall performance index for optimization. Hsieh et al. (2005) have made use of regression analysis to examine the
noteworthy control factors influencing the deviations as well as responsiveness of a dynamic system and then employed CDF for
optimization. Wang and Tong (2005) have incorporated the TOPSIS and multiple attribute decision making (MADM) method into
the grey relational model (Deng, 1982) for determining the optimal parameter setting. Wu and Y eh (2005) derived total quality
loss and minimized it to determine the optimal settings for a multi-response dynamic system. Chang (2006) has proposed an
artificial neural network (ANN) approach for modelling the response functions and has applied CDF for optimization of the multi-
response dynamic systems. Wang (2007) has developed a procedure of optimizing multi-response dynamic systems using PCA
and multiple criteria evaluation of the grey relation model. Wu (2007) extends the Taguchi's quality loss function for multiple
dynamic quality characteristics and builds a polynomial regression model to optimize the parameter design. Tong et al. (2008)
optimized a dynamic system using data envelopment analysis (DEA). Chang (2008) has proposed a data mining method
comprising of a four-stage system established on ANN, exponential desirability functions and a simulated annealing (SA)
procedure to determine the optimization problem of multi-response dynamic systems. Wu (2009) has presented an approach to
optimize non-linear multiple dynamic quality characteristics based on double-exponential desirability function. Chang and Chen
(2011) have proposed a crossbreed method that contains exponentia desirability functions in a neuro-genetic method to optimize
dynamic multi-response systems. Wang et. a. (2011) presented an integrated approach that utilizes desirability function, principal
component analysis, grey relational analysis and TOPSIS method. Zhang et al. (2014) have proposed a modified particle swarm
optimization algorithm for dynamic multi-response optimization based on goal programming approach. Gauri (2014) considered
overall utility value as the objective function for optimization of multi-response dynamic systems. Wu (2015) proposed a
proportion of quality loss (PQL) model for optimization of a multi-response dynamic system. Bashiri et.al. (2016) proposed a
procedure for optimising multi-response dynamic system using multivariate process capability index.

Most of the researchers (Tong et al, 2002; Hsieh et al, 2005; Chang, 2006; Chang, 2008; Wu, 2009; Chang and Chen, 2011)
have attempted to optimize multi-response dynamic systems using Derringer and Suich’s (1980) composite desirability function
(CDF) as a performance metric. The basic advantage of using CDF as performance metric is that it is a simple unit less measure
and it has a good foundation in statistical practice. However, one of the serious limitations of CDF is that it does not consider the
variability of individual response variables. Moreover, if the requirement restrictions regarding the response variables were not
offered, the CDF cannot be computed. On the other hand, grey relational grade, overal utility value, PQL etc. that are used as a
performance metric in MADM method based approaches (Tong et al., 2004; Wang and Tong, 2005; Wang, 2007; Zhong and Liu,
2009; Gauri, 2014; Wu, 2015) may lead to an optimal solution where one or more individua response move far away from their
respective target values.

4. Proposed M ethod for optimization of M ulti-response Dynamic Systems

The main idea behind the proposed approach is to compute DSN for different response variables using some predicted values
obtained by appropriately fitted multiple regression equations and then to construct an overall performance index based on these
computed DSN values. It may be noted that past researchers have advocated three types of modelling approaches for the single-

response dynamic system, e.g. 1) PMM, 2) RFM and 3) RM. In PMM approach, b and S § are modelled as functions of the

control factors only. In RFM approach, b and s g are modelled as functions of control factors and noise factor settings. On the
other hand, in RM approach, the response Y is directly modelled as function of the control, noise and signa factors. Therefore,
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multiple regression equations may be established for prediction of b and S 5 values based on control factor settings or multiple

regression equations may be established for predictionof b and S § based on control factor settings and noise level settings, or

multiple regression equation may be established for prediction of a response (Y) based on control factor settings, noise level
settings and signal level. Therefore, for a fixed control factor settings, DSN for a response variable can be obtained by using

directly the predicted b and S § valuesor by using b and s § that can be computed from predicted response values. Since, in

this process, DSN values are computed using multiple regression-based predicted values, it may be called as multiple regression-
based dynamic signal-to-noise ratio (MRDSN). For a multi-response dynamic system, the weighted MRDSN (WMRDSN) can be
taken as overall objective function or performance metric for optimization.

4.1 Establishing multiple regression equations under different modelling approaches
Suppose that in a multi-response dynamic system, there are p output responses (Yl,Yz...,Yp) , g control factors (X, X,,..., Xq)

each with two/three number of levels, a signal factor with slevels(M,M,,..., M) and n noise factor settings(Z,,Z,,..., Z,)) -

Also suppose that t trial conditions or experimental runs for the inner array of control factors are conducted each with
I replications to obtain the experimental data. The data in different experimental runs can be recorded in the format shown in

Table 1. In this table, the observed values in a trial conditions for ™ (i=123,..., p) response variable in m®" (m=123,...,r)
replication atk™ (k =1,2,3,...,s) level of signal factor and 1™ (I =1,2,3,..., n) level of noise factor setting is denoted by vy, -

Table 1. Data format for a multi-response dynamic system

. Responses
Trial Control factors Noise Y v
factor 1 p
No. ]
Xp | Xo [ [ X | setings [ My [T Mg [ [ My [ | My
Y1111 Yisia Y111 Ypst1
Zy
Yiaar Yisr Yptar Y pstr
1
Yi1m Yisu Y1 Y psn1
Zn
Yi1nr Yisr Y ptnr Y psor
t

4.1.1 Multipleregression equation for prediction under PMM approach
In an experimental run, there are SxnNxr observations for each response variable. Based on these observations, compute the

slope (b ) and variance (S tz,) values for each response variable in the run using Eqgns. (2) and (3) respectively, and let these values
in the run for p response variables Y, (i =1, 2,..., p) are denoted as byi and s f;’y respectively. Similarly, for all the t experimental

runs, compute byi and s gy (i=12,...,p) vaues. Develop now the following regression model for prediction of byi under an

experimental run:

p
byi =Dy + E_jlququZthXuXVJre (5
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and the following regression model for prediction of S §y_ value:

P
IOglO(S t2)yi )= Co+ Zlcuxu + Zcuvxuxv +ée (6)
u= u,v

where b,, ¢,, b,, ¢y (U=L2,..,0;v=123...,q) are regression coefficients, X, (u=1, 2,...,q) are controllable
variables, € is the random error term which is assumed to follow a normal distribution with mean value as zero and a constant
variance ¢°. It may be noted that apart from the main factors, the quadratic terms of main factors may be included in the model
when there is three or more number of levels in any control factor. The interaction terms of controllable variables may also be
included in the model.

