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Abstract

An efficient experimental method for identifying an appropriate response
surface model for a simulation is presented. This technique can be used for
globally identifying which factors in a simulation that have a significant
influence on the output. The experiments are run in the frequency domain. A
simulation model is run with input fact rs that oscillate at differert
frequencies during a run. The function.l f "u ¢: a response surface Lod_. o,
the simulation is indicated by the frequeu. y spectrum of the outpu* process.
The statistical significance of each term in a prospective response surface
model can be independently measured. onditions are given for which L
frequency domain approach is equivalent to ranking terms in a response surface
model by their correlation with the output. Frequency domain simulation
experiments typically will require many fewer computer runs than conventional
run-oriented simulation experiments.
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1. INTRODUCTION TO FREQUENCY DOMAIN EXPERIMENTS:

A feature of simulated systems is that one has complete control over the
input factors. Frequency domain experiments exploit this feature. In a
frequency domain experiment values for continuous factors are varied during a
run according to sinusoidal oscillations. Different frequencies are assigned
to each factor. If the simulation response is sensitive to changes in a
particular factor, then oscillating that factor induces predictable
oscillations in the response. Varying the values of unimportant factors does
not alter the response. The spectrum of the simulation output measures the
relative strength of these oscillations. Spectral analysis of the simulation
output permits one to identify an appropriate polynomial model for the
simulation output as a function of the input levels over some experimental
region. Such a model is called a simulation response surface regression
model or meta-model. Respruse aurfacé model identification isiig frequency
domain methods will typically require far fewer runs of the -im-latinn model
than would be necessary in a conventional run-oriented experimental
approach.

In this paper no distinction is made between simulation model parameters
and factors; both can be treated in much the same manner in simulation
experiments. All of the inputs to a simulation are generically referred to
as input factors.

Simulation response surface models are high—-level mathematical
relationships that aid in a global understanding of the complex relationships
between the inputs and the output of a simulation program. By far the most
common simulation response surface model is a polynomial that expresses the
expected output as a weighted sum of products of powers of the input levels.

The value of such response surface models is well established (see for



example [Kleijnen, et al., 1979]).

A practical use of response surface models is to guide in the design of
conventional run-oriented simulation experiments by screening out
insignificant input factors or ‘identifying importanf interactions between
factors. Input factors that are not in any significant terms might be
excluded from further experiments. The designs chosen for these conventional
experiments should not confound the estimators of coefficients of significant
terms. For example, if a particular product of factors is shown to be
significant in the response model, it would not be advisable to employ a
fractional factorial design with this product as the defining interaction. A
response surface model can also help focus data collection efforts on the
estimation‘of input parameters and guide in the application of variance
reductioﬁ techniques such as correlation induction
[Schruben and Margolin, 1978]. A dirc- $;plication’of the experimental
technique presented in this paper is slobal simulation sensitivity analiysis.
This techniue complements available techniques for local simulation
sensitivity analysis via response gradient estimation (see for example
[Suri, 1983]).

There are two basic tasks in simulation response surface modeling.
First, the functional form of an adequate response surface model must be
identified. Second, the coefficients of the response surface model must be
estimated. This paper focuses on the identification of the appropriate
functional form of a response surface model. Only after a response surface
model is identified can an experiment be properly designed to estimate the
values of its coefficients. As often as not the experimenter must rely on
both extensive experimentation and intuition in seiecting an adequate

response surface model.



In this article the situation where there is a scalar response and the
controllable input factors are continuous is considered. The remainder of
this article is organized as follows. The response surface model
identification problem is formulated and the theoretical justification for
frequency domain simulation experiments are presented in Section 2. In
Seétions 3 and 4 the design of frequency domain experiments in a simulation
program is motivated and discussed. A method for statistically analyzing
such experiments is given in Section 5. In Section 6 an explicit, easily
implemented procedure for frequency domain response surface model
identification is presented. Section 7 contains several examples that
illustrate the application of khe method. The final section contains some
conclusions and suggestions for running frequency domain simulation
experiments.

2. PROBLEM STaibmiNT:

Consider a simulation program with p continuous inp*t factors, Xy
Xoseees xp. We wish to identify significant terms in a polynomial model of
the expected response, E[y], as a function of the x's. Specifically, we
.consider as prospective response surface models the class of all k-order

polynomials given by

q
E(y] =8,+ I B.T..
vl = & 2 87,

Here
E[ly] is the expected simulation response,

Tj is a term in the k-order polynomial, i.e., a particular

product of non-negative integer powers of the input
factors, where the sum og.ghe exponents is not greater
than k, (e.g. if k=7, X X5 is such a term).

Bj is the coefficient for term Tj, and



q is the number of potential terms in the prospective model.
Each term in this polynomial is a candidate for inclusion in a simulation
response_surfaée model. Our objective is to select the set of terms (Tj'S)
that have coefficients (ﬁj's) that are significantly different from zero. We
assume that the experimenter knows nothing about the response surface except
an upper bound on the order, k, of the approximating polynomial. A check for
lack-of-fit of any model in the class of k-order polynomials is available and

is discussed later in this article.

.1 Qualitative Analysis of Frequency Domain Experiments:

Before discussing frequency domain simulation experiments in detail, the
concept is illustrated by qualitatively examining a '"black box'' system. The
simulation output sequence at time t, y(t), 1is a function of four input
processes, xl(t), xz(t), x3(t), and x4(t) ?2uu @ otochastic input process,

e(t). . Suppose, unknown to the experimenter, the response is given by,

y(t) = x, (t-5)

+ xf(t—s)

+ % ((t-1)  + x5(t-2) + x,(t-3))

+ % (xp(t-1) x5(t-1) + x,(t-2) x4(t-2) + xg(t;3)4x3(t—3) )
+ e(t).

Here &e(t) is the first order auto-regressive noise process given by
e(t) = .6e(t-1) + .8e(t) with e(t) independently sampled from a standard

normal distribution. The response contains five-period lags of x and

1

2 . .
X three-period moving averages of Xy and XoXas and auto-regressive



noise. The response is independent of Xy- Time lags in the response are
reflected as phasé shifts in the frequency domain. These lags should have no
effect since the frequency spectrum is insensitive to phase shifts. A
response surface model identification procedure should indicate that Xy
xi, Xo» and X X5 are the only important terms in the response surface
model. | |

A ffequency domain response surface model identification experiment
requires at least two runs of the simulation, a control run and a signal
run. For this example, the run lengths (denoted by n) were 300 observations
of y(t).

