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ABSTRACT 

The subject of this thesis is the development of an expert system to offer 

advising for variance reduction technique (VRT) selection in simulation. Simulation 

efficiency is increased by appropriate use of variance reduction techniques. The 

process of selecting VRTs brings a sharper focus to issues of experimental design and 

thus to the very purpose and objectives to be attained by the simulation. Students in 

the University of Arizona Systems and Industrial Engineering Department graduate 

courses are the intended users of this expert system, with the expectation that their 

practice of simulation will be facilitated. 
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CHAPTER 1 

INTRODUCTION 

Simulation is widely used to study systems for which alternative methods 

of investigation are inappropriate or infeasible. A tool to improve the efficiency of 

simulation is the focus of this thesis. To describe this tool, definitions and discussion 

follow. 

In this thesis we define a system to be a set of entities which are interacting 

with some common purpose according to a set of laws or policies. Entities are the 

physical and /or logical components of a system. Laws and policies are rules that 

govern the behavior or relationships of the entities. Laws are beyond the control of 

those conducting the study of a system, while policies are under their control. A 

system may exist currently or may be a proposal. Examples of systems which can 

be studied include an airport, an enzyme reaction site on a cell membrane, or a new 

scheduling algorithm for a computer operating system. 

Performance measures are outputs of the system that may be used as a means 

to study the system. Examples of performance measures for the above systems 

might be the number of airplanes that leave on an hourly basis, the concentration 

of a cofactor at a cell membrane reaction site, and disk swapping frequency during 

test operations of the operating system, respectively. 

If possible, the study of a system is best done by scrutiny of that system 

itself. However, proposed systems are not always available for scrutiny, and study 

of existing systems is sometimes difficult, expensive, or otherwise infeasible. In these 
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cases, a surrogate for the system of interest is often studied instead. We define a 

model to be any system that is used as a surrogate for another system. A model 

should ideally represent those features of the original system that are essential to 

study of the original system. 

It may be possible to use analytical methods with a model to obtain exact 

information about performance measures. Since the results are exact, this is a 

preferred method for studying a system. However, analytical solutions are not 

always available. Some systems have no analytic model. For other systems, the 

solution of the relationship between model inputs and performance measures is 

intractible. A simulation is a computer program that is used as a model of the 

system of interest. Simulation may be an appropriate technique for many systems. 

The behavior of a simulation is generally studied by estimating character

istics of the performance measures. An estimate can be accurate but not precise, 

and vice versa. Accuracy refers to the amount of bias exhibited by an estimator. 

Precision refers to the degree of variability exhibited by the estimator. We seek 

estimators with high accuracy (low bias), and high precision (low variability). 

Experiments are performed with the simulation model to obtain estimates 

of the performance measures. However, the variance of simulation estimators may 

be unacceptably large. Increased sampling, as in all sampling experiments, is one 

technique to reduce variance, but the costs can be extremely high. Often other 

techniques axe available to reduce variance and give much greater gains in preci

sion. These variance reduction techniques (VRTs for short) are designed to increase 

precision of estimates of measures of performance by a substantially greater margin 

than could be obtained by just increasing the sample size. 
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The focus of this thesis is an advisory tool for the selection of VRTs, given 

that accurate estimation is possible and that variance reduction is needed. The 

tool is an expert system implementation of work done by Dr. Barry Nelson and 

Dr. Bruce Schmeiser. Their work emphasizes broadly defined variance reduction 

strategies based on viewing simulation as experimentation with various factors un

der the experimenter's control. They developed a taxonomy that offered a guide to 

the selection of VRTs. This taxonomy characterized VRTs as transformations of 

the original simulation experiment to ail alternative simulation experiment. Their 

work was selected for implementation baaed on their demonstration (1986a) that 

the groups of their taxonomy are mutually exclusive and exhaustive, and that each 

group contains a manipulation that will reduce variance. 

VRT selection consists of identifying those variance reduction transforma

tions which may be appropriate to a given simulation. This multi-stage process 

requires consideration of the simulation project purpose, resources and constraints 

of those conducting the project, and many facts about the inputs, outputs, and 

operating logic of the system being simulated. Based on this, specific techniques 

can be recommended. 

An expert who engages in this process with a client/student of VRT em

ploys structured and interactive questioning, and reaches intermediate conclusions 

in order to make recommendations. In the course of this process, explanations and 

sources for more information are offered. With this feedback the client/student can 

become familiar with the issues to be considered in VRT selection. With repeated 

exposure to this process the student/client can become aware of the conditions 

under which various VRTs may be utilized. 



An expert system can provide an exposure to this process. It offers the op

portunity to learn more about how to use VRTs in particular applications, and with 

repeated usage, how to identify opportunities for VRT usage in future work. This 

use of an expert system has many advantages. It provides a consistent presentation 

of the opportunities for, or conditions required for VRT utilization. This presenta

tion facilitates a common vocabulary among users of the expert system, and thereby 

stimulates informed dialogues among users about their simulation projects. In ad

dition the knowledge used by the expert system can be changed with little effort. 

Thus updates and revisions necessary for the expert system to maintain high quality 

can be conducted. Chief limitations of an expert system are its lack of ability to 

maintain itself (to change its own knowledge base) and its inability to conduct data 

analysis. Users must perform and interpret their own calculations. This might be 

ail advantage if users then become more familiar with the data. However it may be 

disadvantageous if users lack the knowledge or resources to conduct thorough data 

analyses. 

The planned site of use for this expert system is the Systems and Industrial 

Engineering Department at the University of Arizona. This site offers adequate 

opportunities for revision and maintainance of an expert system. In addition, the 

educational experience provided by the expert system can be augmented by other 

learning activities. 

Chapter 2 is a summary of Nelson and Schmeiser's taxonomy for variance 

reduction techniques, which identifies six categories of analysis. Chapter 3 focuses 

on the representation of this information into the source code of the expert system. 

Chapter 4 describes testing and evaluation of the expert system. Summary and 

conclusions are in Chapter 5. 
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CHAPTER 2 

VARIANCE REDUCTION TECHNIQUES: 

DESCRIPTION AND TAXONOMY 

2.1 Simulation Experiments and Variance Reduction 

Simulation experiments are performed by generating realizations of a stochas

tic model and computing estimates of performance measures. VRTs axe transforma

tions of a simulation experiment into a related experiment that yields more precise 

estimators of the performance measures. 

Nelson and Schmeiser (1986a) define six classes of transformations as the ba

sis of a taxonomy for VRTs. They use a specific definition of simulation experimen

tation known as the sample space definition. It describes a simulation experiment 

as a system with random variables. Given a source of randomness, realizations of 

the system can be generated. The random variables associated with a simulation 

model are partitioned into inputs, outputs, and statistics. Their work is described 

as follows (Nelson [1987]): 

In the sample space definition, a simulation has a fixed (f2,6). 
The sample space of the input, £I, is a subset of R+°° (the infinite 
dimensional Euclidean space) and represents all possible realizations 
of the input (X); it is the range of the uncertain (uncontrollable) el
ements of the system. The parameter of interest, 6, is a vector of 
unknown real scalar constants. The purpose of the simulation exper
iment is to estimate 8. 

The simulation input is a matrix of scalar random variables 
modeled by F, the known cumulative probability distribution over 
(2; notationaJly X ~ F(x). The organization of the input into a 
matrix is for convenience: by convention, a column of X is an infinite 
sequence of identically distributed scalar inputs with the order of the 
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elements in the column the same as the order in which realizations of 
the random variables will be generated in the simulation experiment. 
There is not necessarily a unique organization of X. 

The output Y, is a measurable function of X. Notationally 
Y = g(X), with g(X) representing the operating rules/logic of the 
system being simulated. Again, the output is organized into a matrix 
for convenience, using the same ordering convention as X. 

The sampling plan Rm is a measurable function of X that con
strains the number of elements in Y that will actually be realized. 
The sampling plan allocates the available sampling effort by specify
ing the realized lengths of the columns of Y. Note that R* constrains 
the outputs rather than the inputs, and implies a stopping rule for 
the simulation experiment. 

The estimator of 6 is the statistic Z, which is a measurable 
function of Y that aggregates (a subset of) the output into a vector 
o f  p o i n t  e s t i m a t o r s ;  n o t a t i o n a l l y  w e  h a v e  Z  =  h ( Y ) .  

This report will deal only with scalar 9. The mean square error (MSE) may 

be calculated for Z and 9. Recall that the MSE is defined as: 

Thus we can see that for scalar 9 our goal in the variance reduction problem is to 

minimize MSE, subject to: 

If E[Z] = 9, then this is equivalent to minimization of the variance. Thus this 

is an optimization problem with equation 1 as the objective function and equation 

C.O as the constraint. The analytic solution (unbiased, zero variance) for 9 is 

optimal for (1) but we are in the context of simulation {9 intractable). Thus we 

seek a solution to (1) yielding an MSE value smaller than the original experiment 

M S E ( Z , 9 ) =  [ [ h ( g ( X - 1 R . ) ) - 9 ] 2 d F ( x ) .  
Jn 

(1) 

£2, 9 fixed. (C.O) 
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(without VRT utilization). With (f2,6 fixed), the decision variables are F, g, R*, 

and ft, all of which can be changed by the experimenter. 

VRTs axe transformations of simulation experiments that alter some combi

nation of the inputs, outputs, and statistics to reduce variance. The transformations 

are accomplished by redefining F, g, Rm, and/or ft. The six classes of transforma

tions: (Nelson and Schmeiser [1986]) follow: 

Input Space Transformations 

- Distribution Replacement (DR): Redefine the scalar 
marginal distributions of the inputs without altering 
any statistical dependencies among the inputs. 