It may be noticed that corresponding to t experimental runs there are values of byi and S §y for each response variable
I

Y, (i=12,..., p) . Based on these val ues, the regression coefficients of the regression models for each response variable can easily

be obtained by using the least squares method. The choice of carrying out multiple linear regression analysis is obtainable in
Microsoft Excel as well as in lots of statistical software packages, e.g. SPSS, MINITAB, STATISTICA, etc. The coefficient of
determinations, R? and adjusted R?, are taken into account to abandon needless model’s expressions and to incorporate merely
those expressions which contain a number of contributions on the dependent variable. In addition, scientific matters should be
employed to incorporate any expression into the regression model. Going by a rule of thumb, if the value of R?is more than 0.90
and the value of adjusted R is more than 0.80, the fitted model is considered adequate.

Problem-solving confirmation for endorsing the regression models ought to be executed. The satisfactoriness of the regression
model could be confirmed by carrying out significance tests employing ANOVA as well as F-test. In an effort to identify likely
irregularities, a residual analysis from the perspective of a variety of plots, for instance, residuals’ normality plot, residual plot
against predicted values as well as residual plot against individual regression variable, etc. should be observed. Following the
problem-solving confirmation, if no grave infringement of model suppositions is noticed, subsequently, the regression expression
could be supposed to be sufficiently robust to forecast the dependent variable. More details about fitting of multiple regression
equations and the diagnostic checks are available in Montgomery et al. (2012).

Suppose that finally established (fitted) regression equations for prediction of byi and S §y_ (i=12,...,p)aeasfollows
~ q - N
byi :b0+l§1buxu +uzvbuvxuxv (7
~ a . ~
|0910(5 gv. ) =Gy + Zlcuxu + zcuvxuxv (8)
u= u,v
where Bu ¢, Bu\,, Cy(U=12..0,v=123,..,(Qq) aetheestimates of the regression coefficients.

4.1.2 Multipleregression equationsfor prediction under RFM approach
In anoise level under an experimental run, there are Sx I observations for each response variable. Based on these observations,
slope and variance values can be computed for each response variable in the noise level under the experimental run. Let the slope

and variance of ™ response varisbleY; (i =1,2,3,..., p) in the |t (I=1,2,...,n) noise level under the experimental run are

denoted as bin and s gw respectively. Similarly, compute bin and s SW values for al the experimental runs. Develop, then, the

following regression model for prediction of b i under an experimental run:;
q q
byn :b0+zlbUXU+ZhJVXuXV+N(d0+zlduxu)+e (9)
u= u,v u=:
and the following regression model for prediction of S §y| value:

1000(S 5, ) =Co + 26,X, + T6uX,X, + N(dg + Td;X,) ve (10

where h,, c,, b, Ccy, dy, dj(U=12,.,Q;v=12,3,...,q) ae regression coefficients, X, (Uu=12,...,Q)ae
controllable variables.
It may be noted that corresponding to t experimental runsx n noise levels, there are t x Nvalues of bin and S §y| for each

response variableY; (i =12,..., p) . Using these values, the coefficients of the regression models can be easily obtained using the
procedure described earlier, and then, diagnostic checks for validating the regression models as described in section 4.1.1 must be
performed. If no serious violations of model assumptions are detected, the fitted regression equation can be assumed to be
appropriate for prediction of the response variables.
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Suppose that finally established (fitted) regression equations for prediction of bin and s §y| (i=12..p;1=12,..,n)areas

follows:
b,, :60+§1tiuxu+§ﬁwxuxv+N(&o+§1&uxu) (11)
10G10(S 2 ) =Gy + élé“x“ FTEXX, + N(d; + élcf[,xu) (12)
where lij ¢, lijv, Coy - ao, cjl'J (u=12,..qv=123,..,Qq) aretheestimates of the regression coefficients.

4.1.3 Multipleregression equationsfor prediction under RM approach
In RM approach, each response is directly modelled as function of the control, noise and signal factors. Let the value of a

response variable Y; (i =1, 2,..., p) in the signal level k(k =1, 2,...,S) and noise level | (I =1, 2,..., n) under an experimental

run is denoted as Y, . Develop now the following regression model! for prediction of Y,,, under an experimental run:

g q 9
loglo(yikl) = bo +Zbuxu +Zbuvxuxv +M (go +Zguxu)+ N(do +Zduxu) +€ (13)
u=1 VAY u=1

s u=1
where b,, B, 9,, d, U=12,..,q;v=123,..,q) ae regresson coefficients, X, (U=1,2,...,q)are controllable

|th

variables, Y, isthe value of ith response variable in the k™ signal level and |™ noise level, and « is the error which is assumed

to follow a normal distribution with mean value as zero and a constant variance 6%. Generally, it is expected that random error will
have increased variability at higher signal levelsinstead of having constant variability at all signal levels. With the aim to ensure
that its effect be smaller, log transformed val ue of aresponse variable is considered as the dependent variable.

It may be noted that apart from the main factors, the quadratic terms of main factors may be included in the model when there is
three or more number of levels in any control and signal factors. The interaction terms of controllable variables may also be
included in the model. But, it is very important to include a few control x signal and control x noise interaction terms into the
response model. If a few control x signal and control x noise interaction terms are not included in the response model,

10,0 (Vi ) will be additive at different signal levels independent of combinations of control factors X, which implies that

intercept only will change but slopes of the controllable variables X will remain constant. As a result, it will not be possible to
obtain desired predicted values of the response variables at different signal and noise levels.