A control run is just a conventional simulation run with the input
factors held constant at their nominal values. The control run identifies
natural cycles in the response. The three hundred control run observations
were used to estimate the output frequency specuum. The spectrum estimator
for the control run is the control spectrum and is denoted fc(uo.

In a signal run the input factors vary according to sinusoidal
oscillations during the run. The frequency assigned to a particular input
factor in a signal run is called its driving frequency. In this example the
four input factors were oscillated at frequenciés of .06, .20, .29, and .39
cycles per time unit, respectively. This set of driving frequencies
distinguishes all potential terms in the prospective second order response
surface model (driving frequency selection is discussed in Section 4). The
values of the input processes at time t are given by xl(t) = cos(2r(.06)t),
xe(t) = cos(@n(.20)t) xs(t) = cos(Rn(.29)t), and x4(t) = cos(@n(.39)t). The
spectrum estimator for the signal run is the signal spectrum denoted as
fs(w).

The spectral signal-to-noise ratio, R(w) = fs(w)/fc(w), is the basis



for the analysis of the experiments described in this paper. Figure 1 is a
plot of the log of R(w). There is a peak at the frequency .06., which is the
oscillation frequency of the factor Xy This peak indicates that the
response is, in part, a linear function of X,- Similarly, the peak at a
frequency of .20 indicates the presence of a linear term for X The peak at
the frequency .12, twice the oscillation frequency of X5 indicates that a
quadratic term in Xy is present. (A rule for identifying the '"indicator
frequencies' for different terms in the response surface model is given in
Section 4.) The remaining peaks are at frequencies of .09 and .49 (the sum
and difference of the oscillation frequencies of Xy and x3). These peaks
indicate that the interaction term XoXq is present. The true response
surface model, containing the terms Xy Xo» xf, and XoXa5 is easily
identified.

An important practical point concerns the s:mpl’-  (he input and
output time series and their relationship. The index, t, was called **"itime™
in the above example. Depending on the application this index could
represent different quantities. Frequencies are expressed in this paper in
cycles per time unit; a more descriptive measure of frequency would be in
cycles per output observation. For example, in a simulated queueing system
where the output is some function of customer delays an appropriate index
would count the customers as they enter the system. The index, t, would then
be the customer arrival sequence number. The input processes for the signal
run would oscillate with this index, not, say, with simulated clock time.
Frequency domain simulation experiments of complex computer systems have been
successfully run indexing the input and output series by job number [Sargent,
1985]. Specifically: for a computer network where job delays are measured,

an input factor xj might be a parameter of some processing time



distribution. The nominal value for xj is given as p. For the signal run,
the processing time for the tth job would be generated using a parameter
value given by § + ajc?s(2ijt) where oj is the driving frequency assigned to
input factor xj and dj is its amplitude. Similarly, the time between job
arrivals would be generated using a parameter that oscillates with job

arrival sequence number. Before computing the output sample spectrum, the
output series of job delay times must be ordered in the job arrival sequence
number. This is because in a complex network jobs may exit the system in a
different order than that in which they entered the system. Keeping a common
index for driving oscillations and output analysis is important.

Although it is not central to the ideas presented in this article, it is
worth noting that common pseudo-random number streams were used in the
previous example for both the signal run and the control run. This results
in a reduction in the variance of the rsﬁjuuuvd signal-to—noise ratio, R(w).
This variance reduction technique appfgrs .0 be very helpful in frequency

domain experiments.

2.2. Theoretical Requirements for Frequency Domain Experiments:

Frequency spectra are defined only for stationary stochastic processes.
Depending on how the simulation run is initialized and termiﬂated, an
assumption of stationarity may or may not be justifiable. For instance,
there may be an.initial transient early in a run if the initial conditions
are far from typical. Fortunately, an initial transient. in the output
process does not appear to cause any practical problems with the methodology
presented in this paper. In fact, the examples presented in Section 7
involve short runs of transient simulations (sometimes called ''terminating”

simulations in the literature) where no initial warm-up period is used. The



frequency domain approach was quite effective in identifying an appropriate
response surface model for these simulations. In the limited empirical
studies done to date, frequency domain response model identification appears
to be equally effective for both transient and stationary simulations. This
phenomenon can be explained by noting that initial transients in a simulation
output series appear in the frequency domain as partially completed cycles at
very low frequencies. These cycles can be viewed as naturally occurring low-
frequency components of a stationary stochastic process. In the time domain
this is equivalent to modeling a transient as a sum of small pieces of
orthogonal sinusoids with very long periods. The analysis is done using
spectral ratios where ''true' spectra values (including those at low frequency
components due to transients) cancel out of statistics used to deteét the
significance of terms in the response surface modsl.

In order for the frequency dou“ip :;prrach to be used +2 i’ atify a

model for a system, the system must have:

1. parameter settings that can be changed during an experimental trial.

2. a response that can be observed at periodic intervals.

3. ~a response that can be adequately modeled as a time-invariant linear
combination of products of powers of the factors. That is: Given

p factors observed at equally spaced intervals
xi(t) for i=1,...,p, t = 1,2,...,n,

we can form q polynomial terms by taking products of powers of the

factors



a. .
xi(t)lJ for j=1....,q and

i g

Tj(t) =

i=1

aij some non-negative integer.

The response is modeled as a time-invariant linear combination

(filter) of these terms and noise that is independent of the

factors,

]

Z h,

y(t) =
1 k=—o K

J

it M.

Tj(t—k) + e(t) (1)

Such a system can be studied as a '"black box' with two types of input
factors: xi(t), which may change during au experimental trial, and random
noise, £(t). VWhatever series of values are assigned to the factors, th: rule
for forming the response remai~> un:hanged because the sysiem is
deterministic. A simulation compu.er pirogram is an important special clac
of systems where the frequency domain approabh'is applicable. Simulation
computer programs are almost always time invariant and deterministic; the
computational rules do not change during execution of the program. These
programs can be written to vary factor settings during a run and to
periodically sample the response. If the response can be modeled as a
polynomial function of the factors (at least in the region of interest), then
all three requirements are met and the frequency domain approach should
identify a response model.

3. MOTIVATION FOR THE FREQUENCY DOMAIN APPROACH
The frequency domain approach to simulation sensitivity analysis has two

major advantages. First, several input factors can be studied in the same
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run. Second, non-linear effects, such as products.of integer powers of the
input factors, can be detected with no additional experimentation.