- Dependence Inductance (DI): Redefine the statistical 
dependencies among the scalar inputs without altering 
any marginal distributions of the inputs. 

Output Space Transformation 

- Equivalent Allocation (EA): Redefine the functions 
from inputs to outputs without altering the allocation 
of sampling effort. 

- Sample Allocation (SA): Redefine the allocation of sam
pling effort without altering the functions that define 
the outputs. 

Transformations of the statistic 

- Equivalent Information (EI): Redefine the functions 
from outputs to statistics without altering the argument 
set of the statistics. 

- Auxiliary Information (AI): Redefine the argument set 
of the statistics without altering the functions of outputs 
to statistics. 

Nelson and Schmeiser (1986a) have demonstrated that these six transforma

tion groups are mutually exclusive and exhaustive, and that each of these groups 



contciins a transformation that will reduce variance. In other words, any transfor

mation of the simulation experiment which yields a reduction in variance can be 

expressed in terms of one or more of these six fundamental transformations. 

Simulation experiments begin with SI and 6 given, and with the decision 

variables F, g, h, and Rm to be specified by the experimenter. F, g, and J?, 

determine the outputs generated by the simulation and constitute the design of a 

simulation experiment. The analysis phase is represented by h. Transformations in 

DR and DI redefine F; those in EA and SA redefine g and /?*, respectively; and 

those in EI and AI redefine h. 

2.2 Examples of Transformations 

If the simulation is conducted prior to a thorough VRT selection process, the 

design is fixed and only the analysis remains as a decision variable to be controlled 

in an effort to increased precision of the estimator. Relaxing the constraints on the 

design allows additional transformation options to be investigated. If consideration 

of VRT utilization is incorporated prior to conducting the simulation, techniques 

to improve estimator precision may be incorporated into the design stages of the 

simulation in addition to those relating to the simulation analysis. 

Each section in this chapter is devoted to a class of transformation. Ref

erences to equation 1 and to equations begining with the letter C relate to the 

objective function (to minimize MSE) and to the constraint (which of the decision 

variables are fixed). The approach is to consider changing the constraints relating 

to equation 1. We begin with the design fixed and only the analysis as a decision 

variable. We then progressively relax the design constraints, thus allowing investi-

gation of the options resulting from these transformations. For each transformation 



15 

we will list the constraint, in addition to that of C.O, being enforced for the variance 

reduction problem (1). 

A. Equivalent Information (EI) 

F ,  g ,  R a n d  Y ,  f i x e d .  (C.l) 

Here only the analysis can be changed: however, if we know what con

ditions facilitate minimum variance estimation in the analysis, then we can use 

simulation experiments that specify design(s) that result in those conditions. 

A.l The Strategy 

Assume that we have a single output sequence 

with unknown probability distribution, p ( l , 9 ) ,  which depends on 9  (and possibly 

other parameters not currently of interest). The subscript is used because we will 

consider auxiliary output streams later. Transformations in EI are considered that 

yield a statistic h'(Y\) with minimum MSE for estimations of 9. Thus the constraint 

F, g, R., and Y, fixed, and E[h'{y)\ =0. (C.l.l) 

often replaces constraint C.l; i.e., h! is required to be unbiased. 

Under this constraint, there may exist a uniformly minimum variance unbi

ased estimator (UMVUE) for all 9. However, even though existence theorems for 

some UMVUEs are available, they often offer no practical assistance for constructing 

or finding h'. 
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Another way to consider the transformations in EI is from the perspective 

of availability of statistical information. Nelson and Schmeiser (1983) suggest that 

VRTs can be seen as methods to increase and/or change the use of information used 

to provide estimates of 6. They show that the variance of the sample mean of the 

covariance stationary sequence Y\ (relates to auxiliary streams) is dependent upon 

several factors which can be controlled by the experimenter. 

where C* = C o v [ Y n , Y j i ]  when |z — j| = k > 0 and a2 = Var[Fji] 

Thus from (2) we see the variance of a sample mean depends on the common 

variance of the scalar random variables, the covariance of pairs, and the number of 

observations, all of which are subjects of attention of other VRTs. 

Auxiliary Information transforms (AI) are closely related to EI transforma

tions. Here the {Fi} is augmented with additional outputs and statistics developed 

using the additional information. Both transforms redefine the statistic, h', while 

preserving the logic g of the simulation experiment. 

Auxiliary information (other outputs not necessarily originally included in 

the analysis) has the potential to increase available information about 6. In combi

nation with EI, a very common use of AI is to augment Y\ with additional outputs 

B. Auxiliary Information (AI). 

F ,  g ,  R a n d  h  f i x e d .  ( C .  2)  
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of Y"2, and to employ a different statistic h! to make use of the auxiliary information. 

Thus constraint (C.2) is relaxed, replaced with (C.2.1): 

Nelson (1987 ) describes three broad categories that combine EI and AI. The 

strategies are control, conditional expectation, and indirect strategies. According 

to Nelson (1985b) the key to these strategies is that the auxiliary output and the 

output of interest be correlated random variables. 

B.l Control Strategies 

Nelson (1987) states, "Control estimators are statistics that attempt to cor

rect the value of a crude estimator of 6 using the discrepancy between the value of a 

second estimator and its known expectation." The two classes of control estimators 

are Control Variate Estimators and Postratifying (PSTRAT). 

B.l.l Characteristics of Control Variance Estimators 

Suppose we have estimators /i(Vj), 5(3^), and h ' ( h , s )  with the properties: 

F, g, and Rm fixed. (C.2.1) 

(CI7.1) 2£[/i] = 0, _E[s] = a and a is known. 

(CV.2) E [ h ' ( h , s ) ] * e .  

(CV. 3) h'(9,a) = 0. 

( C V A )  h'(h, a) = h. 

(CV. 5) | h'(h, 7 7 )  —  h | is non-decreasing in \rj — a|. 
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Property (CV.4) implies that no correction occurs if s is equal to its expecta

tion, and (CV.5) establishes that the correction does not diminish as the discrepancy 

between s and a increases. 

Estimators with properties (CV.l) through (CV.5) are called control variate 

estimators (CV), and s is called the control variate. When h and s axe from the 

same simulated system, the VRT is called an internal CV, if not, then an external 

The univariate linear (also known as the regression) control variate estimator 

has the form: h'(h,s) = h — X(s — a). It is very widely used and generalization to 

multiple CVs Sk (^it+i), k = 1,2,..., q is valid based on regression theory: 

This is helpful as a generalization to aid the estimation of multivariate 6, 

but great care is needed as the involvement of additional CVs will force tradeoffs. 

B.1.2 Some Results 

Nelson (1987) shows that, to the order of the approximation, the variance of 

h' (the general CV characterized by (CV.l) through (CV.5)) will be less than the 

variance of h if 

where the partial derivatives are evaluated at ( 0 ,  a ) .  "Thus, for the CV to be 

effective, the covariance between h and s must be large enough to counteract the 

variance introduced by incorporating s into the estimator h'." He notes further that 

we frequently can control pseudo-random number generation in simulation. Thus 

induction of correlation is an option when it is not a priori inherent in the system. 

CV. 

? 

h '  ( h ,  { s f c } )  =  h  -  ̂2  ( 5 *  -  a * )  



Choosing the weight A is a key task in the implementation of lineax CVs. Us

ing constants for A is most attractive because constants yield an unbiased CV. The 

choice of A that minimizes the variance of h! is denoted A*: A* = Cov[h, j]/uar[s]. 

Law and Kelton (1982) and Bratley, Fox, and Schrage (1983) give examples demon

strating how this task can be accomplished. In particular they and Nelson (1987) 

note that estimating A* from Yi and Yi often causes b! to be biased. Pilot simulation 

experiments can be used with regression techniques to obtain unbiased estimates of 

A*. In addition pilot simulation experiments can be used to discover which auxiliary 

outputs might make good control variates (i.e., which ones are strongly correlated 

with the outputs of interest). 

Lavenberg and Welch (1981), and Lavenberg, Moeller, and Welch (1982) 

explain the tradeoff to consider in using multiple CVs. Their work uses classical 

regression theory and supports estimating 9 and {A*}. The tradeoff is seen by 

noting that the ratio of the variance of the control variate estimator h' to the 

variance of h is: , where RyX is the square of the multiple correlation 

coefficient of Yn and Yi\Yii. Nelson (1987) notes this and adds "Although 1 — Ryx 

is non-increasing as control variates are added, the loss ratio (/ — 2)/(I — q — 2) is 

monotone increasing in q. Also, the variance reduction when the optimal {A*} are 

known, which is 1 — Ryx-> cannot be achieved if we have to estimate the {A*}." 

B.1.3 Postratifying (PSTRAT) 

Like CV, PSTRAT uses auxiliary information to correct a crude estimator. 

However PSTRAT is a technique to account for disproportionate sampling rather 

than for location (as does the CV technique). PSTRAT is not stratified sampling. 

In PSTRAT, the sampling plan i2„, is not affected. PSTRAT requires less specific 
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prior knowledge - only that the auxiliary output and the output of interest be 

dependent. 

