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ABSTRACT

Schruben and Cogliano [1987] introduced Frequency Domain
Experiments as a tool for metamodel identification. To design a
frequency domain experiment, the experimenter must choose
appropriate values for certain experimental variables such as oscillation
frequency, window size, and range of oscillation. In this paper, we
demonstrate that these experimental variables affect the outcome of
frequency domain experiments and the magnitude of these effects are

model dependent.

1. INTRODUCTION

One of the purposes of building a simulation model is to determine
which (input) factors significantly affect the model (system) response.
A commonly used approach to determine how the input factors affect

the model's response is to develop a response surface model. This
usually takes the form of a X-order polynomial
B0 =Po+ 3. B )

where E(Y) is the expected valué_f)f the response Y; zj is aterm in the K-
order polynomial, i.e., a particular product of non-negative integer
powers of the input factors X;, e.g., X%X%, where the sum of the
exponennts is not greater than K, Bj is the co-efficient for the term zZj; andt
In
subsequent discussion the K-order polynomial on the right hand side of
(1) is referred to as a "metamodel" [Kleijnen, 1982].

Schruben and Cogliano [1987] describe how frequency domain

is the number of potential terms in the prospective model.

experiments can be used for metamodel identification of linear systems.
Contrary to conventional simulation runs, input factors of interest are
The
spectrum of the output series of the simulation run is then estimated and
In this
paper, we highlight some important issues connected with frequency

oscillated sinusoidally during a frequency domain experiment.

examined for peaks at corresponding indicator frequencies.

domain experiments and use the example of a feedback queue for this
purpose. Our choice of feedback queue as an example is motivated by
the fact that this is 2 common component of many useful systems, e.g.,
models of computer systems [Som and Sargent, 1987], and open queues
with no feedback are special cases of feedback queues with zero
feedback.
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2. SIMPLE FEEDBACK QUEUE
2.1 DESCRIPTION OF THE SYSTEM

The feedback queue used for the experiments described in this
paper is shown in Figure 1. Customers arrive according to a Poisson
Process with mean interarrival time A, join a FIFO (first in-first out)
queue before a server which has an exponentially distributed random
service time with mean S. After being served, a customer leaves the
system with probability 1 - p or rejoins the queue with probability p.
We consider mean service time S as the input factor for the system and
the amount of time a customer spends in the system as its response.

2.2 OUTPUT AND INPUT SERIES

Output produced by a simulation model for the above system will
typically consist of a series of values {Yj}, where Yj represents the time
spent by the ith customer inside the system. In subsequent discussions,
we assume that {¥;} has been ordered such that Yj represents time spent
inside the system by the ith customer entering the system. Let the
service time for the ith customer be sampled from an exponential
distribution having mean S;. The series {S;} constitutes the input series
for the input parameter 'service rate'.

2.3 BASIC METHOLDOLOGY

All the experiments described in this paper use the input series
{Si}, where
Si = 0.5(Ug+Lg) + 0.5(Ug-Lg)Cos(2rmawgi) @)
and Ug and Lg indicate lower and upper limits of the range of interest for
input parameter S and g indicates the oscillation frequency for
parameter S. Each experiment consists of a pair of runs called a signal
run and a control run. In a signal run, one uses the input parameter
series {Sj} with non-zero wg. In a control run, one uses og = 0, i.e., the
input series does mot oscillate during a control run. Spectra of the
output series from the signal and control runs (?s(m) and ?c(co),
respectively) are then estimated and the spectral ratio R(w) =
f(@)fc(®) is computed. If a term in (1) is significant, then R(e)
should have a peak at the corresponding indicator frequencies
[Schruben and Cogliano, 1987].
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3. BASICISSUES IN FREQUENCY DOMAIN EXPERIMENTS

In designing a frequency domain experiment, the experimenter
must specify appropriate values for the following experimental
variables:

(i) Oscillation frequency, @g (eqn (2)),

@i Run length, i.e., length of the output series {Y;},
(fif) Window size 'm' used for calculating the spectrum of the output
series (Schruben and Cogliano, 1987) and,

(iv) Range of values over which the parameter of interest oscilates.