In frequency domain experiments, frequency bands rather than simulation
runs are the experimental units. Each run of the simulation provides a large
number of essentially independent frequency bands. The experiment is
designed so that each term in a prospective response surface model is
assigned to a distinct set of frequency bands; many factors can be studied at
once. The advantage of this property can be demonstrated with a simple
system for which the response is a linear function of one factor with added
noise (a special case of Equation 1).

Denote the linear system by

y(t) = ; hk x(t-k) + £(t)
k=-o

where y(t), x(1), hk’ and &(t) are as defined earlier. The reiponse

spectrum fy(w) and the factor spectrum fx(w) are related by

£,(0) = (W1 (&) + £,(0) (2)

where G(w) 1is the gain. The gain function describes how the linear system
amplifies or attenuates oscillations at different frequencies. The gain is
zero and there is no oscillation-induced peak if the response does not depend
on the factor. Suppose the factor oscillates with amplitude o and
frequency w; x(t) = « cos(2rwt + &) where & is the phase shift. The factor
spectrum has a peak at « independent of &. The response spectrum, defined
by equation 2, also has a peak at «, scaled by the gain, and masked by the

noise. A response spectrum peak at  is evidence that the factor affects
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the response; no peak is evidence that it does not. If £(t) is a white noise
process, then fa(w) is constant for all ® and in theory no masking should
occur. In practice, however, the sample spectrum computed from a particular
realization of £(t) is not necessarily constant. In addition, £(t) may not
be a white noise process, and so may not have a constant spectrum. In
Section 2 the example process was a linear system with an added
autoregressive noise process, i.e. the noise spectrum was not constant for

that example.

Consider next a multiple-factor linear system

y(t) =

s

1

hikxi(t—k) + e(t)

it Mo

[ -}
p
1 k=-o

Here the response spectr.um and the factor spectra, fx (w), are related by
i

U o Rt

SO ICEOREMORENC | ©)

i=1

where each Gi(w) is the gain for oscillations of x;. Suppose each factor

X, oscillates at the frequency 0y
xi(t)4 = o, cos(2nwit + ai). (4)

Then the factor spectrum fx (w) has a peak at w, . If Gi(wi) is not
i

Zero, the response spectrum has a peak at Q- A response spectrum peak at
oh is evidence that X5 affects the response; no peak is evidence that it
does not. One of course cannot guarantee that the gain might not be zero;

however, it is extremely unlikely in practice that the finite set of discrete
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driving frequencies used will contain a frequency with zero gain (this can be
argued to be an event with zero probability). In Section 4.3 we offer

several practical approachs for dealing with the problem of non-uniform system

gain.

3.1 Higher Order Terms in the Response Surface Model:

A second advantage of frequency domain simulation experiments is that
high order terms in a response surface model can be identified without
additional runs of the simulation program. This is due to the fact that
products of factors in a response model become sums of frequencies in the
frequency domain. The presence of a high order term or factor interaction in
a general polynomialkresponse surface is equivalent a set of additional
linear pseudo-factors for the model. Therefore, the input-output spectrum
relationships applicable to linear response surfaces are also aprlicable to
general polynomial response surfaces. Every potential term in *he
prospective polynomial response sufface model is some product oflintegral
powers of the input factors. Each product of powers of oscillating input
factors will itself oscillate. The frequencies of these oscillations are
called the indicator frequency set for a potential term in the response
surface model. The linear pseudo-factors equivalent to a high order response
surface term each oscillate at one of the frequencies in the indicator
frequency set for that term; a term’s indicator frequencies are the ''driving
frequencies' for the equivalent linear pseudo-factors. Linear inputs and
outputs oscillate at the same frequencies (see [Chatfield, 1984], Chapter
9). Thus changes in the response spectrum at frequencies in a high order
term’'s indicator frequency set indicate that the term should be included in

the response surface model.
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Indicator frequencies are easily computed from the oscillation
frequencies of the individual inpﬁt factors. The computations are based on
elementary trigonometric identities. For example, suppose X5 and Xj are
input factors with driving frequencies @y and uj; that is,

. 2
xi(t) = aicos(Bnuit) and xj(t) = ajcos(znwjt). The quadratic term xi(t)

can be expressed

2 2 2
xi(t) . cos (Enwit)

a?(l + cos(Zn(zui)t))

a? cos(2n(0)t) + % a? cos(zx(Zwi)t),

i

b o

The presence of x?(t) in the response model it indicated by peaks in the
response spectrur at the indicator frequerzies 0 and zui. Thus the set of
indicator frequeiicics for the term x? is 30, 2ui§.

The product rlxj can be expressed

Ol -

X.x, =

i%; aiaj (cos Zn(ui+wj)t + cos zn(wi-uj)t).

The presence of xixj in the response model is indicated by peaks in the

response spectrum at both wi+uj and wi—uj. Thus the set of indicator

frequencies for the term xixj is 3ui+wj,'w
Sets of indicator frequencies for all high-order polynomial terms in the

i-wji.

prospective response model can be similarly established using elementary
trigonometric identities. These sets are given by the following indicator
frequency rule.

Rule: The set of indicator frequencies for the term



is the direct sum of the sets

- NS WA T 5
i = 25505 (335700500002, 5048 2
The direct sum of sets is formed by taking all combinations of one element
from each set and adding. This rule extends the results in [Cukier et al,
1973] which apply frequency domain experiments to fit planar response surface

models to chemical reactions but does not consider powers or interactions of

the input factors.

3.2 Spectrum Amplification, Correlations, and Model Coefficients:
The heights of spectrum peaks are related to the coefficients of the

linear response model

P
E(y] =By + = B:x,.

Consider the relationship between the response spectrum and the factor
spectra in a multiple-factor linear system with added noise, a system
represented by equation 3. The gain Gi(w) is scaled by the coefficient
Bi so define the standardized gain function gi(w) = Gi(u)/ﬁi. The input
factor xi(t) oscillates as a sinusoid with amplitude o, and frequency

©; . Thus, the input factor spectrum is given by fX (w) = a?s(wi) where
i

s(ui) is the spectrum of a sinusoid with frequency w; and amplitude 1;
s(wi) has a sharp peak at o and is zero elsewhere. Substituting these

expressions into equation 3 gives,
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For purely mathematical reasons, the phase angles (in equation 4) of all
driving frequencies can be assumed to- be uniformly distributea between O
and 2n; phase angle has no effect on the frequency spectrum. All driving
frequencies are assumed to be Fourier frequencies (frequencies that are
multiples of 1/n). Fourier driving frequencies should be used in

applications. The variance of each linear term in the meta-model is

1 = 2 2
o = 3 zl(ai cos(2nmit) - uxg = ai/Z i= 1""’kj

where

The correlation between input factor values is zero when Fourier frequencies
are used. The correlation between the output sequence, y(t), and the

input sequence, xi(t), for (t =1,...,n), is
py = Bicxi/oy.