Corresponding to t experimental runs, s signal levels, n noise levels and r replications, there aret x SxNxr values for each
response variable. Using these values, the coefficients of the regression models can be easily obtained, and then, diagnostic checks
for validating the regression models as described in section 4.1.1 must be performed. If no serious violations of model assumptions
are detected, the fitted regression eguation can be assumed to be appropriate for prediction of the response variables.

Suppose that finally established (fitted) regression equations for prediction of the response variable Y, (i=12,...,p) at

kthsignal level and 1™ noise level are as follows:
~ p ~ ~ ~ P . ~ P~
Ioglo(yikl) = bO + Zth Xu + Zbuvxuxv +M (go + zlguxu)+ N(do + zldu Xu) (14)
U= u,v U= u=
where kL kL\,, du dAu (u=%12,..,qg;v=123,..., Q) aeestimates of the regression coefficients.

4.2 Formulating the objective function for optimization
If PMM approach is used for modelling the dynamic system, the values of slope (b, ) and variance(s gy_ ) around the slope for

aresponse variable Y; for a given control factor settings can be predicted using the Egns. (7) and (8) respectively. So MRDSN for

the response variable; at the given control factor settings can be obtained straightway from these predicted values using Eqn. (4),

and the weighted MRDSN (WMRDSN) over all the response variables can be considered as the overall performance under the
control factor settings. Thus, the objective function under the PMM approach can be defined as follows:

2

P P b?
WMRDSN gy = > W, x MRDSN |, = > W, x| 1010g5 —2 (15)
i=1 o=l S

b

Yi
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where, w; is the relative weights for the response variables and 63« ands Ey are predicted values of slope and variance obtained

P
by Egns. (7) and (8) respectively for the response variableY; (i =1,2,..., p) and > W =1. It is suggested to considerw; =1/ p, if
i-1

the relative importance of the response variables are unknown.
If RFM approach is used for modelling the dynamic system, the values of slope (b vi ) and variance (s EYI ) around the slope for

aresponse variable Y; inthe noise level | under an experimental run, can be predicted using the Egns. (11) and (12) respectively.

So using these predicted values, the MRDSN y, for the response variable ; in the noise level | under an experimental run can be
obtained using Eqn. (4). The performance of the response variable Y, at the given control factor settings (MRDSN y ) can be

measured as the average of MRDSN Y,

the response variables can be considered as the overall performance under the given control factor settings. Thus, the objective
function under the RFM approach can be defined as follows:
P P 18
WMRDSN e, = > W xMRDSN,, =>"w x[—ZMRDSNy” ]
i=1

i-1 Nz

values over al the noise levels under the control factor settings, and WMRDSN over all

A

2

:Zp:Wx iZn:lOIOQ b, (16)
I n 10 S'\z

i=1 1=1 b

Yil
where, 6; and SAtfy are the predicted values of dope and variance for the jth response variable at 1" noise level, obtained based
! il

on Egns. (11) and (12) respectively.
If RM approach is used for modelling the dynamic system, the predicted values of aresponse variableY; (i=12,..., p) at

K" (k=12,...,8) level of signa factor and | (1 =1,2,...,n) level of noise factor, i.e. 9”4 under a given control factor
settings can be obtained using Egn. (14). Using these predicted values, the slope (byi ) and variance around slope (S §y_ ) for the

response variable'; under the control factor settings can be obtained using Eqns. (2) and (3) respectively, and then MRDSN y, for
the response variableY; (i =1, 2,..., p) under the control factor settings can be obtained using Eqn. (4). Therefore, the weighted
average of MRDSN y, values over al the response variables may be considered as the overall performance under the control
factor settings. Thus, the objective function under the RM approach can be defined as follows:

62
WMRDSN o, = 3 W, x MRDSN ;= 3w x1010g,, —yj
i=1 ! i S

ziwxlomgl{ﬁj/{1)22(% —BYiMk)ZH ()

sn-1)i3=

[

g

where byi =

)A/ik,Mk ZMKZ and, )A/m (i=1 2,...,p;k=12,...,51=12,...,n) are the predicted values of response
k=1 -1

I
=

variableY, at k™ level of signal factor and | level of noise factor obtained from Eqn. (14).

4.3 Determining optimal values of the levels of the control factors

It may be noted that WMRDSN is essentially a function of the control factors whatever modelling approach be used for
prediction. Since higher MRDSN implies better quality, the aim is to determine the level values of the control factors that will
maximize the WMRDSN value. One simple approach for determining the optimal control factor settings can be as follows:. a)
choose an arbitrary setting combination of control factor levels, and obtain the predicted values using the relevant fitted multiple
regression equations under the chosen control factor settings b) obtain MRDSN values for al the response variables under the
control factor settings and then obtain the WMRDSN value under the control factor settings, ¢) change the level values of the
control factors, compare the resulting WMRDSN values, and find out the control factor settings that results in the maximum
WMRDSN value. It has been observed that if all the computations are carried out in Excel worksheet, this enumerative search for
finding the optimal level values of the control factors can be performed very effectively using the ‘Solver’ tool of Microsoft Excel
package. It is a kind of ‘what if” analysis which discovers the optimal value of a target cell by varying values in cells employed to
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compute the target cell. The “‘Solver’ instrument utilizes the generalized reduced gradient (GRG) technique for searching the
optimal solution, contributed by Del Castillo and Montgomery (1993). Examples on usage of ‘Solver’ tool are available in Pal and
Gauri (2010).

Whilst operating the ‘Solver’ instrument it is essential to identify the range of echelons for the input variables. In particular
instances that one or more input variables take only discrete values, the integer restriction (IR) for those input variables requires
specification. Sometimes, one may have to add an additional constraint to keep the slope of the dynamic nominal-the-best variable
closer to its target dope value. Unless technically there is IR for a response variable, preferably, the optimization ought not to be
limited to only the real experimental design settings since it possibly will show the way to a suboptima solution. Since
the WMRDSN metric is described established on regression models, the proposed technique can offer an optimal solution in the
whole range of experimental area of the input controllable variables whilst employing the ‘Solver’ instrument of Microsoft Excel
package.