The rationale for its use is the fact that a source of variance in estimating 6 

is that the empirical distribution of the {Yii} won't usually match the theoretical 

distribution. In fact the distribution of {V<} is unknown, so the deviation cannot 

be measured. Thus the following relationship is relied upon: 

where P is the cumulative distribution function of Y2, an auxiliary output 

sequence. If P is known then a strategy can be developed to correct for dispropor

tionate sampling from P, indirectly correcting for disproportionate sampling from 

{Y-;!}. An example of how an estimator maybe developed using this technique is as 

follows (Nelson [1987]): 

For example, suppose we can pair outputs (Yii, F,^) so that 
different pairs are independent, and we can divide the range of Y,2 
into n nonoverlapping intervals (strata), Lj, j = 1,2, ...,n. Then a 
special case of (3) is 

6  =  E [ Y n ]  =  j  E [ Y i l \ Y 2  =  y 2 \ d P ( y 2 )  (3) 

n 

e = BIKj,] = ££[*" I Yi 6 L j ) P r ( Y i 2  e L j )  (3') 
j= 1 

Let Ij be the number of {^2} falling in stratum j = !)•> let 
Pj  =  P r ( Y i 2  €  L j )  w h i c h  i s  a s s u m e d  k n o w n  a n d  c o n s t a n t  o v e r  a l l  i .  
Then if Yiji is the ith observation of Y\ when Yi2 € Lj, the PSTRAT 
estimator is 

Conditional on Ij > 0, the PSTRAT estimator is unbiased for 6 if Yn 
is. 
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This relationship is utilized as follows: The general relationship (3) is used 

to partition the range of Yj2 and thus exploit the relationship between Yii and Y',2 • 

Observations are grouped into strata and each observation is weighted proportion

ately on the basis of whether its stratum is under- or over-represented in the sample. 

This information is used in the PSTRAT estimator (thus using an Equivalent In

formation transformation) to weight the over-represented observations less and the 

under-represented observations more. This then corrects for disproportionate sam

pling of {Yii}. Utilization of PSTRAT requires the experimenter to decide which 

variables to use as strata, and also to determine the contents, and boundaries of 

the strata. Good choices for strata include randomly selected initial conditions for 

the simulation that can not be fixed by the experimenter. 

B.2 Conditional Strategies 

Conditional expectation estimators are based on the following result: 

V a r { E  [Ki, | Y,,]} = Var[Y»] - B{Var {Y« | Y^\) (4) 

This suggests that based on (3), if we can find an output sequence {Y/2} for which 

the conditional expectation E [Yii | Yj2 = y>2] can be calculated for all yj2, then Yii 

can be replaced by {J57[Vii | Vy2]} in h; this is the conditioned expectation (CE) 

estimator h'. The chief problem is that one needs an independent sequence {Y}2 }  

on which to condition. This is a very rare find in simulation experiments. However, 

in certain cases CE has been found to be effective. Fishman (1985ab) and Sigal, 

Pritsker and Solberg (1980) described an application of this technique to stochastic 

network simulation. 



B.3 Indirect Strategies (INDIR) 

These strategies tend to be very problem specific, depending almost entirely 

upon experimenter knowledge of the particular problem's content. The strategy is 

developed as follows (Nelson, 1987): "Suppose we can write 9 = q{7) and there 

exists an output sequence Y% = {Y\2,Y\2,- • •, Y12} such that Y2 ~ p(Y2 | 7); the 

parameter 7 could be multivariate. Then, it would be better to estimate 7 directly 

by a statistic, say <(12) and estimate 6 indirectly by h(Y}) = <?[<(l2)]." 

However a great deal of problem specific knowledge is required to express 9 as 

q(7). Further, it is very difficult to select the optimal 5(7) from various situations. 

In addition, the INDIR estimators may themselves be biased unless q(7) is linear 

in 7 .  

C. Sample Allocation (SA) 

F and g fixed (C-3) 

These transformations are based on the principle of increasing the number 

of observations in an intelligent manner so as to decrease the variance of the es

timator, without entailing unnecessary computing effort. This is attempted when 

the parameter of interest is a function of several parameters: good candidates for 

distribution of sampling effort include initial conditions that are selected randomly 

at the beginning of independent replications and that are under control of the ex

perimenter. The number of bank tellers available on different days at a bank being 

simulated is an example of such an initial condition. 



C.l The Strategy 

The strategy is based on a statistic, denoted h. It is a function of n output 

sequences Yj, j = (1,2,... ,n). Sequence length is denoted by Ij for each of the 

jth sequences. Recall that the variance of Z = h(Y\,... ,Yn) is a function of the 

{Ij}'s, the length of the sequence being the number of observations contained in it. 

Thus the task is to allocate sampling effort to sequences that contribute the most 

to the variance of the estimator. Sampling efforts that allocate more observations 

to those sequences with large variances can lead to substantial variance reduction. 

This depends on the distributions of the outputs and on the estimator used. 

A common approach is to express 6 as a function of conditional expecta

tions. Recall equation 3 from discussion of the AI transformation and the PSTRAT 

technique: 

0  =  E [ Y i l ]  =  J  E [ Y i l \ Y 2  =  y 2 } d P ( y 2 )  (3) 

where P is the cumulative distribution function of Y2, an auxiliary output sequence. 

According to Nelson (1987), an SA transformation would modify (3) in the 

following way. If we have a pair of outputs (Yii,!^) such that different pairs are 

independent (as from independent replications), and if we can divide the Y{2 into n 

non-overlapping strata (our sequences of length Ij), Lj, for j — 1,2,... ,n, then a 

modified equation 3 is as follows: 

n 

» = E [K„] = Y,E W' I Y» € P(-Y" 6 <3'> 
;=i 

The difference between this transformation and the AI transformation is the 

role of the {Ij}. Recall that the {/j} are the number of {Yi2} observed in stratum 

j where ^Ij = I. The {Ij} were random outputs in the utilization of the AI 



transform and the PSTRAT technique. However for the SA transformation, the { I j }  

(number of observations allocated to the strata) is fixed as part of the sampling plan 

Rm. This is stratified sampling (STRAT). According to Nelson (1987) to implement 

this technique one must estimate E[Yn | Y,2 € Lj] for j — 1,2,... ,n individually. 

The I available observations of (Yn,Y\2) are then allocated in a way that minimizes 

the variance of the combined estimator of 6. 

Given the strata, { L j } ,  the optimal allocation for STRAT is (Cochran, 1977) 

IJ = I(pjaj/ Y^Pi^i) where crj = Var[Yt\ j Y& € Lj). Trial runs are usually needed 

to obtain estimates of aj because it is seldom known. Proportional allocation 

(Ij = pjl) which only takes into account the liklihood, is also often used. The 

variance under proportional allocation is smaller than a sample mean based on 

simple random sampling. 

Note that the strata { L j }  were given. We must still determine L j  

i.e. the way the sequences in Y will be partitioned. Care must be given to 

whether the stratification variable is Yn itself, or as often is the case in sim

ulation, a secondary stratification variable is used. If the latter, then a func

tional relationship is assumed between Yn and F,2 to derive optimal boundaries. 

D. Equivalent Allocation (EA) 

F, R*, fixed ( C A )  

Here the logic of the system being simulated g, is the decision variable to be 

changed as the transformation to reduce variance. However changing g may mean 

simulating a fundamentally different process. This is because as Nelson (1987) states 

"The function g defines how inputs sampled from a static probability distribution 

F are transformed into outputs that describe a dynamic stochastic process." 



The effects of this type of change axe seldom known in advance and thus 

variance reduction techniques axe rarely composed of transformations strictly from 

EA. Exceptions are when g itself can be modeled, then the effects of such a radical 

change might be known in advance. According to Nelson (1987) the use of gen

eralized semi-Markov processes (GSMP) is a promising area of research. An EA 

transformation based on this would be to simulate using an embedded stochastic 

process made obvious by the GSMP representation, rather than the original process. 

However, transformations from EA combined with transformations from the 

other classes axe possible. Nelson and Schmeiser (1985) describe an example where 

a VRT known as importance sampling was utilized to obtain an unbiased estima

tor of 6. They first used a Distribution Replacement (DR) transformation based 

on knowledge of input distributions, (EA), and then formed a new statistic, (EI), 

that used auxiliary information (AI). Despite the small scope of this example, great 

insight and knowledge was required about the system of interest. It further under

scores why EA transformations axe seldom used in practice. 

E. Dependence Induction (DI) 

Marginals of F fixed (C-5) 

This is the most widely used of the transformations. It includes the methods 

of antithetic variates, common random numbers, and systematic sampling plans. 

Transformations in DI redefine the dependence between the inputs. They can 

change both the marginal distributions and dependence structure of the outputs. 

Variance reduction with DI usually induces dependence between outputs without 

changing the marginal distributions of the outputs. However, while DI is frequently 



used, it can be problematic because dependence induced between inputs may not 

necessarily yield the reqtiired dependence between outputs. Knowledge of how g 

maps inputs into outputs, i.e., Y — g(X), is required to address this problem. In 

turn, the method used to obtain pseudo-random numbers, i.e., the realizations of 

X, requires special attention. This is explained very well by Nelson (1987): 

Let U j  =  { U i j ,  U 2 j , . .  • ,  U m j }  be a vector of random vari
ables, independent and with identical marginal distributions that are 
U(Q, 1). Realizations of Xj = {Xij, X2j,..., X„j} are generated from 
realizations of Uj via a function Cj; that is Xj = ej{Uj). The function 
tj need not map a single Uij into a single Xij. To generate a real
ization of a scalar Xij with cumulative distribution function F{j, the 
most commonly used function is the inverse cumulative distribution 
function, ej{Uij) = F~1(Uij), where F~x is the inverse function of 
F i j .  

The inverse cdf has the attractive property of being monotone in Uij, which 

allows dependence to be induced in the inputs. However the output transform 

Y = g(X; il,) must be monotone in the inputs for this dependence to be preserved 

in the outputs. In fact, lack of monotonicity may result in bias, increasing MSE. 

According to Nelson (1987) research in DI transformations has concentrated 

on three aspects: 1) Strategies to induce dependence among inputs, 2) Strategies to 

preserve dependence in the outputs, and 3) Strategies for design and analysis under 

induced dependence. 