Substituting ﬁhe above into the general response relationship of

expression (3) yields,

2
f =
y(Q) 20&

Mo

P2 () s(a) + 1, (o).

i=1

This equation states that the height of the output spectrum peak at w
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is scaled by Bcip?gi(w). The relative heights are proportional to
p?g?(u). If gi(w) is constant then the heights of the output spectrum

peaks are proportional to p?. This result is stated as a lemma.

Lemma: If the standardized gain gi(w) is constant for every X and ,
then ranking the factors according to the heights of their output spectrum
peaks is equivalent to ranking the factors according to the magnitudes of

their correlations with the response.

Dividing the heights of the peaks by the square of the driving
amplitudes compensates for possible differences in these amplitudes. These

are proportional to

2 2
anp?g?(u) chp.g.(w)
y i®i yi®i 5 2
z = 7 = Bigg (0.
o, 2c
i x,

If the gain is constant, then these are proportional to ﬁ?. Thus we have

the following corrolary

Corrolary: If the standardized gain gi(w) is constant for every X5 and
@, then ranking the factors according to the heights of their peaks divided
by the squares of their driving oscillation amplitudes is equivalent to

ranking the factors according to the magnitudes of their coefficients.

As shown in Section 3.1, a general pdlynomial term in the response
surface model is equivalent in the frequency domain to a set of linear
pseudo-factors each oscillating at the term's indicator frequencies.
Therefore, with suitable modifications (scaling by the driving amplitutes of

the equivalent linear pseudo-factors) the above analysis can be applied to
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rankings of general response surface model terms.

4. DESIGNING FREQUENCY DOMAIN EXPERIMENTS:

There are three steps to designing a frequency domain simulation

experiment:

1) The selection of a set of driving frequencies for the input
factors,

2) The determination of the amplitudes of the driving frequencies,
and

3) The assignment of driving frequencies to each input factor.

4.1 Selection of Factor Driving Frequencies:

Frequencies that are used to drive oscillations of the input factors in
a frequency domain simulation experiment have upper and lower bounds. When
the simulation output consists of a finite-length, discrete-indexed time
se 'ies (as i3 the case for most discrete event simulation prograns), the
srect~um cannot be estimated at all frequencies. The lowest detectable
foenv2ncy wili complete one full cycle during the simulation run. The n
observations in the simulation output series cannot be used to accurately
estimate spectrum components at frequencies below 1/n cycles per
observation. The highest detectable frequency completes one-half cycle per
observation. Higher frequencies cannot be observed directly, but instead
appear as frequencies between zero and one-half. This phenomenon, known as
aliasing, is described by Bloomfield (1976). Let w  denote the ffactipnal
part of |w|. If 0 < @ g .5, then the observed alias frequency for «» is «’.
If .5 ¢ @ £ 1, then the observed alias frequency for w is 1-w’. The effects
of aliasing must be considered in the simulation experiments proposed in this
article.

Partial confounding of indicator frequencies may occur if driving

frequencies are selected carelessly. For example, suppose the frequencies
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u1=.3 and w2=.4 cycleé per time unit are assigned to input factors Xy
and Xgoe If the interaction XX were present in the response surface model
it would be indicated by response oscillations at the indicator frequencies
of §.1,-.1,.7,-.7% which alias to the observable frequency set 3.1,.33%. A
spike in the output spectrum at a frequency of .3 cycles per observation
indicates the presence of both the linear term, Xy and in part the presence
of the interaction term, X,X5s in the response model. The selection of
driving frequencies for the input factors can easily be made to avoid such
confounding.

Independent spectrum estimates for different indicator frequencies is
desirable, so indicator frequencies should be as widely separated as possible
in the interval (0,1/2]. The frequency selection problem depends on the
number of input factors and the list of terms in the prospective response
molel. The problem of selecting driving frequencies can be formulated as a
mixed integer linear program [Cogliano, 1982]. However, frequency selection
is not criticgl. Term indicator frequencies and their aliases should be at
least one bandwidth apart. The selection of bandwidth is under the control
of the experimenter and will be discussed in Section 5 of this paper. If

bandwidth is decreased the same estimator precision can be obtained by

increasing the run length.

4.2 Amplitudes for the Driving Frequencies:
~As with classical experimental designs, the experimenter must specify a
range of values for each input factor. The experimental region takes the

form of a p-dimensional rectangle,

g(xl’.”’xp)iLi le SUlg' (6)
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The oscillation amplitudes affect the size of changes in the response
spectrum. The height of the response spectrum is directly proportional to
the height of the input spectrum at the same frequency, and the height of the
input spectrum is scaled by the square of the oscillation amplitude. If the
amplitudes are too small, the oscillation effects can be difficult to
detect. If the amplitudes are too large, the input factor values can exceed
the range for which the simulation model makes sense, or for which the
response surface can be fit by a polynomial of the assumed order. Detection
of this lack of fit is discussed later in this article. Amplitudes are
chosen so that each input factor varies over its whole range of values. For

example, the value for input factor X5 at simulated time t is

t) = & 1y- ‘ (
xi(t) =3 (Ui+Li) +3 (Ui Li) cos(2nuit;. (7

«.3. Assigmment of Driving Frequencies to Pacltors:

A potential problem with the frequency domain approach is gain. Gain
describes how a system amplifies or attenuates input oscillations at each
frequency. Systems somet imes have the effect of filtering out particular
t&pes of variability. A low-pass filter, such as an exponentially-smoothed
average, suppresses high frequencies. A high-pass filter, such as a period-
to-period difference, suppresses low frequencies. Parameters and terms might
appear to be more or less important depending ﬁpon their assigned frequencies
of oscillation. If the gain lowers the spectrum at one of the indicator
frequencies, an important term in the response model might be overlooked.

One way to deal with gain is to estimate it. Gain can be estimated by

driving each input factor with white noise (that is, with a sequence of

independent, identically-distributed values) and estimating the response

spectrum. This approach requires additional simulation runs and is
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complicated by the possible interaction between input factor and frequency;
for example, the system might act as a low-pass filter for one input factor
and as a high-pass filter for another. This approach is discussed in
Schruben and Cogliano [1981].