Concerning (iv), we shall always assume that the input parameter
is oscillated over the entire range of interest (as in eqn (2)) and the only
way to change the range of values is to change its scale.

However, the nature of effect of the above variables on the outcome
of frequency domain experiments is model dependent, e.g., oscillation
frequency has significant effects for queues with high feedback but has
little effect for queues with zero feedback (Section 4.1). Experiments
conducted by Som, Sargent, and Schruben [1987] suggest that gain and
noise characteristics of a system are two important factors that
determine the nature of these effects and these characteristics should
therefore be considered in conducting frequency domain experiments.

4. RESULTS OF SELECTED EXPERIMENTS

In this section, we present selected results from experiments with
the feedback model described in Section 2 to demonstrate how the
choice of the experimental variables affect the outcome of frequency
domain experiments and that such effects are model dependent. A
more complete discussion can be found in Som, Sargent, and Schruben,
[1987].

4.1 EFFECT OF OSCILLATION FREQUENCY, o

Figures 2 and 3 show plots of spectral ratios from experiments
with oscillation frequency ®g = 0.03 and 0.48, respectively. In both
cases, feedback is zero and the utilization factor p = 0.7. Figures 4 and
5 show plots of spectral ratios from experiments with g = 0.35 and
0.02, respectively. In both cases, feedback is 0.5 and the utilization
factor p = 0.8. It can be easily scen that the spectral ratio is only
slightly affected by the oscillation frequency in the former case but
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highly sensitive to the oscillation frequency for the later. Good results
using low oscillation frequencies were also obtained for a closed loop
computer system with high feedback [Som and Sargent, 1987].

4.2 EFFECT OF WINDOW SIZE

Figure 6 shows the plot of spectral ratio from an experiment with
window size m = 200. All the other parameters are the same as in
Figure 5 where m = 500. It can be observed that the change in the
window size changed the spectral ratio at the indicator frequency 0.02
by about 70%.

4.3 EFFECT OF RANGE OF OSCILLATION

In general, a larger range of oscillation increases the spectral ratio
at indicator frequencies and therefore gives sharper peaks. See Figures
2 and 7. Sometimes it can be done simply by changing the scale of
input parameters, e.g., [5 seconds, 9 seconds] can be changed to [S000
milliseconds, 9000 milliseconds]. However, this technique does not
work in queueing models where the noise levels are not independent of
the input parameter level, e.g., with exponential distributions. See
Figures 8 and 9.

5. CONCLUSIONS

Frequency domain experiments for metamodel identification
promises to be an attractive alternative to current statistical methods
because of the potential economy in experimentation [Schruben and
Cogliano, 1987]. In order to produce the best results, the values of
certain experimental variables must be chosen appropriately. For
further discussion of these issues, see Som, Sargent, and Schruben
[1987].
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Feedback = 0, Mean Interamrival Time = 10 seconds, Ug = 9 seconds,
Lg = 5 seconds, Utilization Factor p = 0.7, Oscillation Frequency e = 0.03,
Run length = 10,000, Tukey window size m = 200,
Figure 2: Plot of Spectral Ratio
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Feedback = 0, Mean Interanival Time = 10 seconds, Ug = 9 seconds,
Lg = 5 seconds, Utilization Factor p = 0.7, Oscillation Frequency g = 048,
Run length = 10,000, Tukey window size m = 200,
Figure 3: Plot of Spectral Ratio
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Feedback = 0.5, Mean Interarrival Time = 10 seconds, Ug = 5 seconds,
Lg = 3 seconds, Ulilization Factor p = 0.8, Oscillation Frequency wg = 0.35,
Run length = 10,000, Tukey window size m = 500.
Figure 4: Plot of Spectral Ratio
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Feedback = 0.5, Mean Interarmrival Time = 10 seconds, Ug = 5 seconds,
Ly = 3 seconds, Utilization Factor p = 0.8, Oscillation Frequency g = 0.02,
Run length = 10,000, Tukey window size m = 500.
Figure 5: Plot of Spectral Ratio