Examples of variance reduction techniques that can be facilitated by DI in

clude the control strategies and correlation induction experimental designs described 

in Schruben and Margolin (1978). In summary, DI can reduce variance directly, and 

facilitate any strategy that exploits dependence. 
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E.l Strategies for DI 

From here, the objective is to minimize Var[ Z ]  when 

I 

2 = (3-1) 
]=i 

where X j  =  { X i j , X 2 j , . . . ,  X n j }  X j  =  e j ( U j ) ,  and Y j \  = g j ( X j )  is a scalar valued 

output. Assume initially that the {£/,-} axe independent vectors of finite length 

m, implying that the vectors {-X>} (and corresponding {Fyi} are also independent, 

though not necessarily identically distributed. The problem is then to select a joint 

distribution for {-X"i,..., Xi] such that scalar marginal distributions are preserved 

and variance of Z is minimized. Difficulties are that the distribution is unknown 

and g is usually implicit in the simulation code. 

E.2 Uses and Results 

Depending on whether the objective of the simulation is to obtain an abso

lu t e ,  o r  compa r i t i ve  a s se s smen t  o f  a  sys t em,  one  can  v i e w  DI  a s  fo l l ows .  I f  g j  —  g  

for all j and the Xj are identically distributed, then Z in equation 3.1 estimates 

an absolute parameter. In contrast, if g2j-i is the output of one system, and g2j 

is the negative of the output of a second system, then Z in equation 3.1 estimates 

a difference. The former is a target for antithetic variate strategies - as generating 

compensating (negative) dependencies for estimating absolute measures. In con

trast, the latter is a target for common random variate strategies - guaranteeing 

homogeneous experimental conditions (positive dependence) for estimating relative 

performance measures. According to Nelson (1986, 1987), the most common way 

to use DI transformations is to hold the marginal distributions of the inputs fixed 

and to induce dependence via the pseudo-random variate generation. 
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Given that dependence can be induced, Schruben and Margolin (1978) ad

dress how to use it. Their approach to this specifies an optimal experimental design 

under the induced dependence rather than specifying how the dependence is in

duced. The general form of their model is: 

p 
Y{ = ^2 + ei 

j=i 

where Uij is the setting of the ith experimental factor at the jth design point, ej is 

a random error term and {Qj} is the set of parameters of interest to be estimated. 

However, the robustness and validity of their assumptions axe somewhat con

troversial, and use of these designs is contingent upon checking their assumptions. 

Tew and Wilson (1985) describe a staged procedure that checks these assumptions. 

1) multivariate normality 2) the induced covariance structure 3) the fit (or lack of 

fit) of the Schruben and Margolin linear model listed above. 

F. Distribution Replacement DR 

Conditionals of F preserved (C-6) 

This involves biasing the sampling of the outputs and then correcting for this 

bias after the sampling. The bias is toward those outputs that contribute the most 

to the variance of the statistic. This acts to change the probabilities and preserve 

the range of the outputs. Working directly with the marginal distributions of the 

outputs is best, but in simulations these output distributions are unknown. Thus as 

with the DI transformations, experimenters using DR transformations must work 

indirectly through the inputs to the simulation models. 



This is difficult in simulation because it is often difficult to predict the effects 

on the outputs of changing the distribution of the inputs. Changing the marginal 

distributions of F(x) will change the marginal distributions of the outputs, possibly 

their expectation, a crucial concern if the Z is a sample mean. Also, the bias 

correction needed is not easily computed when the outputs are dependent. An 

example of DR transformation utilization, importance sampling, was described in 

the EA section of this thesis. 

The Russian Roulette (RR) strategy illustrates another DR strategy. RR can 

b e  a p p r o p r i a t e  w h e n  t h e  o u t p u t s  Y n  a n d  a r e  r e a l i z e d  i n  s e q u e n c e  f o r  i  —  1 , 2 , . . . .  

R R  a l t e r s  t h e  p r o b a b i l i t y  t h a t  Y n  w i l l  b e  r e a l i z e d  w h e n e v e r  t h e  e v e n t  ( Y i 2  €  L j # ]  

occurs. Lj# is some stratum in the range of 1^2 as defined in a (SA) variance 

reduction technique, i.e., stratified sampling (STRAT) or split sampling (SPLT). 

This concludes a review of the taxonomy of VRTs and a description of their 

use in simulation. 
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CHAPTER 3 

DESCRIPTION OF EXPERT SYSTEM 

The expert system (known as ADVISOR in this thesis) is written in the 

M.l language. M.l was developed by Teknowledge, Incorporated as an expert 

system development tool (also known as a shell) to provide an inference engine and 

human computer interface. This provision allows the expert system developer to 

focus upon the knowledge and the process of VRT decision making rather than 

the programming needed to represent that knowledge and process. ADVISOR uses 

the backward-chaining, customized explanations, automatic menus, and initial data 

features of the M.l shell in its consultations. 

The knowledge required to give advice and to conduct the sessions is repre

sented sis a set of if-then production rules. Over 60 rules are used and the knowledge 

base contains over 113 kilobytes of information. It requires an IBM or compatible 

personal computer with at least 640 kilobytes of random access memory and the 

MS-DOS operating system, version 2.11 or later. A copy of ADVISOR is in Ap

pendix 3 of this thesis. 

ADVISOR presents users with a series of questions about various aspects 

of simulation. These aspects include the simulation purpose, inputs, outputs, pa

rameters, statistics being sought, availability of resources, and preliminary work 

completed or that the user is willing to conduct. Most questions are to be answered 

yes or no, and the rest ask the user to select an option from a set of choices. In 

all cases options are numbered and users indicate their responses by typing the 

appropriate number(s). 
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Users may conduct consultations at the novice or experienced level. The 

user selects which level is to be used. The novice option is the default chosen by 

the system if the user selects unknown in response to this question. The questions 

and recommendations are the same in either mode, but their presentation to users 

is different. Many questions are preceeded by background information about how a 

simulation experiment can incorporate the use of VRTs. Novice users receive more 

information, including examples in these messages. 

The provision of two separate sets of information resulted from early review of 

the prototype expert system and is a variation of the method used in the BANKER 

expert system provided by Teknowledge as an example. It allows questions and 

information presented to the user to be separated from the if-then rules. This 

permits easier editing and maintainance of information given to the user. 

A consultation can be completed within ten minutes or can last over an hour 

depending on one's answers and reading speed. Users may quit prior to completion 

of the consultation by typing the word exit in response to any question. Users may 

query ADVISOR by typing the word why in response to any question. A brief 

rationale of that particular question will be displayed, and then a repeat display of 

the question. Users may also type the word unknown in response to any particular 

question. ADVISOR accepts this answer, allowing the consultation to proceed. 

ADVISOR assumes that questions are answered with certainty unless the 

user indicates otherwise by typing a certainty factor in addition to the answer. 

If certainty factors axe used, ADVISOR will incorporate them in its processing 

of responses. Techniques recommended are listed in order from highest to lowest 
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certainty; those with higher certainty are ranked first. If no certainty factors are 

used, then the techniques presented are equally recommended. 

At the end of the questioning in each consultation, a brief message is dis

played announcing that ADVISOR has the answers it needs. The listing of recom

mended VRTs is then presented, one technique at a time. ADVISOR has rules for 

thirteen specific VRTs and recommends up to five of these. These thirteen VRTs are 

as follows: antithetic variates, common random numbers, conditional expectation, 

correlation induction strategies, embedded processes, external control variates, im

portance sampling, indirect methods, internal control variates, post-stratification, 

Russian roulette, splitting, and stratification. The name of each technique is accom

panied by three or four paragraphs of information and the names of two or three 

references for additional information about that technique. A hardcopy printout of 

this information is also available. After an opportunity to view this information, 

the user is given the choice of conducting a new consultation or ending the ses

sion. If another consultation is desired, answers from the previous consultation are 

discarded and the user repeats the entire consultation. 
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CHAPTER 4 

TESTING AND EVALUATION OF ADVISOR 

ADVISOR is intended to help the University of Arizona Systems and Indus

trial Engineering graduate students select and use VRTs in simulation. ADVISOR 

was developed and revised in stages. The final prototype was evaluated by ten 

engineering graduate students and practicing engineers. 

The initial prototypes focused on correcting the knowledge base and 011 as

suring that the information presented was comprehensible. A spelling checker, exe

cution of test cases, and sample consultation reviews were employed for these tasks. 

In addition, two computer programs were used to help evaluate and test the knowl

edge base. The programs were used to check for syntax errors and functioning of 

the knowledge base. Information about these programs may be obtained from Dr. 

A. Terry Bahill at the University of Arizona Systems and Industrial Engineering 

Department. 

Rules and conclusions were corrected and separate sets of information for 

novice and experienced users were added to accompany the questions. Each set 

of information included examples to illustrate the issues being addressed by the 

questions in an attempt to make them more understandable. Information was also 

added to the recommendations so that users will understand some of the effort 

needed to implement the recommended VRTs. References to the open literature 

accompany the recommendations, thus enabling users to acquire additional facts 

about VRTs that are appropriate for their work. 

The final version was evaluated by obtaining user feedback about its per

formance. The following aspects were considered: the quality of the questions and 



information presented, its general efficacy as an aid in learning about VRTs. and 

its utility in helping to select and use VRTs. Feedback was gathered from five 

corporate simulation practitioners and five graduate students in the Systems and 

Industrial Engineering Department graduate level simulation course at the Univer

sity of Arizona. Both groups were familiar with basic simulation practices and two 

of the ten were familiar with VRT utilization. 