A more systematic approach is to treat gain as an unknown nuisance
factor and bléck on it. A few independently seeded simulation runs can be
made, changing between runs the input factor assigned to each driving
frequency. A Latin square design can be used to assign each input factor to
each driving frequency.

Because response spectrum peaks can occur regardless of whether the
input factors oscillate, one must determiﬁe whether the peaks result from
induced.input factor oscillations or from natural conditions. For thisvv
purpose the concept of a control frequency is introduced. A contrecl
‘rendency determines iLe level of the response spectrum under natural
conditions. A conirol frequency is not assigned during a run; no input
factor oscillations occur and no response spectrum changes are expected at a
control frequency. The output spectrum at a control frequency estimates the
natural or.background level of the response spectrum. This allows one to
make statistical inferences about whether or not response spectrum peaks are
induced by input factor oscillations.

Thg design of Figure 2 uses three driving frequencies for a model with
two input factors. Each driving frequency serves as the control frequency
for one of the runs. This provides a standard for comparing respoﬁse
spectrum peaks at that frequency. With one control frequency per run, a
Latin square design requires p+1 runs to study p input factors. This

design has considerably fewer runs than are'required by most conventional

run-oriented designs.
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In the terminology of experimental design, the factors represent
treatments, the frequency bands represent random block effects, and gain is
analogous to an interaction between the factors and the frequency bands. The
possible presence of system gain deserves further consideration because Latin
square experimental designs confound interactions with main effects. In
these designs there are three main effects: a factor effect, a frequency band
effect, and a run effect.r These effects are confounded as follows: the
factor effect is confounded with the band-run interaction and the three-—way
factor-band-run interaction, the band effect is counfounded with the factor-
run interaction and the three-way interaction, and the run effect is
confounded with the factor-band interaction (gain) and the three-way
interaction. Independently seeded runs of the same simulation program imply
that there are no main effect or interactions involving runs. In the absence
of band-run and three-way interactions, the factor effect can be observed
without confounding. The gain effect can also be observed without
confounding.

Not all Latin square designs are equally suited for frequency domain
experiments. A Latin square design assigns driving frequencies to the
various input factors in the simulation. Implicit in this assignment is the
determination of indicator frequencies for each of the high-order terms in
the response model. Some Latin square designs assign the same frequencies
repeatedly to a particular interaction, while other Latin square designs
assign a greater variety of frequencies to interactions. A variety of
frequencies should be assigned because it makes the blocking scheme more
effective (this is discussed in Cogliano, [1982]).

Before running a full Latin square experiment like that just described,

the experimenter should make a pair of runs assigning driving frequencies
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from the interval (0,.25] for the first run and from the interval (.25, .5)
for the second run. The sets of term indicator frequencies from the two runs
should be disjoint. Spectrum estimates for unused frequencies from one run
can serve.as the control spectrum for the other run. Spectral ratios, R(w),
can be computed as described in Section 2. If the runs are independently
seeded then one can test the statistical significance of terms in the meta-
model (see Section 5). Using common random number streams for the pair of
runs sharpens the contrasts by reducing the variance of the spectral ratios.
However, a conventional statistical analysis of spectral ratios from runs
using common random number streams is not valid. Nevertheless, a qualitative
screening of factors can be extremely valuable.
5. ANALYSIS OF FREQUENCY DOMAIN EXPERIMENTS

The response from a simulation run is often a time series, denoted by
y(i,- «.,7wu). The frequency spectium measures the relative strength of
tinuscidal oscillations in a time series. In the examples to be presented in
Section 7 we estimate the frequency spectrum with the sample spectrum

[Bloomfield, 1976] given by

n

fw) = = xkckcos(ZKUk) 0 < lwl % (8)
k=-m
with the usual autocovariance estimators given by
1 -k - -
¢ = 7.2 G -yGG+k) - y)  if 0 <k < (n-1)
t=1
and e = Cy if -(n-1) < k < 0.

Ve use the weights (called the Tukey lag window of size m) given by
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A\, == (1 + cos nk/m), for Ikl < m.

k

ol

The Tukey window is used here because it is well known and has desirable
statistical properties such as consistency. Other windows such as the Parzen
window might be used as well. More important than the window type is the
truncation point, m [Jenkins and Watts, 1968]. There is a trade-off in
truncation point selection. A small value of m gives an estimator with high
precision (low variance), and a large value of m gives an estimator with high
resolution (small bandwidth). The bandwidth of the Tukey window is 4/3m (see
Jenkins and Watts, 1968, p. 255). Following Jenkins and Watts (1968, pg.
286) we will treat spectral estimators that are at least one band width apart
as approximately independent.

Lack of fit by any polynomial function ~f order less than or equal to
that of the prospective response surface model (1) is indicated by
significant output specirum peaks at frequencies that are not indicator
frequencies for terms in the prospective response model. Instead of using the
full frequency spectrum in the analysis, a harmonic analysis at only the
indicator frequencies for terms in the prospective response surface model can
be performed. However, estimating the full spectrum provides the lack of fit
check for any model in the class of prospective response surface models.

Statistical analysis of response spectrum changes uses the fact that
(8n/3m) (f(w)/f(w)) has an approximate chi-square distribution with
v = 8n/3m degrees of freedom [Jenkins and Watts, 1968, Sec. 6.4.2]. Here
f(w) 1is the true spectrum at « and f(w) is its estimator. This
approximate result has been shown to be quite good even for short time series
[Neave, 1972].

Consider the situation in which there are several independently seeded
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runs of the simulation experiment. The minimum number of runs is two. The

statistical analysis proceeds in nested steps:

1. For each potential response surface model term Tj: compile the list

of its indicator frequencies wl,wz,...,ukj.

2. For each indicator frequency w5, compute the output spectrum
estimates, ?1(ui), eees fr(wi) , for each of the r runs of the
simulation experiment where w5 is an indicator frequency for term Tj.
(In practice there would probably be only one such run). Compute also
the output spectrum estimates [fcl(wi), cees fcs(wi)] for each of
the s runs in the experiment, where W, is not an indicator frequency for
any term in the prospective response surface model. The superscript, c,
on thesc estimators indicates that these are ~onsidered "comtrol”
estirates. Since runs are independently seeded, and spectrum estimators
that are more than one frequency bandwidth apart are approximately
independent, the spectrum estimators are considered independent. Under
the hypothesis that the term Tj should not be included in the response
surface model, the true value for the spectrum at W, is constant in all
the above runs. This true spectrum value will cancel out of the

spectral ratio,

1 r

o Ty ey
F.((.).)= N (g)
R R O

- I 7 (u,

vs oy

vhich is the ratio of two approximately independent chi—sqﬁare random
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variables each divided by their degrees of fresdom (the quantity v was
defined earlier and depends on the lag window used in spectrum
estimation). Therefore, Fj(wi) can be considered as having a F
distribution with vr and vs degrees of freedom. Let pj(wi) denote the
observed significanqe level of Fj(ui). This value is the probability

that an er distributed random variable exceeds Fj(wi).