421



spectrum frequency

1.0314753 0.010
2.6546477 0.020
0.9738541 0.030
0.8630079 0.040
1.0478995 0.050
1.3116524 0.060
1.2764345 0.070
1.0769450 0.080
1.0373231 0.090
1.0440345 0.100
0.9882609 0.110
1.0111649 0.12¢0
1.2970770 0.130
0.8662892 0.140
0.9726123 0.150
1.1504044 0.160
1.0240165 0.170
0.8751830 0.180
1.4409942 0.190
0,8679324 0.200
0,7334748 0.210
1.0083905 0.22¢
1.2353062 0.230
1,3287408 0.240
0.9870055 0.250
0.8817650 0.260
1.0166258 0.270
1.0579578 0.280
1.1253998 0.2%0
1,1817182 0.300
2.1271126 0.310
1.7739325 0.320
0.9356344 0.330
1.2114899 0.340
1,1319414 0.350
1.0130969 0.360
0.7979243 0.370
1,3221869 0.380
1.1874239 0.390
1.0158450 0.400
0.7941567 0.410
0.9738593 0.420
1.2583038 0.430
1.6565628 0.440
1.0475912 0.450
1.0248890 0.460
1.1212527 0.470
1.1274256 0.480
0.9878027 0.490
1.0005908 0.500

T.K.Som, R.G.Sargent and L.W.Schruben

Akh kA AR AR AR AR IR R

TN KRR KRk AR AR
e e e e
FRKFERIKEKEEFTE K HE KKK

ARRRRRRERARKRAKHRARNK
HARFAARARHXEFRRRIRRR
TR AN AR AR R RE AR AARRR
RARKAREFERXEERREXAK
L T e T Ty T

HARRAKKIAKIREKKIRR
FRARKIRKKARAERRRIN AR

B e T T T
ERIEKIRAKAKKRAKRRKAKR
ARKIRKRRKARKER KRR
HRKRKKAKKFAR KRR’
AAREFRRAKKARER
REERIHT R KKK AR T KA IAK
KAKRAIAKKARKKAKIARRNRRRE

HRARKAARKRXRXRKRRRE

L L T e Y
HRKARERRKARKERKRNKRR
L TS P T
T T
FRAKEIHN F kAR KAH KRR R RN

KAXREIRKK KA AKAIRRR
T T T T
KR kAR AR AARERAKRRRIRKE
HREKIRRIARAREKRRK AR
FhRRKARAEKKK KA A
RAKRAKRAKARKERR KRR N ARAK
ARERRRRAKKRRR KRR A &
ARERKAKRERAERNK
HRKHRIHAKEARFHAKRAR
HEARKRRAFAKAEARIARRRFAKAKR

*
L T T T
HRERRKARKRRKKRIRRRR K,
L e T T
FRARKAARIAKARRARRREARA
FRAKRAKAIIAKRRAFA R
FRRIARRRKKAKARARR AR

Feedback = 0.5, Mean Interarrival Time = 10 seconds, Ug = 5 seconds,
Ls = 3 scconds, Utilization Factor p =-0.8, Oscillation Frequency wg = 0.02,
Run length = 10,000, Tukey window size m = 200.
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Figure 6: Plot of Spectral Ratio
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Feedback = 0, Mean Interarrival Time = 10 seconds, Ug = 10 seconds,
Lg = 4 seconds, Utilization Factor p = 0.7, Oscillatior Frequency &g = 0.03,
Run length = 10,000, Tukey window size m = 200.

Figure 7: Plot of Spectral Ratio
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Feedback = 0, Mean Interarrival Time = 10 seconds, Ug = 9.9 seconds,
Lg = 9.7 seconds, Utilization Factor p = 0.98, Oscillation Frequency g = 0.03,
Run length = 10,000, Tukey window size m = 200.
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Figure 8: Plot of Spectral Ratio
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Feedback = 0, Mean Interarrival Time = 100 (one-tenth seconds),
Us = 99 (one-tenth seconds), Lg = 97 (one-tenth seconds),
Utilization Factor p = 0.98, Oscillation Frequency g = 0.03,
Run length = 10,000, Tukey window size m = 200.
Figure 9: Plot of Spectral Ratio
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