Each reviewer was given a floppy diskette containing a copy of the following 

files: the ADVISOR program, an Ml.exe program to run ADVISOR, a readme.doc-

file and a two part evaluation form (entitled eval.doc). The readine.doc iile gave 

instructions for using the program, a copyright-protection warning statement, and 

an introduction to the subject of VRTs. Copies of the readine.doc and eval.doc tiles 

may be seen in appendices 1 and 2, respectively, of this thesis. 

Reviewers were asked to complete the first part of the evaluation form before 

using the program and the second part after using the program. Except for one 

respondent on one item, all reviewers completed all items in both parts. The first 

part of the evaluation form asked 13 questions about their knowledge and current 

use of VRTs. It asked about their experiences with simulation and VRTs. t he 

extent of their knowledge of VRTs, the importance of VRTs in their work, and 

their reservations or problems with using VRTs in their work. The second part of 

the questionnaire consisted of 23 items asking respondents to indicate their opinions 

about the program as a learning aid with regaxd to VRT utilization. Four questions 

in this area asked them to reevaluate their knowledge of VRTs. The purpose of 

repeating these four questions was to obtain an indication of what the reviewers 

would leaxn about VRTs as a result of using ADVISOR. Results of botli parts of 

the evaluation form are presented below in two main sections. First the reviewers 

are described in terms of their responses to part one of the evaluation form. Then 
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the evaluation of ADVISOR is presented as based on the reviewers' responses to 

part two of the evaluation form. For each table the number in each cell is how many 

times a response was indicated. 

Reviewers were asked how many simulation courses they had taken, in how 

many simulation studies they had been involved, and how many VRTs they had 

used. 

Question 1 was as follows: 

1. Hov> many college courses have you taken in computer simulation? 

Table 1 below presents results for question 1. For example, two corporate 

reviewers had each taken two courses and two graduate student reviewers had each 

taken three courses. The corporate and graduate student reviewers reported having 

taken a total of 9 and 10 simulation courses respectively, with two as the median 

number of courses in each group. 

Table 1: Question 1, Pre-use 

Range of Response 

0 1 2 3 4 Total 
Category 

Corporate 112 0 15 

Graduate 0 2 1 2 0 5 

Student 

Total 1 3 3 2 1 10 
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Question 2 was as follows: 

2. How many simulation studies have you participated in? Please include 

in this total those where you played either a major or non-major role, for example: 

collecting data, writing computer programs, conducting trial runs, and writing final 

reports. 

Table 2 below presents results for question 2. For example, one corporate 

reviewer had participated in eight studies and two graduate student reviewers had 

cach participated in four studies. Both groups reported having participated in 10 

studies, a total of 32 for both groups. The median number of studies was two for the 

corporate group and four for the graduate student group. This result was somewhat 

surprising because the corporate group was anticipated to have participated in more 

studies than the graduate students. This may reflect the strength of the University 

of Arizona in simulation courses, or perhaps the simulation studies conductcd by the 

corporate reviewers were more in-depth and time-consuming than those conducted 

by the graduate students. 

Table 2: Question 2, Pre-use 

Range of Response 

1 2 3 4 5 G 7 S Total 
Category 

Corporate 12 1 15 

Graduate 112 1 5 

Student 

Total 2 3 1 2 1 0 0 1 10 
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Question 3 and the responses to it axe as follows, with the C denoting a 

response from a corporate reviewer and the S denoting a response from a graduate 

student. 

3. I (or members of my team) have used the following variance 
reduction techniques (VRTs) in professional practice: 

C s Total 

a) Antithetic Variates 2 0 2 

b) Cnmmon Random Numbers 3 3 6 

c ) rnnditional Expectation 0 0 0 

d) Control Variates 0 2 9 

e) Correlated Induction 0 0 0 

f) Embedded Markov Chain 0 2 2 

9> Importance Sampling 0 0 0 

h) Poststratified Sampling 0 0 0 

i) Russian Roulette 0 0 0 

j) Stratified Sampling 2 0 2 

Three of the five corporate reviewers reported having used VRTs. Common 

random numbers was used by each of them. Antithetic variates and stratified sam

pling were used by two of these three. Three of the five graduate student reviewers 

reported having used VRTs. Common random numbers was used by each of them. 

Embedded Markov chains and control variates were used by two of these three. 

Four of the 13 items in part one of the evaluation form asked reviewers 

about the use and consideration of VRTs in their efforts with simulation. The 

reviewers were also asked to indicate what problems/reservations they had with 
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VRT utilization. The final item on the pre-use part of the evaluation form gave 

users an opportunity to list their comments about VRTs. No reviewer responded 

to this opportunity. 

Reviewers indicated problems/reservations they had with VRT use in their 

work by marking one or more problems that were listed in statement 11. Statement 

11 and the responses to it axe as follows, with the C denoting a response from a 

corporate reviewer and the S denoting a response from a graduate student. 

11. Problems or reservations I have about using VRTs in my current 

and prospective work include the following: (You can list more 

than one of these) 

C S Tota1 

a) I don't know enough about VRTs 5 3 8 

b) My work has not progressed to the 2 2 4 

point where I can consider using VRTs. 

c) I rarely have the time to become 5 2 7 

familiar with VRTs that may apply to 

my situations. 

d) I view VRT utilization as a 12 3 

refinement to a simulation project, not 

something to include a matter of course. 

e) I view VRT utilization as necessary 0 0 0 

only when I anticipate an unusual problem 

with obtaining the required precision 

in my work. 

f) I have no reservations or problems 0 2 2 

with using VRTs in my work. 



Corporate reviewers listed items a and c five times each. The graduate 

student reviewers listed these items three times and two times each respectively. 

The corporate reviewers listed item b twice and item d once. In addition the 

graduate student reviewers listed items b, d, and / twice. Thus it appears that lack 

of knowledge and time were the foremost problems in their use of VRTs. 

Reviewers indicated their consideration and utilization of VRTs by their re

sponse to the following four statements numbered 8, 9, 10, and 12. The reviewers 

circled a number in the range of one to six for each of these items. Circling a indi

cated not much and circling a six indicated quite alot for statement S. Circling the 

same numbers in response to statements 9, 10, and 12 indicated strong disagreement 

and strong agreement, respectively. Their responses are given in a table for each of 

these four items. The number in each cell denotes the frequency of response for the 

two categories of reviewers. 

Statement 8 was as follows: 

8. The amount of time and effort spent on planning for VRT utilization in 

my current and anticipated simulation projects is: 

Table 3 below presents results for statement 8. For example, two corporate 

reviewers and one graduate student reviewer indicated a one in response to this 

item. All five of the corporate reviewers and four of the graduate student reviewers 

gave a rating of three or less to this item. This indicates that the reviewers spent 

little time with VRT utilization in their current simulation work prior to their use 

of ADVISOR. 
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Table 3: Statement 8, Pre-use 

Category 

Corporate 

Graduate 

Student 

Total 3 4 2 1 0 0 10 

Statement 9 was as follows: 

9. Consideration and utilization of VRTs should be a high priority in the 

planning of my current and anticipated simulation projects. 

Table 4 below presents results for statement 9. For example, one corporate 

reviewer and two graduate student reviewers indicated a six in response to this item. 

Three of the corporate reviewers and three of the graduate student reviewers gave 

a rating of four or higher to this item. Thus both groups appeared to believe that 

VRT utilization should be a high priority in the planning of their simulation work. 

Table 4: Statement 9, Pre-use 

Range of Response 

1 2 3 4 5 o Total 
Category 

Corporate 2 1115 

G r a d u a t e  1 1 1  2 5  

Student 

Total 0 1 3 2 1 3 10 

Statement 10 was as follows: 

Range of Response 

1 2 3 4 5 G Total 

2 2 1 5 

12 11 5 
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10. Consideration and utilization of VRTs is often included in my current 

and anticipated simulation projects. 

Table 5 below presents results for statement 10. For example, four corporate 

reviewers and one graduate student reviewer indicated a three in response to this 

item. All five of the corporate reviewers and two of the four graduate student 

reviewers that responded to this item gave a rating of three or less to it. This 

indicates that consideration and utilization of VRTs was not often included in the 

corporate reviewers' simulation work prior to their use of ADVISOR. No implication 

can be drawn from these results of the corresponding level of consideration and 

utilization of VRTs on the part of the graduate student reviewers. One graduate 

student reviewer gave no response to this item. 

Table 5: Statement 10, Pre-use 

Range of Response 

1 2 3 4 5 6 
Category 

Corporate 1 4 

Graduate 11 2 

Student 

Total 1 1 5 0 2 0 9 

No Response: 1 

Statement 12 was as follows: 

12. I would like to know more about how to include VRT utilization in ray 

•planning for simulation projects. 

Table 6 below presents results for statement 12. For example, two corporate 

reviewers and three graduate student reviewers indicated a six in response to this 

Total 

5 

4 
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item. All ten reviewers gave a rating of four or higher to this item. This indicates 

that the reviewers wanted to know more about VRT utilization in their simulation 

work prior to their use of ADVISOR. 

Table 6: Statement 12, Pre-use 

Range of Response 

1 2 3 4 5 6 Total 
Category 

Corporate 2 12 5 

Graduate 2 3 5 

Student 

Total 0 0 0 2 3 5 10 

It appeared that there was little difference between the corporate reviewers 

and the graduate student reviewers in terms of the number simulation courses taken 

by the two groups, the studies in which they had participated, and the number of 

VRTs they had utilized. In addition, there appeared to be little difference between 

the two groups in terms of their use and consideration of VRTs prior to their use of 

ADVISOR. Based on this, the results from the two groups are described together 

in the presentation of the remaining questions. 