3. Combine the significance levels for all indicator frequencies for the
term T.. A description and comparison of several methods of combining
significance levels from independent tests is given in Rosenthal,

(1978). In the examples in Section 7 we used Fisher's method to compute

the combined significance level given by the quantity,

. k.
pj = Prob.3X > -2 =7 log p(ui)§, {1
i=1 ;

where X has a chi-square distribution with ij degrees of freedom and
Zui; i= 1,2,...,kj§ is the set of indicator frequencies for term, Tj.
A low combined significance level (say pj* < .1) is evidence that term
Tj should be included in the response surface model. That is, the
hypothesis that there is no amplification at indicator frequencies for

the response model term, Tj, is rejected at the p. level of

significance.

The power of the above test for a particular term in the prospective
response surface meta-model increases as the driving frequency amplitude
=

increases. Comparing pj values for different terms is similar to comparing

the significance of regression coefficients when the ranges 6f'the
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independent variables are different. Comparisons of pj values are
appropriate only over the experimental region given by expression (3).

If one is primarily concerned with failing to detect a term in the
response surface model, then all runs in the experiment should be made with
common random number streams. When common streams are used the pj*'s should
be regarded as only qualitative measures of a term’s significance since
independently seeded runs are necessary to justify the assumption that the

spectral ratios will have an F distribution.

6. EXPERIMENTAL PROCEDURE FOR META-MODEL IDENTIFICATION:

The following steps summarize the frequency domain approach to

simulation sensitivity analysis.

STEP 1: Select a range of interest (expression 6) for each continuous
input factor. The larger the region, the more power there is to
detect input fo-*or effects.

STEP 2: Sexébt p+tl driving frequencies between O ahd’ i/2.
Determi;é the principal aliases of the indicator frequencies
(expression 5) for each term in the prospective response model.
Compute the minimum spacing, b, between these frequencies, this
will be the bandwidth necessary for the spectral estimators. Some
effort should be made to select driving frequencies that maximize
this spacing.

STEP 3: Choose a window truncation point m and a run length n such
that m > 4/3b. Chatfield (1984, pg. 141) recommends that n be
roughly (m/2)2. Empirical work with this method suggests that n
be large enough to include at least 10 full cycles of the lowest
term indicator frequency. The larger the value of n the smaller

the variance of the spectral estimators. For simulation models the
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run lengths typically can be made quite large for very little
marginal increase in the experimental cost. For terminating
simulations where tne run length cannot be controlled, several
independently seeded replications can be run and their spectra
averaged across the replicates to reduce estimator variance.

STEP 4: Run p+1 independently seeded replications of the simulation
program using a Latin square design to assign input factors to
driving frequencies as in Section 4.3. For each run the input
factors oscillate according to expression (7).

STEP_5: Compute the sample spectrum (expression 8) for each response
series.

STEP 6: Compute the spectrum ratios (exprescion 9) ~ and the combined
significance level (expression 10 to evaluate each term fer
inclusion in the prospective simulation response surface mod:1l.

7. QUANTITATIVE ANALYSIS OF FREQUENCY DOMA1N0§32§BLME§2§;

Two detailed simulation response surface model identification studies
are presented in order to illustrate the procedure presented in the previous
section. The first example is an M/M/1 queue and the second is a more

complex model of an inventory system with repairable items.

7.1. Example: A Single-Server Queue

Jobs arrive at a single service center according to a Poisson process
with an arrival rate of A = .8. Service times are exponentially distributed
with a mean of 1/p = 1. Service is given on a first-come-first-served
basis. The system starts empty and the performance measure is the average
waiting times of the first 300 jobs. The goal of the simulation study is to

identify a response model of at most second order consisting of perhaps
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2
linear terms () and §), quadratic terms (xa and p~), and the

interaction term (M\p). The next paragraphs illustrate how the steps of the

frequency

Step 1

domain procedure were followed.

1. The ranges of interest for the input factors were taken to be

"MNE §.8+/- .4% and y € §1.0 +/- .4}. Note that the queue is non-

Step

Step

stationary and the mean for the first n=300 jobs is transient
(therefore the restriction X < ﬁ is not required).

2. The three driving frequencies selected were W, = .11, w, = .18,
and Wy = .43 cycles per job. These driving frequencies achieve a
maximal spacing between all term indicator frequencies for a
prospective second order response surface model. The resulting
term indicator frequencies (after aliasing) were §.11,.18,.43% for
the linear terms, 3.22,.36,.14% for the quadratic terms, and
307,.29,.32,.46,.25,.39,.00,.503 for the two-way interaction

terms. The minimum spacing between these frequencies is b = .03.
3. The window truncation point was chosen to be m = 100, equal
to one~-third the number of observations in the output series. The
resulting bandwidth is 1.33/m = .0133 wvhich is considerably less
than the minimum spacing between indicator frequencies. This
permits treating the spectrum estimators for different indicator
frequencies as being essentially independent.

4. Three independently seeded runs of the simulation were made.
The input factors were assigned to the driving frequencies
according to the Latin square design in Figure 2. For each run the
waiting times of the first 300_jobs were collected.

5. The output series sample spectrum for each run was estimated

using expression (8).
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Step 6. The combined significance level of each term, p , Was
Vcomputed as described in Section 5. A summary of these
calculations is given in Table 1.

For comparison with conventional run-oriented designs, a 10-run response
surface experiment (four corner points plus a four-pointed star plus two
center points) was conducted. The same experimental region was used as for
the frequency domain experiment. The experimental design is given in the
left three columns and the experimental results are given in the rightmost
column of Table 2. All possible second-order polynomial regression models
were fit to the output. Terms were entered into the regression model in the
order of their overall significance levels for the frequency domain
experiment as given in the rightmost column of Table 1. Table 3 shows the
fraction of the response variability, Rz, [Draper and Smith, 1966]
explained by the sequence of repression models. There are other .-:=asures of
the goodness of a regression model; however, R2 is one of th mere commonly
accepted measures. The first three regression models were the best (highest
Rz) one-variable, two-variable, and three-variable regression models. These
best models had R2 values equal to .513, .694, and .865 respectively .