5. Analysisand Results

Under the current research, there is no scope for collection of primary data from industry. Therefore, it is decided to analyse one
set of secondary data, i.e. published datain the literature for illustration of implementation of the proposed procedure as well as for
evaluation of the optimization performance of the proposed procedure under different modelling approaches for the dynamic
system. Chang (2008) has illustrated application of his proposed data mining approach for optimizing multi-response dynamic
systems using a case study adopted from Chang (2006). This case involves simultaneous optimization of three dynamic response

variables namedY;,Y,and Y;. Among these, Y; is dynamic larger- the-better (DLTB) type, Y, is dynamic nominal-the-best
(DNTB) type and Y; is dynamic smaller-the-better (DSTB) type variable. In this case, six control factors A — F, each at three

levels (1, 2, and 3), were considered and arranged in astandard L;g orthogonal array as shown in Table 2.
Table 2. Experimental design used by Chang (2006)

Trial no. Factors and levels

A B C D E F
1 1 1 1 1 1 1
2 2 2 2 2 2 2
3 3 3 3 3 3 3
4 1 1 2 2 3 3
5 2 2 3 3 1 1
6 3 3 1 1 2 2
7 1 2 1 3 2 3
8 2 3 2 1 3 1
9 3 1 3 2 1 2
10 1 3 3 2 2 1
11 2 1 1 3 3 2
12 3 2 2 1 1 3
13 1 2 3 1 3 2
14 2 3 1 2 1 3
15 3 1 2 3 2 1
16 1 3 2 3 1 2
17 2 1 3 1 2 3
18 3 2 1 2 3 1

The signal factor of the case had three levels named M, M, and M 3, the corresponding values of which were 10, 20 and 30,
respectively. Two levels (N; and N, ) of noise factor settings were considered in this case. The specifications for the response

variables and the experimental data of Chang (2006) are reproduced in Table 2 and Table 3 respectively. The experimenta data of
Chang (2006) are analysed here.

It isimportant to mention that the past researchers, Chang (2006) and Chang (2008), have analysed the same experimental data
for illustrating their optimization methods and determined the optimal settings with respect to the actual experimental design
settings. As highlighted in the previous section, since the optimization function (WMRDSN) in our proposed method is described
established on regression models, it has the capability of offering an optimal solution in the range of the experimental area of the
input controllable variables. However, with the aim to make the optimal solution and related results of our method comparable
with that of the past researchers, it is decided to specify integer restrictions for the level values of the control factors while running
‘Solver’ tool for the optimization.
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Table 3.Specifications for the response variables specified by Chang (2006)