The primary concerns were the effect of ADVISOR use on the reviewers' 

knowledge about VRT use and selection, and the reviewers' perceptions about their 

use of VRTs. Thus the remaining questions/items on the evaluation forms were used 

in two efforts to assess ADVISOR's ability to offer advice about VRT selection. The 

first method consisted of asking the reviewers four questions both before and after 

the use of ADVISOR, and comparing their answers. The second effort was based on 

the post-use ratings of how well ADVISOR provided the reviewers with knowledge 



about VRTs, how useful the knowledge was to them, and their perceptions about 

using VRTs in their work. Each of these efforts is described in turn. 

The four questions that were asked both prior to use and after use of AD

VISOR asked reviewers about the extent of their knowledge in the areas of VRT 

purpose, the conditions to be met for utilization of VRTs, knowledge of implemen

tation for VRTs, and general knowledge of VRTs. Reviewers answered both sets of 

all four questions by circling a number in the range of 1 to 6, with a 1 to indicate 

very little and a 6 to indicate quite high as describing their knowledge. Those who 

indicated a response of three or less to a question are referred to in this thesis as 

novices with respect to the content of that question. Results for each question are 

presented in a cross table with an accompanying description. The members of each 

pair of the four questions are identical except for the addition of the word now in 

between the words you and rate to the second question of each pair. 

The range of responses to each question are indicated on the horizontal and 

vertical axes of each table. The vertical axis indicates the range of responses to the 

pre-use member of each pair of questions and the horizontal axis indicates the range 

of responses to the corresponding post-use member of each pair. Responses in the 

cells above the diagonal indicate an increase in self-perceived knowledge after use 

of ADVISOR. 

The first question was number 4 in the pre-use section and number 3 in the 

post-use section. Question 4 was as follows: 
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4- How would, you rate your knowledge of the purpose of VRTs? 

The results for this pair of questions axe presented in table 7 below. For 

example, one reviewer indicated a one in response to question 4 and a two in response 

to question 3. 

Table 7: 
Question 4 (Pre-use) and Question 3 (Post-use) 

P 

R 

E 

U 

S 

E 

1 2 3 4 5 

Post-Use of Advisor 

Three indicated a 3 or less on the pre-use asking of this question and all three 

gave their understanding of VRT purpose a higher rating after using ADVISOR. 

Seven scored a 4, 5 or 6 on the pre-use asking of this question and in contrast, 

two rated their understanding to be higher, three rated their understanding to be 

the same and two gave their understanding a lower rating after using ADVISOR. 

This indicated that ADVISOR was more helpful to novices reviewers than to the 

reviewers with more knowledge about the purpose of VRTs. However this is a 

tentative conclusion due to the small sample size, the self-explanatory nature of 

this question, and the possible presence of a ceiling effect. 

The next pair of questions were number 5 in the pre-use section and number 

11 in the post-use section. Question 5 was as follows: 



5. Row would you rate your knowledge of conditions to be met for utilization 

for specific VRTs? 

The results for this pair of questions are presented in table 8 below. For 

example, two reviewers indicated a one in response to question 5 and a three in 

response to question 11. 

Table 8: 
Question 5 (Pre-use) and Question 11 (Post-use) 

P 

R 

E 

U 

S 

E 

12 3 

Post-Use of Advisor 

Eight scored 3 or less on the pre-use asking of this question and all gave 

a higher rating to their knowledge of conditions to be met for utilization for spe

cific VRTs after using ADVISOR. Two registered a four on the pre-use asking of 

this question and in contrast, one stayed the same and one gave a lower rating 

to this understanding after using ADVISOR. This indicated that ADVISOR was 

more helpful to novice reviewers than to the reviewers with more knowledge about 

conditions to be met for utilization of specific VRTs. However this can only be a 

tentative conclusion due to the small sample size. 

The next pair of questions were number 6 in the pre-use section and number 

9 in the post-use section. Question 6 was as follows: 
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6. How would you rate your knowledge of implementation of specific VRTs? 

The results for this pair of questions are presented in table 9 below. For 

example, one reviewer indicated a one in response to question 6 and a three in 

response to question 9. 

Table 9: 
Question 6 (Pre-use) and Question 9 (Post-use) 

P 

R 

E 

U 

S 

E 

1 2 3 4 5 

Post-Use of Advisor 

Nine individuals scored 3 or less on the pre-use asking of this question. Seven 

of these gave a higher rating to their knowledge of implementation of specific VRTs 

after using ADVISOR, and two rated this understanding to be the same. One 

individual scored a 5 on the pre-use asking of this question; and in contrast, rated 

this understanding to be lower (giving a rating of 3) after using ADVISOR. This is 

consistent with results for the first two questions, and it indicates that ADVISOR 

was more helpful to novice reviewers them to the reviewers with more knowledge 

about implementation of specific VRTs. However as for the first two questions, this 

can only be a tentative conclusion due to the small sample size. 

The last pair of questions were number 7 in the pre-use section and number 

5 in the post-use section. Question 7 was as follows: 
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7. How would you rate your general knowledge of VRTs? 

The results for this pair of questions are presented in table 10 below. For 

example, two reviewers indicated a two in response to question 7 and a three in 

response to question 5. 

Table 10: 
Question 7 (Pre-use) and Question 5 (Post-use) 

P 1 

R 2 

E 3 

U 4 

S 5 

E 6 

Eight scored 3 or less on the pre-use asking of this question. Seven of these 

gave a higher rating after using ADVISOR to their general knowledge of VRTs, 

and one individual's rating of this knowledge did not change. Of the other two, one 

registered a 4 on both the pre and post-use asking of this question, and one registered 

a 5 and a 3 respectively to the pre and post-use asking of this question. This is 

consistent with results for the first three questions, and indicates that ADVISOR 

was more helpful to the novice reviewers than to the reviewers with more general 

knowledge about VRTs. However as for the above questions, this can only be a 

tentative conclusion due to the small sample size. 

12 3 

Post-Use of Advisor 
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The results from these questions suggest that ADVISOR was helpful to a 

majority of reviewers in three of these four areas. Five of the ten reviewers indi

cated that their knowledge of VRT purpose was higher after using ADVISOR; two 

indicated this knowledge was lower; and three indicated that this knowledge was 

the same. Eight reviewers indicated their knowledge about the conditions to be 

met for utilization of VRTs was higher after using ADVISOR; one indicated that 

this knowledge was the same; and one indicated that this knowledge was lower. 

Seven reviewers indicated that their knowledge about the implementation of VRTs 

was higher after using ADVISOR; two indicated that this knowledge was the same; 

and one indicated that this knowledge was lower. Seven reviewers indicated that 

their general knowledge about VRTs was higher after using ADVISOR; two indi

cated that this knowledge was the same, and one indicated that this knowledge was 

lower. 

The same reviewer expressed a lower perception of knowledge in response to 

the second question of all four pairs. This may indicate that after using ADVISOR 

this person came to believe that VRTs are a broader subject than, he/she had 

previously thought. If so, this suggests that a positive learning experience was 

gained by this individual. 

The post-use evaluation section consisted of 23 items. 17 of these were closed-

ended statements. Five were open-ended questions and one asked how many con

sultations were conducted with ADVISOR. The open-ended questions gave respon

dents the opportunity to write what they liked most and least about ADVISOR, 

what they would keep and change about ADVISOR, and to write any additional 

comments about ADVISOR. Four of the 17 were the post-use members of the four 

pairs of the questions just described, leaving 13 close-ended statements. Results for 
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these-13 statements, the five open-ended questions and the number of consultations 

conducted will be described in this section. 

A total of 18 consultations with ADVISOR were conducted. The corporate 

reviewers conducted ten consultations as a group and the graduate students con

ducted eight consultations as a group. Three corporate and three graduate student 

reviewers each conducted two consultations. The remaining two graduate student 

reviewers each conducted one consultation. The remaining two corporate reviewers 

conducted one and three consultations respectively. 

The 13 statements addressed three aspects of the helpfulness of ADVISOR. 

Each of the 13 were presented as statements to which respondents registered their 

agreement or disagreement by circling a number in the range of one to six. A six 

indicated strong agreement and a one indicated strong disagreement. Responses 

to these statements were considered to be made by a novice with respect to VRT 

utilization if that individual had rated his/her knowledge to be a three or less on 

at least three of the four pre-use questions described above. Eight reviewers were 

considered novices by this standard and two were considered experienced. All five 

corporate reviewers and three graduate students were the novices. The remaining 

two graduate students both rated their knowledge to be a four or higher on at least 

three of these four pre-use questions. 

The results for each statement are presented in a table with an accompanying 

description. The number in each cell is how many times that response was indicated. 

The novice and experienced categories are used to list the results. Results for the 

open-ended questions are presented following those for the closed-ended statements. 

Statements numbered 2, 4, 7, 13, and 16 addressed how well ADVISOR 

provided general VRT knowledge, and more specifically, knowledge about VRT 

selection and implementation. Reviewers registered their agreement or disagreement 



to these statements by circling a number in the range of one to six. A six indicated 

strong agreement and a one indicated strong disagreement. 

Statement 2 was as follows: 

2. I am now better informed about the conditions and information to be 

considered in VRT selection. 

Table 11 presents results for statement 2. For example, three novice reviewers 

indicated a five in response to this statement. Five of the eight novice reviewers 

agreed with this statement. The two experienced reviewers split evenly with one 

agreeing and one disagreeing with this statement. 

Table 11: Statement 2, Post-use 

Range of Response 

12 3 4 5 C Total 
Category 

Novice 1 2 2 3 S 

Experienced 1 1 o 

Total 0 2 2 3 3 0 10 

Statements 4, 7, 13, and 16 were worded such that circling a low number 

in the range of one to six indicated a lack of disfavor with the performance of 

ADVISOR, and a high number indicated disfavor with its performance. 