The frequency domain approach workea very well here. It identified with
three runs the best second-order polynomial regression models that could be

found with the output from a 10-run conventional simulation experiment.

7.2. Example: An Inventory System with Repairable Items

Our second example is an inventory system with fepairable items. The
system consists of a supply facility and a repair facility. Items are
demanded according to a Poisson process with a mean of 15 items per day.

Items are returned for repair according to a Poisson process with a mean of 6
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items per day. Repair times are geometrically distributed with a mean of 3
days. After being repaired, items are placed in inventory. Whenever the
inventory position (defined as the number of items in supply, in repair, or
on order) reaches or falls below 36 items at the end of a day, an additional
lot of 24 items is ordered. The lot arrives in 3 days. Excess demand that
cannot be filled immediately is backordered. At the end of each day a holding
cost of $§1 is assessed for each item in supply and a backorder cost of $5 is
assessed for each item backordered. Placing an order costs $10. The
inventory system is pictured in Figure 3.

The goal of the study is to assess the sensitivity of the operating
costs to three input factors: the demand rate X, the return rate Y, and
the mean repair time r. We are interested in identifying the significant
terms in a second-order polrnomial regression model of the operating costs.
The potential terms in the regre.sic- no-“:1 are the linear ter&s O, v,

2, and rz), and the interaction

and r), the quadratic terms (}2, b
terms (A\Y, Ar, and Yr). The next paragraphs give the computational
details of the procedure of Section 6.

Step 1: The ranges of interest for each input factor was arbitrarily
chosen to be between two-thirds and four-thirds of its mean value.
That is, X ranged between 10 and 20, Y between 4 and 8, and r
between 2 and 4.

Step 2: The four driving frequencies selected were w, = .06, Wy = .20,
w3 = .29, and 04 = .39. The resulting indicator frequencies were
$.06,.20,.29,.39} for the linear terms, $.12,.40,.42,.22% for the
quadratic terms, and §.14, .26, .23, .35, .33, .45, .09, .49, .19,

.41, .10, .32% for the interaction terms. The minimum spacing

between the indicator frequencies was .01.
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Step 3: A window truncation point of m=100 and a run length of
n=300 days were Ehosen. The resulting bandwidth allows us to
treat the spectral estimates at each of the term indicator
frequencies as independent. Simulated clock time (measured in days)
was the index for the driving frequencies and output in this
example. A series of 300 daily'operating costs was recorded from
each run.

Step 4: Four independently-seeded runs of the simulation model were
made. The input factors were assigned to the driving frequencies
according to the Latin square design of Table 4. The resplting
indicator frequency assignments are given in Table 5. To cover the
experimental region, each input factor oscillated at its assigned
driving frequency with an amplitude of one-th’rd of its mean
valuve. No warm—up period was used.

Step 5: The response spectrum was computed for th- r erating cost
series from each of the four runs. The spectrum estimates at the
indicator frequencies are arranged into two-way layouts by term and
frequency in Table 6a, 6b, and 6c.

Step 6: Table 7 presents the analysis of the spectral estimates. For
each term several F-ratios were computed by dividing the spectral
estimates from Table 6 in a term’s row by the corresponding
spectral estimates in the control row. For example, the four F-
ratios for X were computed as follows: 20.389 = 4873/239, 5.445 =
893/164, 1.331 = 173/130, and 2.944 = 683/232. For cells with more
than one entry, such as those in the interaction table, the entries
were averaged over the degrees of freedom. For example, the first

F-ratio for AY was computed as
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385
% (291+158)

1.715 =

This F-ratio has eight and sixteen degrees of freedom. The

remaining columns in Table 7 show the significance level from the
. 2

independent experiments, the degrees of freedom for this X

statistic and the resulting overall significance levels (p 's).

For comparison, a conventional 33 complete factorial run—-oriented
simulation experiment was conducted and regression models fit to the
results. The corner points of the factorial design corresponded to the
extreme points of the sinusoidal oscillations of the input factors. That is,
we used the same experimental region as for the frequency domain experiment.
The experimental design is given in the left four columns and the the results
of the experiment are given the right mosi column of Table 8.

All possible second-order polynomial cregression models were fit to the
results in Table 8. Terms were entered into the regression model in the
order of their significance levels in the frequency domain experiment
indicated in the rightmost column of Table 7. The order of significance for
the terms is X, Ar, xz, r and X\Y.. Table 9 shows the proportion of
response variability explained by the sequence of regression models. The
four terms with the highest overall significance in the frequency domain
experiment provide a regression model which explains virtually all of the
response variability (R2 = .98). For comparison, a regression model
including all nine potential terms explains only slightly more of the
response variability.

The frequency domain experiment worked very well here for model

identification. It identified with 4 runs the same model that a complete

factorial experiment identified with 27 runs.
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8. CONCLUDING REMARKS

4 frequency domain experimental method for selecting a simulation
response surface model has been presented. A limited comparison of this
technique with conventional run-oriented simulation experiments was made. In
each case the polynomial model selected was identical to the one selected
using a conventional design for the simulation runs. Conventional simulation
experiments however typically require many more runs of the simulation. The
examples in the introduction and in Section 7 are typical of our experiences
with the frequency approach. The experiments reported here involved only a
few short runs. Only when very small driving amplitudes were used were the
results unsatisfactory. The relative efficiency of the frequency domain
approach as compared to conventional experimental methods increases with the
~umber of input factors. The full potential of t'.is approach is better
app-eciated in large scale simulation experiments. Simulation practitioners
shoild consider frequency domain responsé surface m-lel identification as a
means of quickly focusing their attention on important input factors.
Initially the two (commonly seeded) runs required for a qualitative analysis

like that for the example in Section 2.1 should be made.
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Figure 1
Spectral Ratio from the Model Identification [xample
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Figure 2