Responses
Signal Y1(DLTB) Y, (DNTB) Yz (DSTB)
levels LSL LSL Target uUsL UsL
M; 55 7 10 13 3
M, 110 14 20 26 6
M 165 21 30 39 9
Table 4. Experimental Data of Chang (2006)
Trial | Noise Responses
no. | factor " ve v
M,=10 M,=20 M3=30 M;=10 M;=20 [ M3=30 M;=10 M;=20 | M3=30
1 N. | 616|782 | 128.0| 106.0(2306 | 2269 | 7.4 | 7.2 (167|132 237 | 241 | 19 |19 | 46 [37 | 76 | 46
N, | 70.8|57.1 | 137.3| 160.3[282.2 | 2525 9.1 |10.2|22.8(17.8| 262 | 267 | 20 | 21 | 3.9 [48 | 47 | 43
N, | 883|936 | 175.2| 181.5(259.7 | 3045|10.1| 8.8 [23.4(22.6| 296 | 303 | 1.8 | 20 | 40 [28 | 6.0 | 3.3
? N, | 729|727 | 174.0| 14552584 | 2146 | 87 | 9.2 (19.1(241| 314 | 305| 19 |22 | 38 (35| 6.7 | 6.1
N, | 80.8 | 811 | 154.3| 157.4[238.1 | 237.8 | 10.8|10.5/20.1(20.9| 306 | 324 | 1.0 |32 | 44 |54 | 81 | 6.7
3 N, | 77.2| 833 | 167.1| 159.0(251.8 | 257.9 | 10.6|10.9|21.8(23.7| 305 | 327 | 14 | 26 | 38 (39 | 80 | 27
N: | 659|713 [ 179.2| 151.5(196.1 | 221.6 | 7.6 | 7.2 |15.3(14.8| 225 | 222 | 1.7 |22 | 41 |49 | 59 | 6.0
‘ N, | 837|784 | 1356| 177.0(2469 | 291.8 | 8.1 | 7.6 [141(147| 219 | 218 | 21 |26 | 36 (33 | 77 | 69
5 N. | 79.4 | 886 | 121.9| 151.6(248.8 | 245.1 | 11.9|12.7|256(25.7| 366 | 357 | 20 |21 | 27 |38 | 48 | 58
N, | 67.8 | 87.3 | 113.6| 141.3[ 1715 | 244.7 | 105/11.8|25.8(26.2( 39.1 | 331 | 26 | 1.7 | 41 (36 | 55 | 5.2
5 N. | 905 | 87.0 | 161.8| 169.4/286.9 | 2365 |10.2|10.2|23.7(21.8| 320 | 328 | 1.8 |22 | 25 |41 | 49 | 54
N, | 87.6 | 87.8 | 160.7| 163.9/231.4 | 288.7 | 10.7|11.2|225(20.0| 342 | 280 | 1.2 | 20 | 40 |44 | 66 | 3.1
; N. | 80.9 | 747 | 165.9| 163.4(232.2 | 246.4 | 11.7|12.1|23.3 (233|335 | 327 | 19 |16 | 52 |51 | 66 | 53
N, | 69.9 | 78.7 | 141.7| 159.1|260.4 | 239.7 | 11.6|11.6/22.0(225( 338 | 340 | 19 | 1.7 | 36 |51 | 58 | 5.1
o N | 923|717 | 185.7| 154.3[233.1 | 2405| 83 | 84 |169(185| 281 | 27.3| 28 | 15 | 34 [34 | 62 | 3.7
N, | 104.8| 89.4 | 216.1| 173.0(3406 | 3089 | 82 | 6.1 [185(151|29.1 | 211 | 18 |22 | 41 |43 | 90 | 50
N: | 928|598 | 130.7| 142.2[257.3 | 266.0 | 86 | 9.7 [17.3(184| 309 | 345| 23 |17 | 45|51 | 74 | 65
° N, | 821|870 |175.1| 138.2|161.4 | 2744 | 82 | 84 |186(18.0( 313 | 309 | 22 |12 | 40 (40 | 72 | 67
N, | 86.0 [100.0]179.1| 175.4(246.9 | 2449 | 69 | 6.6 |158(16.4| 222 | 249 | 1.7 |17 | 39 (58 | 52 | 84
10 N, | 819|912 |190.8| 137.8/2935 | 227.1| 83 | 7.2 |143(16.6( 231 | 242 | 21 |18 | 39 |48 | 45 | 80
N: | 763|782 | 140.0| 154.7[264.1 | 260.1 | 95 | 9.2 [27.9(25.4| 323 | 338 | 1.0 | 1.7 | 41|40 | 39 | 56
u N, | 67.1| 76.0 | 169.5| 175.4(239.2 | 251.8 | 10.8|12.2|23.6(20.4| 268 | 292 | 21 | 23 | 5.0 [46 | 6.7 | 45
1 N. | 914|818 | 160.1| 167.2|2385 | 197.2 | 11.8|105/229(259( 369 | 368 | 21 |19 | 40 (37 | 74 | 62
N, | 851 | 63.8 | 123.8| 166.4/233.5 | 242.0 | 11.6|11.5(22.1(22.6| 325 [ 319 | 16 | 09 | 42 [41 | 21 | 69
13 N, | 87.9 | 825 | 1465| 167.0(212.4 | 222.2|10.1|10.3|19.9(22.2| 271 | 27.7 | 20 | 23 | 50 [47 | 6.7 | 7.3
N, | 57.4| 785 | 916 | 182.3[250.3 | 207.3 | 10.6|10.1/20.1(19.2| 27.8 | 246 | 22 | 21 | 45 |47 | 74 | 6.2
W N, | 881|781 |156.7|170.1{239.1 | 2152 | 12.1|10.0/24.1(20.2| 28.0 | 356 | 1.7 | 21 | 38 [33 | 7.2 | 49
N, | 8.7 | 757 | 140.2| 127.8(241.4 | 211.7 | 11.3|11.8|23.3|24.4| 321 [ 309 | 1.8 | 27 | 3.1 [38 | 49 | 47
5 N, | 101.8| 78.2 | 168.3| 180.8/240.6 | 235.2 | 10.2| 7.6 [14.9(19.4| 26.9 | 195 | 1.7 | 22 | 53 [36 | 50 | 75
N, | 80.4 | 765 | 206.7| 222.6(325.1 | 285.2 | 87 | 7.2 |16.8(14.1| 26,6 | 251 | 22 | 1.9 | 48 |26 | 38 | 55
Ni | 77.4| 754 | 171.7| 159.0(201.3 | 219.7 | 104 |10.6|20.7 [22.2| 344 | 30.0 | 1.9 | 23 | 31 [42 | 58 | 33
10 N, | 72.0 | 69.5 | 189.1| 168.6(254.3 | 237.3|11.1|10.9|20.6 (21.4| 305 | 314 | 21 | 16 | 41 |48 | 54 | 69
N: | 714|692 | 1450 152.5(223.8 | 218.7| 88 | 84 [19.0(138| 262 | 241 | 15| 21 | 38 [44 | 69 | 4.2
v N, | 77.0 | 705 | 158.4| 154.0(218.4 | 224.1| 92 | 9.0 167 (174| 271 | 262 | 16 | 1.8 | 3.7 |44 | 46 | 4.2
18 N, | 828 | 67.8 | 183.7| 1755(276.1 | 254.4 [ 10.7| 9.2 [19.8(20.1| 273 | 310 | 25 | 22 | 31 (34 | 77 | 74
N, | 852|920 | 154.4| 157.6(249.3 | 286.1 | 11.3| 7.7 [19.3|22.6| 29.4 | 246 | 1.6 | 1.8 | 39 [47 | 60 | 7.3
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5.1 Optimization using WMRDSN ,,,, asthe objective function
The values of slope (b ) and variance (s § ) around slope for each response variable in each experimental run are computed first
from the experimental data using equations (2) and (3) respectively. These computed band § tz) values for the three response

variables corresponding to the 18 experimental runs are shown in Table 5.
Table 5. Computed b and s}f values for the three response variablesin 18 runs

~ ~

ExpL. No. bYl S gyl byz S Syz bYs S €y3
1 76.920 642.9 8.518 5.64 1.884 0.861
2 85.562 477.9 10.368 3.15 1.829 0.724
3 81.336 43.6 10.614 112 2.138 2.187
4 79.555 600.1 7.384 0.15 2.141 0.415
5 73.396 607.0 12.268 2.79 1.798 0.223
6 85.625 297.3 10.702 2.83 1.736 0.870
7 80.366 93.2 11.271 0.35 2.027 0.541
8 92.602 995.9 8.675 4.97 1971 1.552
9 78.061 966.3 9.880 2.58 2.250 0.269
10 85.045 389.4 7.829 0.96 2.186 1.350
11 82.543 156.1 10.761 9.93 1.869 0.808
12 76.620 278.7 11.548 2.92 1.898 1.725
13 74.245 580.7 9.384 2.95 2.307 0.115
14 75.632 180.2 11.304 7.3 1.811 0.505
15 92.000 757.9 8.186 5.26 1.893 1121
16 78.730 299.3 10.566 1.26 1.866 0.842
17 74.338 22.7 8.571 1.87 1.773 0.662
18 86.927 200.2 9.632 4.15 2.205 0.576

Now using the models shown in Egns. (5) and (6), the most appropriate multiple regression equations for prediction of slope (b )
and variance (S tz) ) around slope for the three response variables are established, as given below:
byl =53.810+ 2.732A—9.048B + 21.202C — 4.877D + 23.905E — 3.984F + 2.255B% — 4.983C?