Statement 4 was as follows: 

4. Even with repeated use my knowledge of how to implement specific VRTs 

would not be improved by use of this program. 

Table 12 presents results for statement 4. For example, six novice reviewers 

and both experienced reviewers indicated a two in response to this statement. All 

ten reviewers disagreed with this statement. 
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Table 12: Statement 4, Post-use 

Range of Response 

12 3 4 5 6 Total 
Category 

Novice 1 6 1 8 

Experienced 2 2 

Total 1 8 1 0 0 0 10 

Statement 7 was as follows: 

7. I am no better informed than before about how to implement specific VRTs. 

Table 13 below presents results for statement 7. For example, two novice 

reviewers indicated a four in response to this statement. Five of the eight novices 

disagreed with this statement. The two experienced reviewers split evenly with one 

agreeing and one disagreeing with this statement. 



Table 13: Statement 7, Post-use 

Range of Response 

12 3 4 5 6 Total 
Category 

Novice 4 1 2 1 8 

Experienced 1 1 2 

Total 0 5 1 2 1 1 10 

Statement 13 was as follows: 

I S .  I  a m  m o r e  c o n f u s e d  t h a n  e v e r  a b o u t  t h e  c o n d i t i o n s  a n d  i n f o r m a t i o n  t o  

be considered in VRT selection. 

Table 14 below presents results for statement 13. For example, four novicc 

reviewers indicated a two in response to this statement. Six of the eight novices 

disagreed with this statement. The two experienced reviewers split evenly with one 

agreeing and one disagreeing with this statement. 

Table 14: Statement 13, Post-use 

1 

Range of Response 

2 3 4 5 G Total 
Category 

Novice 1 4 1 1 1 S 

Experienced 1 1 2 

Total 2 4 1 2 0 1 10 

Statement 16 was as follows: 

16. This program does not help me identify conditions and information 

needed for VRT selection. 



Table 15 below presents results for statement 16. For example, five novice 

reviewers indicated a two in response to this statement. Seven of the eight novices 

disagreed with this statement. The two experienced reviewers split evenly with one 

agreeing and one disagreeing with this statement. 

Table 15: Statement 16, Post-use 

Range of Response 

1 2 3 

and Total 

4 5 G Total 
Category 

Novice 5 2 1 S 

Experienced 1 1 2 

Total 0 5 3 1 1 0 10 

On each of these five statements a majority of the novices expressed a posi

tive learning experience with ADVISOR. They indicated they were better informed 

about VRT selection and implementation and that the program did not confuse 

them. The two experienced reviewers split evenly on four of the five statements and 

both expressed a positive experience about ADVISOR on the fifth question. This 

suggests that novices may benefit more from ADVISOR than those who already are 

quite knowledgeable about VRTs. 

Statements numbered 10, 12, 15, and 18 concerned the helpfulness of the 

information preceding the questions asked by ADVISOR, and the questions them

selves that were asked by ADVISOR in the course of consultations. Respondents 

registered their agreement or disagreement to these statements by circling a number 

in the range of one to six. A six indicated strong agreement and a one indicated 



strong disagreement. Statements 10 and 12 were worded such that a low number cir

cled in this range indicated a favorable ADVISOR performance and a high number 

circled in this range indicated a poor ADVISOR performance. 

Statement 10 was as follows: 

10. I mas distracted or confused by the information preceding the questions. 

Table 16 below presents results for statement 10. For example, two novice re

viewers and one experienced reviewer indicated a one in response to this statement. 

Seven of the eight novices disagreed with this statement. The two experienced 

reviewers split evenly with one agreeing and one disagreeing with this statement. 

Table 16: Statement 10, Post-use 

1 

Range of Response 

2 3 4 5 6 Total 
Category 

Novice 2 3 2 1 S 

Experienced 1 1 2 

Total 3 3 2 2 0 0 10 

Statement 12 was as follows: 

12. The questions seemed academic, with little relevance to my current or 

prospective simulation work. 

Table 17 below presents results for statement 12. For example, three novice 

reviewers indicated a two in response to this statement. Five of the eight novices 

disagreed with this statement. Both experienced reviewers agreed with this state

ment. 
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Table 17: Statement 12f. Post-use 

Range of Response 

12 3 4 5 6 Total 
Category 

Novice 3 2 3 8 

Experienced 1 1 2 

Total 0 3 2 3 1 1 10 

Statements 15 and 18 were worded such that a low number circled in the one 

to six range indicated a poor ADVISOR performance and a high number circled in 

this range indicated a favorable ADVISOR performance. 

Statement 15 was as follows: 

15. For the most part, the information preceding the questions was clear and 

helpful. 

Table 18 below presents results for statement 15. For example, two novice 

reviewers and one experienced reviewer indicated a five in response to this state

ment. Six of the eight novices agreed with this statement. The two experienced 

reviewers split evenly with one agreeing and one disagreeing with this statement. 

Table 18: Statement 15, Post-use 

Range of Response 

12 3 4 5 G Total 
Category 

Novice 1 1 3 2 1 8 

Experienced 1 1 2 

Total 

Statement 18 was 

0 2 

as follows: 

1 3 3 1 10 



18. The questions were understandable. 

Table 19 below presents results for statement 18. For example, two novice 

reviewers and one experienced reviewer indicated a six in response to this statement. 

Six of the eight novices agreed with this statement. The two experienced reviewers 

split evenly with one agreeing and one disagreeing with this statement. 

Table 19: Statement 18, Post-use 

Range of Response 

12 3 4 5 6 Total 
Category 

Novice 1 1 1 3 2 8 

Experienced 1 1 2 

Total 0 2 1 1 3 3 10 

On each of these four statements a majority of the novices expressed a pos-

tive experience with the questions and information presented by ADVISOR. They 

indicated they found the questions and information to be clear, helpful, not con

fusing and not irrelevant to their work. The two experienced reviewers split evenly 

on three of these same four statements, and both expressed disfavor with ADVI

SOR on the fourth statement. One experienced reviewer indicated the questions 

and information were clear, helpful and not confusing, and also that the questions 

seemed academic or irrelevant. The other experienced reviewer indicated the ques

tions and information were unclear, not helpful, confusing, and that the questions 

seemed academic or irrelevant. This is consistent with the first set of statements, 

suggesting that novices may benefit more from ADVISOR than those who are quite 

knowledgeable about VRTs. It also implies that novices and experienced users have 

different needs for VRT information. 
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Statements numbered 6, 8, 14, and 17 are the remaining closed-ended state

ments. They asked about the following topics respectively: their likelihood of using 

VRTs, whether the information received was applicable to their simulation work, 

and whether they would use the program if it were available to them. Respondents 

registered their agreement or disagreement to these statements by circling a number 

in the range of one to six. A six indicated strong agreement and a one indicated 

strong disagreement. The statements 6, 8, 14, and 17 were worded such that a low 

number circled in this range indicated a poor ADVISOR performance and a high 

number circled in this range indicated a favorable ADVISOR performance. 

Statement 6 was as follows: 

6. I am more likely to consider VRT utilization in future work than before 

using this •program. 

Table 20 below presents results for statement 6. For example, four novice 

reviewers indicated a five in response to this statement. Six of the eight novices 

agreed with this statement. The two experienced reviewers split evenly with OIK? 

agreeing and one disagreeing with this statement. 

Table 20: Statement 6, Post-use 

Range of Response 

12 3 4 5 C Total 
Category 

Novice 1 1 2 4 8 

Experienced 1 1 2 

Total 

Statement 8 was 

0 1 

as follows: 

2 3 4 0 10 
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8. This program addresses problems or reservations I have about using VRTs 

in my current and prospective simulation projects. 

Table 21 below presents results for statement 8. For example, two novice 

reviewers indicated a four in response to this statement. Five of the eight novices 

disagreed with this statement. The two experienced reviewers split evenly with one 

agreeing and one disagreeing with this statement. 

Table 21: Statement 8, Post-use 

Range of Response 

12 3 4 5 G Total 
Category 

Novice 1 4 2 1 S 

Experienced 1 1 2 

Total 1 1 4 2 2 0 10 

Statement 14 was as follows: 

14- I could apply the recommendations and accompanying information to 

some of my simulation work. 

Table 22 below presents results for statement 14. For example, three novice 

reviewers indicated a three in response to this statement. Five of the eight novices 

disagreed with this statement. The two experienced reviewers split evenly with out; 

agreeing and one disagreeing with this statement. 
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Table 22: Statement 14, Post-use 

Range of Response 

12 3 4 5 6 Total 
Category 

Novice 2 3 1 1 1 S 

Experienced 1 1 2 

Total 0 3 3 2 1 1 10 

Statement 17 was as follows: 

17. I would like to use this program if it were available. 

Table 23 below presents results for statement 17. For example, four novice 

reviewers indicated a four in response to this statement. Five of the eight novices 

agreed with this statement. The two experienced reviewers split evenly with one 

agreeing and one disagreeing with this statement. 

Table 23: Statement 17, Post-use 

Range of Response 

12 3 4 5 G Total 
Category 

Novice 3 4 1 S 

Experienced 1 1 2 

Total 0 1 3 4 1 1 10 

The majority of novice reviewers expressed a postive experience with ADVI

SOR on two of these four statements regarding their perception of using VRTs and 

of using ADVISOR to aid their utilization of VRTs. They indicated they were more 

likely to consider VRT utilization in their future work and that they would like to 

use ADVISOR if it were available. However a majority of the novices also indicated 
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they could not apply the information from ADVISOR to their simulation work and 

that it did not address their problems with using VRTs. The two experienced re

viewers split evenly on all four of these same four statements: one reviewer was 

positive about ADVISOR on all four statements and the other was negative about 

ADVISOR on all four statements. This is consistent with the first set of statements, 

indicating that novices may benefit more from ADVISOR than those who are quite 

knowledgeable about VRTs and suggesting that novice and experienced users have 

different needs for VRT information. 