Assignment of Parameter Driving
Frequencies for the Queue Simulation

Driving Frequency

.11 .18 .43
1 by H *
Run 2 u * Y
Number
3 * 3 u

* denotes a frequency not used in a run,
i.e. a control frequency



TABLE 1

Results of the Sensitivity Experiment for the Queue Simulation

Model| INDICATOR F,(w;) | DEGREES OF| p;(@;) | COMBINED |42 gegrees
Term | FREQUENCIES FREEDOM %2 VALUES| of freedom
T @, FOR F_(@,)
1 1 b} 3
" 0.110 2.523 | 8, 8 0.106 | 11.127 6
0.180 3.606 | 8, 8 0. 045
0. 430 0.524 | 8, 8 0. 811
u 0.110 3.211 | 8, 8 0.060 | 15.111 6
0. 180 b.us0 | 8, 8 0. 026
0. 430 1.385 | 8, 8 0. 342
A2 0. 220 0.818 | 8, 8 0. 609 6. 128 6
0. 360 2.563 | 8, 8 0.102
0. 140 0.611 | 8, 8 0. 750
u? 0. 220 0.710 | 8, 8 0.681 | 10.628 6
0. 360 4. 458 | 8, 8 0. 025
0.140 1.510 | 8, 8 0. 286
AU 0. 070 0.760 | 8, 16 0. 642 10. 680 12
0. 290 1.029 | 8, 16 0. 454
0. 320 0.850 | 8, 16 0. 576
0. 460 1.033 | 8, ‘b n, ne?
0. 250 0.874 | 8, ‘o v. 558
0. 390 2.000 | 8, b 0.113




TABLE R

Results of Response Surfacse
Experiment for the Queue Simulation

Run by H Average Wait
1 1.0 1.2 3.646
p .6 1.2 .8R2
3 .6 .8 3.5R5
4 1.0 .8 51.592
5 1.2 1.0 36.893
6 .8 1.4 .970
7 -4 1.0 .614
8 .8 .6 79.741
9 .8 1.0 R.735

10 .8 1.0 3153




Table 3

Sequence of Regression Models for Queue Experiment

Terms in Regression Model BE

H .513

HaX .694

H,l,uz .865

u,x,uz,xz .903
2 .2

Hads B HA 500 .975



Figure 3

An Inventory System with Returns
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Table 4

Latin Square Design for Inventory Experiment

Driving Frequency
.06 .20 .29 .39

1 = M| YT

2l r * b S Y

Run
3] Y r * X

* denotes a frequency not used in a
run, i.e. a control frequency

Table 5
Indicator Frequency Assignments for Inventory Experiment

-06 .20 .29 .39 .02 ... .42 .22 .14 .26 .23 .00 .43 .45 -08 .49 .19 .41 .10 .3

I
R1*xvr'x2Y2r2"*='*mmnxr*fr‘f
un

A I S S ol B R Y S O s S S B S 2

3] Y r * by Y r * Y Yr Yr * * AY Ay * * A Ar * *

41 2 Y r * A Y r * AY AY r Aar ¢ * Yr Yr * * = *




TABLE ©
Spectral Estimates for the Inventory Simulation

Table b-a: Linear Effects

Frequency
. 06 .20 .29 .39
Control 239 164 130 232
A ug73 893 173 683
b 203 233 106 298
r 560 129 362 293

Table b6-b: Quadratic Effects
Frequency
. 06 . 20 . 29 .39

Control 80 408 311 170
A2 1725 | 635 | 96 | 68
2 202 | 501.| 185 | 202
r? 93 | 514 | 184 | o9

Table b-b: Interaction Effects
Frequency

A4 .26 .23 .35 .33 .45 .09 .49 .19 .41 .10 .32

Control 291 73 45 92 {112 383 j232 |18 222 }230 }130| 59

158 | 139 93 59 92 1296 149 |314 [ 136 {609 [307]173

AY 385 (381 36 | 166 | 231 | 259 220| 96
A 241 (102 146 1418
509 |140 133 | 248

r - 128 70 ; 192 6b | 366 | 106 400| 76
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Results of the Sensitivity Experiment for the Inventory Simulation

s

!

*

Model| INDICATOR | F (w)|DEGREES OF|pj(w;)|COMBINED |, gegrees|’
Term | FREQUENCIES FREEDOM x2 VALUES|of freedom
T @, FOR F_(@.)
] 1 J 1
A .06 20. 389 8,8 001| 29.677 8 001
.20 5. 445 .08
.29 1.331 . 347
.39 2. 944 . 074
¥ .06 0. 849 8, 8 .589| 6. 365 8 5.5
.20 1. 421 . 315
" 29 0. 815 611
.39 1. 284 . 366
r .06 2.343 3,8 J125] 11,983 8 20
|20 0. 787 629
.29 2. 785] . 085
.39 1.263 . 374
A2 12 21.563 8,8 . 001| 16.697 8 .05
.40 1.556 273
42 0.234 . 972
22 0. 400 . 892
y? 12 2.900 8,8 0771 9.121 8 > 5
.30 1. 228 . 389
.42 0. 448 . 862
.22 + 188 106
2 L2 1.103 s, 8 .a18] =a.3528 8 5.5
B 1. 260 . 375
.42 0. 448 . 862
.22 0.582 . 770
Ay 18 1. 715 8,16 _170| 18.814 16 .30
.26 3.594 01n
.33 0. 353 . 930
.45 0. 489 . 847
.09 1.213 . 352
. 49 1.036 . 450
10 1. 007 . 468
.32 0. 828 .591
Ar .23 5. 1435 16,16 .001| 18.810 8 . 025
.35 1. 603 177
19 0. 779 . 689
41 0. 794 . 675
yr 14 0.570 8,16 . 788| 14. 067 16 5.5
.26 0. 660 719
.33 1.882 RET
. 45 0.194 . 987
.09 1. 921 127
.49 0. 424 . 890
10 1.831 144
.32 0. 655 . 723




Table 8

Complete Factorial Design and Results

Parameter Settings

Average (daily

Run by Y T Response cost)
1 10 4 2 27.603
2 10 4 3 23.813
3 10 4 4 20.327
4 10 6 2 28.463
5 10 6 3 22.633
6 10 6 4 18.277
7 10 8 2 31.630
8 10 8 3 23.753
9 10 8 4 17.020

10 15 4 2 23.760

11 15 4 3 26.930

i2 15 4 4 33.683

i3 i5 86 2 21.967

14 15 6 3 25.237

15 15 6 4 37.240

16 15 8 2 20.767

17 15 8 3 23.270

18 15 8 4 40.297

19 20 4 2 59.347

20 20 4 3 73.937

21 20 4 4 92.410

R2 20 6 2 50.793

23 20 6 3 72.643

24 20 6 4 99.227

25 R0 8 2 43.993

26 20 8 3 71.597

R7 20 8 4 109.043




Table 9

Results of the Regression Study

Terms in Regression Model RZ

A .B622

Ay AT .793
2

DY JO .895

>~,>~r,>~2,r .980

A AT, A, T ,AY .980
2 vR 1R .987

ALY, ILA LY, LAYLAr, YT

(maximum)
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