—4.567E% —0.997CF + 2.832DF —1.470EF (18)
[R2 = 0.994 and adjusted R? = 0.979 |
logyo(s 5, ) = 2.035+1.104A+0.286B ~1.174C +0.317D +1.851E ~1.159F —0.146C* - 0.118D*
—0.051F ? +0.139AC +0.121AD - 0.903AE + 0.168CD + 0.437CF —0.099DE (19)
[R2= 0999 and adjusted R? = 0.999 ]
b,, =5.090+3.260A+5.850B — 2.730C — 2.235D — 2.863E + 2.973F —0.698A” —1.329B?
+0.607C? +0.689D? + 0.557E2 — 0.627F (20)
[R2 = 0.979 and adjusted R? = 0.928 |
l0gy(S 5, ) = 0.827 - 0.668A~0.074B+0.360C +1.124D +1.160E ~1.885F —0.196A” +0.214AD
+0.702AF —0.087BC +0.144BF —0.300CD - 0.109BE - 0.461DE (21)
[R2=0.999 and adjusted R? = 0.999 |
b, =2.223—0.538A-0.453B +0.527C +0.884D —1.048E + 0.124F +0.182A% - 0.155D?
+0.167E” —0.118AC + 0.214BE — 0.095CD — 0.039CF (22)
[R? = 0.997 andadjusted R? = 0.986 |
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log,o(s §y3 ) = 0.556—0.208 A—0.197B +1.221C —1.291D — 0.394E — 0.048F +0.148B7 —0.294C*>

+0.144D? - 0.106E2 + 0.096F ? + 0.118AE — 0.114BF + 0.373DE — 0.084EF (23)

[R2= 0994 andadjusted R? = 0.945 |
The existing setting combination of control factorsA ,B,C,D,E,F, is chosen and slope and variance around the slope values

for all the three response variables under the chosen setting combination are predicted using Egns. (18-23). Then,
WMRDSN ,,y Vvaue under the chosen setting combination is computed using Eqn. (15). All these computations are carried out

in Excel worksheet, and using ‘Solver’ tool of Microsoft Excel package WMRDSN ,,,, is maximized. It is found that the value
of WMRDSN ,,,,, is maximum under the following setting combination of control factors: A;B,C,D,E,F;. Therefore, the
optimal solution under the proposed procedure with PMM approach is chosen asA,B,C,D,E F,. The expected slope and
variance values, and the MRDSN values for each response variable at this optimal combination are shown in Table 6.

Table 6: Expected dope, variance and MRDSN at the PMM-based optimal condition

Response Variable Slope Variance MRDSN
Y, (DLTB) 73.368 25.930 23.172

Y, (DNTB) 9.893 0.037 34.219
Y; (DSTB) 2.397 0.394 11.638
WMRDSN 23.009

5.2 Optimization using WMRDSN g, asthe objective function

The values slope (b ) and variance (s g ) around slope in each noise level under al the experimental run for p response variables
are computed. These computed values for the three response variables are recorded in the format shown in Table 7.

Table 7. Computed 6 and S g values for the responses in different noise levels of the runs

~ ~ ~

Expt. No. | Noiselevel by, §§V1k b,,. s“t'fm b, SAém
1 N, 70.725 426.61 7.779 161 2.036 0.99
N, 83.114 557.99 9.257 4.68 1.732 0.65

) N, 92.425 234.56 10.379 3.20 1.618 0.94
N, 78.70 289.27 10.357 3.718 2.039 0.16

3 N, 79.036 4.703 10.439 0.49 2.436 0.83
N, 83.636 31.935 10.789 1.639 1.839 2.99

4 N, 73.275 | 342.968 7.468 0.058 2.057 0.174
N, 85.836 | 535.581 7.30 0.20 2.225 0.66

5 N, 78.454 | 326.596 | 12.289 0.811 1.746 0.284
N, 68.339 | 722.379 | 12.246 5.338 1.85 0.176

6 N, 86.075 | 285.870 | 10.921 1.015 1.718 0.336
N, 85.175 | 366.018 | 10.482 4.662 1.754 1574

- N, 80.357 34.700 11.271 0.671 2.136 0.631
N, 80.375 | 170.342 | 11.271 0.109 1.918 0.426

N N, 80.886 | 187.811 9.061 0.701 1.70 0.884
N, 104.318 | 465.830 8.289 8.557 2.243 1.706

9 N, 81.011 | 538.779 9.889 2.923 2.318 0.204
N, 75.111 | 1489.73 9.871 2.759 2.182 0.336
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Table 7 (cont’d). Computed 6 and S g values for the responses in different noise levels of the runs

~ ~ ~

Expt. No. Noise level b " $ gylk b - $ t’f‘m b v $ gm
10 N, 84.657 | 100.460 | 7.829 1.319 2271 1.553
N, 85432 | 754592 | 7.829 0.801 2.10 1.334

1 N, 82.732 | 244166 | 11.557 8.86 1.693 0.606
N, 82.354 98.92 9.964 5.889 2.043 0.830

1 N, 76.246 | 324928 | 12179 | 1533 2.150 0.296
N, 76.993 | 286.58 | 10.918 0.45 1.646 2.788

13 N, 75.043 | 138.092 | 9.607 2.866 2.346 0.08
N, 73446 | 113233 | 9.161 3.059 2.268 0.156

14 N, 77.954 | 136.142 | 10.768 | 8.022 1.939 0.635
N, 73311 | 200.041 | 11.839 | 4.815 1.682 0.290

15 N, 82.343 | 169.944 | 8.057 9.268 2114 0.973
N, 101.657 | 452.844 | 8.314 2117 1671 0.943

16 N, 74.186 | 225.805 | 10.714 | 2.185 1.646 0.96
N, 83.275 | 201.30 | 10.418 0.33 2.086 0.357

17 N, 73.682 14.07 8.346 3.226 1.904 0.85
N, 74.993 | 31.036 8.796 0.32 1.643 0.416

18 N, 87.875 | 146.55 9.807 1.686 2.250 0.912
N, 85.979 | 283.81 9.457 7.10 2.161 0.333

Now using the models shown in Egns. (9) and (10), the most appropriate multiple regression equations for prediction of slope (b )

and variance around slope (S g ) for the three response variables are established, as given below:
b, =52.9+236A-8.30B+18.74C —4.13D + 20.6E —1.34F +1.53N + 2.13B* - 4.86C*
—4.76E? + 2.62DF —1.74EF + 2.93EN - 2.44FN (24
[R*= 0642 and adjusted R* = 0.404 |
log,, (S jm) = 2.534+1.791A+0.016B-1.896C +1.125D+1.78E — 2.027F —0.437N —0.18D?
+0.174AB—1.155AE — 0.074BC+ 0.696CF — 0.0535AN +0.1BN +.231CN + 0.105EN (25)
[R= 088 adajutedR= 05% |
b, =3.71+3651A+4.976B—2.789C -1.414D —1.586E + 2.16F +0.89N — 0.698A° —1.248B7 +0.624C*
+0.647D? +0.506E” — 0.564F + 0.256 AB—0.237AD — 0.272AE + 0.184AF — 0.169AN — 0.326EN (26)
[R= 0949 adadjusted R = 0889 |
log,,(s kfyz ) =-0.37+2.407A—0.436B—0.827C —0.022D — 0.046E +0.162F —0.117N —0.48A% +0.2C?
-0.217F?*-0.273AB - 0.094BE +0.467BF +0.118AN +0.156BN — 0.148DN + 0.245EN — 0.3FN (27)
[R=0803 andadjusted R = 05% |
b, =1.848-0.649A-0.178B +0.278C + 0.913D - 0.782E + 0.147F + 0.265N + 0.206A?

~0.165D? +0.133E2 + 0.099AE — 0.113CD - 0.131AN + 0.0795EN — 0.109FN (28)
[R*= 0.631 andadjusted R = 0.355 |
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log,o(s 7 ) =1.91+1.857A~1.344B—0.916C + 0.949D —1.485E —1.195F — 0.522N — 0.154A° + 0.2568" + 0.177F
—0.669AD +0.087BD + 0.55CE + 0.313DE — 0.095EF + 0.162AN — 0.154DN + 0.115EN + 0.16FN
[R= 0735 andadjustedR= 042 |

An arbitrary setting combination of control factors is chosen asA ,B,C,D,E,F, and slope and variance around the slope values

for all the three response variables in both the noise levels under the chosen setting combination are predicted using Egns. (24-29).
Then, WMRDSN g, values under the chosen setting combination are computed using Eqn. (16). All these computations are

carried out in Excel worksheet, and using ‘Solver’ tool of Microsoft Excel package WMRDSN g, is maximized. It is found that
the optimal setting combination of control factors isA,B,C,D,E,F, .The expected slope and variance values, and the MRDSN
values for each response variable at this optimal combination under different noise levels are estimated and givenin Table 8.

(29)

Table 8: Expected slope, variance and MRDSN at the RFM -based optimal condition

Response Noise | Slope | Variance | MRDSN Average Average Average
Variable level Slope Variance | MRDSN
N, 86.14 6.252 30.744
Y, (BLTB) N, | 8621 | 5317 | 3ids4 | 86175 5.785 31.085
N, 10.171 0.589 22.447
Y, (DNTB) N, | 9902 | 0201 | 26884 | 10036 0.395 24.067
N, 2.080 0.069 18.000
Y; (DSTB) N, | 1785 | 01l2 | 14552 1.932 0.090 16.173
WMRDSN 23.775

5.3 Optimization using WMRDSN g,, asthe objective function

Using the model shown in Eqn. (13), the most appropriate multiple regression equations for prediction of values of the three
response variables corresponding to different control factor settings, noise levels and signal levels are established, as given below:
log,o(y,) =10.1489 + 0.01338 A+ 0.0450B + 0.1216C + 0.0042D + 0.0958E + 0.0021F + 0.5084M

-0.0562M 2 +0.0253N — 0.0243C? — 0.0249E* — 0.0098 MB — 0.0097 MC — 0.008NB

(30)
-0.0068NC + 0.0126 NE — 0.01NF
[R? = 0.943 and adjusted R? = 0.938]
logy,(Y,) = 0.2784+ 0.1258 A+ 0.2846B — 0.1459C — 0.1315D — 0.1074E +0.1531F +0.5486M
-0.0771M % +0.0273N —0.0266 A? — 0.0651B? + 0.0324C? + 0.0388D? + 0.0259E?2 -
-0.0323F 2 -0.0137NE
[R? = 0.967 and adjusted R? = 0.965]
logy, (Ys) = —0.2005 — 0.0729 A— 0.0038B + 0.0191C + 0.0626D — 0.1014E + 0.0304F + 0.5667M
-0.0905M 2 + 0.0689N -+ 0.0274 A2 — 0.0207D? + 0.0176 E? + 0.0077MC + 0.0085ME 32

-0.03334NA -0.0154NC + 0.0152ND + 0.0194NE — 0.0242NF

[R? = 0.822 and adjusted R? = 0.804]
An arbitrary setting combination of control factor is chosen asA ,B,C,D,E,F, . For this setting combination, the predicted values

of the three response variables at each of three signal levels and two noise levels are obtained using Egns. (30)-(32). Then,
WMRDSN g, value under the chosen setting combination is obtained using Egn. (17). Using ‘Solver’ tool in Excel worksheet,

WMRDSN g, value is maximized by changing values of input controllable variables. The optimal setting combination is found

to beA,B;C;D;E,F,. The expected values of each response variable at the optimal combination and the corresponding slope,
variance and MRDSN values are shown in Table 9.
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Table 9. Expected dope, variance and MRDSN values at RM-based optimal solution

Response Noise Expected values of the responses Expected
variable level | Signd M; | Signa M, | Signal M3 | Slope | Variance | MRDSN
N; 77.797 155.546 240.082
Y, (DLTB) N, Z8.174 156.300 541 246 79.416 6.745 29.709
Ny 9.749 20.241 29.467
Y, (DNTB) N, 0747 20.239 0.463 9.902 0.109 29.551
N; 1.799 3.894 5.555
Y; (DSTB) N, 1767 3.824 = A5 1.858 0.014 23.947
WMRDSN 27.736

5.4 Comparison of Optimization Perfor mance of the Proposed M ethod under different modelling appr oaches for Dynamic
System:

The overall optimization performance of the proposed method under the three modelling approaches for dynamic system is

summarized in Table 10. Table 10 reveals that the optimal solution derived by the proposed method depends on the choice of the

modelling approach for the dynamic system. Here, the proposed method under the three modelling approaches results in three

different optimal solutions. Comparison of WMRDSN values in Table 10, the optimal solution derived by the proposed approach

with RM approach, i.e. A,B,C;D;E,F, resultsin the maximum WMRDSN value. Moreover, it is observed from Eqgns. (30-32)

that R? values of all these fitted models are very high, implying that derived optimal solutions based on these fitted models would
be highly reliable. This implies that the proposed method with RM approach leads to the best optimization performance. On the
other hand, proposed method with PMM and RFM approaches lead to poor WMRDSN values. However, in our opinion, the
proposed method with RFM approach is more undesirable than the proposed method with PMM approach. This is because
regression models (Eqns. 24-29) fitted in RFM approach have lower R? values, and hence, they are less reliable for predictive
purpose. We could not explain the reasons for lower R? values for the regression models fitted in RFM approach.

Table 10. Optimization performance of the proposed method under different modelling approaches

Modelling | Optimal solution Expected MRDSN values for WMRDSN
approach Y, (DLTB) | Y, (DNTB) | Y3 (DSTB)
PMM A,B,C.D.EF, 23.172 34.219 11.638 23.009
RFM A,B,CD.E,F, 31.085 24.067 16.173 23.775
RM A,B,C,D.E,F, 29.709 29.551 23.947 27.736

It is important to mention that examining R? values of the fitted models under different modelling approaches may not be the only
criterion for choosing the most appropriate modelling approach. The choice of the modelling approach to be followed often
depends on the experimental data. For example, if there is a single observation (i.e. absence of noise factors) for each response
variable in an experimental trial, the RFM approach cannot be applied. If the effect of noise variables on any response is relatively
high, which can be easily identified from high variation of observations within a signal level, the PMM approach may lead to
erroneous result. However, if it is possible to develop response models with very good fit (i.e. adjusted R*> 0.9) and the fitted
models can reproduce the experimental data with minimum variation, then such response models would always be the best choice
for finding the optimal combination. However, as mentioned earlier, response models must include few control x signal and
control x noise interaction terms apart from the main effects of control, signal and noise variables. Diagnostic tests related to
regression model fitting must be carried out and validated. If model assumptions are violated, the corresponding models should not
be used for optimization purpose.

5.5 Comparison of optimization performance of the proposed method with response modelling approach and some
reported methods
Chang (2006) and Chang (2008) have used the same experimental data to illustrate the usefulness of back propagation neural
network-based multi-response optimization method and data mining approach-based multi-response optimization method
respectively. Chang (2006) derived the optimal combination of factor levels as A ;B,C,D ;E,F, , whereas Chang (2008) obtained

the optimal process condition asA,B;C,D;E,F,; . On the other hand, according to the proposed WMRDSN method with response

modelling the optimal process condition is derived as A,B,C;D;E,F,. Expected total DSN values under these three optimal

conditions are obtained. These values are presented in Table 11. It is observed from Table 11 that the expected total DSN value at
the optimal condition derived by the proposed WMRDSN method with response modelling is much higher than the expected total
DSN values at the optimal conditions derived by the existing neural network approach (2006) and data mining approach (2008).
This is indicative that the proposed WMRDSN method with response modelling results in better optimization performance than
the back propagation neural network-based approach and data mining-based approach.
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Table 11. Expected total DSN values at the optimal conditions derived by the proposed method and some existing methods
Optimization Method Optimal Solution DSN (indB) Total

Yl Y2 Y3 DSN
Proposed WMRDSN method
with response modelling A,B;C3D3EF, 29.709 | 29.551 | 23.947 83.207

Back propagation neural
network approach (2006) A3B3C.DsEF; 27.707 | 29.551 | 20.057 | 77.315

Data Mining Approach (2008) A1B:C.D:EF; 27.707 | 29551 | 12500 | 69.758

6. Conclusions

In a multi-response dynamic system, the target values of the response variables depend on the setting of the signal factor. The
majority of the contemporary mechanized processes utilise more than a few response variables and industries demand for
developing procedures for optimizing multi-response dynamic system. To dea with the requirements of the contemporary
industries, more than a few procedures for optimizing a multi-response dynamic system have been developed by the past
researchers. But the optimization performances of these procedures are not very satisfactory. In this paper, a novel procedure for
optimizing a multi-response dynamic system is proposed. The proposed procedure integrates multiple regression (MR) technique
and Taguchi’s dynamic signal-to-noise ratio (DSN) concept. The performance of the proposed method is evaluated with respect to
three commonly used modelling approaches for the dynamic systems, e.g. performance measure modelling (PMM), response
measure modelling (RFM) and response modelling (RM). It is observed that the proposed integrated method with RM approach
results in the best optimization performance. It also results in better optimization performance than back propagation neura
network-based approach and data mining-based approach reported by the past researchers.
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