The five open-ended questions were numbered 19, 20, 21, 22, and 23 in the 

post-use section of the evaluation form. 

Question 19 was as follows: 

19. What were the three best things about this program? 

Seven of the eight novice reviewers and both experienced reviewers responded 

to this question. Ease of use, the extent of the coverage of the aspects of VRTs, 

the provision of examples and information that preceded the questions, the fact 

that it didn't crash, and that it helped identify important details for their modeling 

efforts were listed as best things by the novice reviewers. Ease of use, clarity of 

instructions, the specificity of the examples, and the fact that an attempt was made 

to provide users with information during the consultation were listed as best things 

by the experienced reviewers. 

Question 20 was as follows: 

20. What were the three worst things about this program? 

Four novice reviewers and one experienced reviewer responded to this ques

tion. The novice reviewers listed the following as worst things: the explanations 

were not always clear, some of the text appeared repetitive or related enough that 

sections of it should have been combined and some questions seemed vague. The 
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experienced user listed the following as worst things: the explanations were too 

abstract to address his/her particular problem, the wording was verbose with little 

content, and the references could not be connected to his/her particular problem. 

Question 21 was as follows: 

21. What would you change about this program if you could? 

Five novice reviewers and both experienced reviewers responded to this ques

tion. The novice reviewers stated that they would like to see ADVISOR made even 

easier to use for those who practice simulation infrequently and they suggested the 

use of a split screen to present information or examples that could be displayed 

when desired. Both experienced reviewers stated that they would add an ability to 

go back to previously entered answers and change them. 

Question 22 was as follows: 

22. What would you keep about this program if you could? 

Four novice reviewers and both experienced reviewers responded to this ques

tion. The novice reviewers stated that they would keep most of ADVISOR, espe

cially its detail and the certainty factors. The two experienced reviewers stated 

they would keep the references for more information, the ease of use, the examples, 

the clarity of the instructions, and the interactive manner of operation. 

Item 23 was as follows: 

23. I would like to make the following comments about this program. 

Three novice reviewers and both experienced reviewers responded to this 

question. The novice reviewers stated that ADVISOR was a good first effort and 

that an ability to go back and change answers would be a nice addition. The two 

experienced reviewers stated that ADVISOR was a good start, that it needs more 

polish and cohesion, that it brought to mind a good first draft (as when writing a 

term paper) and that it presented a good overview of VRT issues. 
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CHAPTER 5 

SUMMARY AND CONCLUSIONS 

Based on these responses it appears that ADVISOR provided reviewers with 

a greater awareness and ability to select and use VRTs. However it also appears 

that the reviewers have reservations about using ADVISOR in their simulation work. 

Their responses to the open-ended questions reinforce this. They found ADVISOR 

to be easy-to-use and informative, and to present them with a good introduction 

and overview of VRTs. They indicated they would have liked ADVISOR to be more 

responsive to those who infrequently practice simulation, and to have varying levels 

of its information made available during the course of the consultations. They also 

indicated that the information provided by ADVISOR did not go far enough in 

meeting their simulation needs. 

Although no reviewer indicated a desire for ADVISOR to perform pilot runs 

or preliminary experimentation, it is believed that providing this option during the 

course of a consultation would extend the utility of ADVISOR. In particular, it is 

believed that the time required to consider and select appropriate VRTs would be 

reduced by the use of such an option. 

In addition to offering insights to how ADVISOR could be improved, the 

results demonstrated the importance of the human-computer interface and high

lighted limitations of a prototype expert system in contrast to a finished product. 

The provision of varying levels of information during the course of a consultation 

was beyond the capability of the Ml expert system shell used for ADVISOR. This 

would have involved extensive modifications of the human-computer interface of 



the Ml shell. These kinds of interfaces are readily available as human-computer 

interface tools in the professional programming community. Provision of abilities to 

conduct pilot runs and numerical computations to experiment with one's own data 

is also beyond the capability of the expert system shell used for ADVISOR. These 

abilities could be provided via subroutines and subprograms that are called from 

an appropriate expert system shell. 

ADVISOR used an expert system shell in order that a prototype could be 

developed more quickly than if a base programming language had been used. This 

speed accrued from using ADVISOR's built-in functions for the dialogue structure, 

the human-computer interface, the knowledge base and the inference engine. How

ever using these made it difficult to incorporate more sophisticated facilities such 

as split screens and the ability to conduct pilot runs. Based on this, it appears that 

improvements to ADVISOR would best be accomplished by using an expert system 

shell for the knowledge base, inference engine, and a basic dialogue structure. A 

base programming language and professional interface tools could be used with this 

shell to provide a high quality human-computer interface, expanded help features, 

and through the use of subroutines and subprograms, offer the ability to conduct 

pilot rims and other experimentation with a user's data. 

A revised ADVISOR program may be able to guide users through presen

tations of examples, sample computations, and other types of information about 

VRTs. These could include pilot rims of users' data and examples of the conditions 

to be met for the use of VRTs. Information for these topics would be available in 

varying levels of detail, selected by the user, and with the ability to be exited at 

any time by the user. 



Impetus for this work can be found especially in the types of problems where 

it is difficult to compare multiple system configurations because data collection costs 

are high and experimentation is done sequentially. This is an especially important 

consideration when even small differences among system configurations have a sig

nificant impact. For example the South Coast Air Quality Management District, 

headquartered in El Monte, California, is currently managing air quality improve

ment programs in Southern California. Many of these programs attempt to increase 

the utilization of transit modes such as carpools and buses as alternatives to singlc-

occupant vehicles. Small increases in this utilization are difficult to measure and 

yet can lead to maxked economic and air quality improvements. A variety of pro

grams are under consideration for implementation to generate increased alternate 

mode utilization. It appears that simulation with VRT utilization could be used to 

consider and compare the effects of various system configurations related to these 

programs. These results could be used to help assess the impacts of various config

urations and thus help select which programs to implement. 

In addition to these efforts it appears that the relationship of variance reduc

tion to industrial processes is an exciting area for further research. The organization 

of available information, the identification of transformations and the composition 

of VRTs can help determine the conditions and events that impact the quality and 

reliability of industrial processes. Conducting these activities during the planning 

and design stages may facilitate the construction of better specification limits for 

many industrial processes. 

The use of expert systems and related computer programs to offer train

ing/advice is an area that appears to need further research. The diversity of user 

needs complicates the role of an expert system based tutorial/advisor. Users must 



be able to relate their knowledge to the information sought by the computer pro

gram, and the program must offer feedback and direction in such a manner that 

users can acquire the information they need. The assessment of user needs and the 

responsiveness of computer programs seems to be a very fruitful target for further 

research, especially if the exploration includes an integration of cognitive psychology 

and human factors engineering. 

In conclusion, the primary goal for ADVISOR was to offer an opportunity 

to facilitate the use of VRTs in simulation. Lack of knowledge and lack of time 

appeared to be the reviewers' foremost problems in this context. The evaluation 

of ADVISOR indicates that its use can increase one's knowledge about VRTs, and 

that its questions, information presentations, and interactive style of use were its 

strongest assets. Flexible information presentation, the ability to change previously 

entered answers and the ability to conduct preliminary experimentation appeared 

to be the chief areas where revisions are needed. It is believed that refinements in 

these areas would enhance ADVISOR's ability to provide knowledge about VRTs 

to users and would speed their consideration and selection of appropriate VRTs. 

In revising this prototype it is also suggested that human-computer interface tools, 

subroutines for pilot experimentation and expanded help features receive attention 

and be integrated into the questioning, advising, and recommendation presentation 

stages of the consultations. Beyond these revisions it is felt that the relationship of 

variance reduction and industrial processes and the relationship of expert systems 

and training are promising areas where more research is warranted. 
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APPENDIX 1 

INFORMATION TO USERS 

Directions and Overview for Advisor Program 

The goal of this computer program is to help users obtain precise estimators 

for their work with discrete event simulation. This is done by offering users a list 

of up to five variance reduction techniques (VRTs). The name of each technique 

is accompanied by three or four paragraphs of information and the names of two 

or three references for additional information. Users are asked a series of questions 

about the simulation project they are planning. A listing of possible answers follows 

the text of each question, and users type the number of their answer. The program 

utilizes a knowledge base of variance reduction strategies and an inference engine 

to select which VRTs to recommend. 

There are six programs on this floppy diskette: ml.exe, advisor.fst, advi-

sor.cfg, readme.doc, eval.doc, and advisor.bat. The ml.exe program is a licensed 

software program. It must not be copied. It can be obtained from the Teknowledgc 

Inc. corporation at the following address: 

Teknowledge Inc. 

1850 Embarcadero Road 

P.O. Box 10119 

Palo Alto, California 94303 

(405) 424-0500 

Telex 4990472TEK 

The advisor.fst file contains the program developed by myself. It can be 

copied but its format is unreadable. In return for $5.00 postage money I will send a 



readable copy of it to anyone. It is an expert system that uses the ml.exe program 

as a shell. An IBM-compatible personal computer with at least 640kram and using 

the 2.11 or higher MS-DOS operating system is required to use the expert system. 

To run the program place the floppy diskette into the drive. Type advisor 

and press the <enter> key and the program will load. This will take about one 

minute and a message will appear advising that this is taking place. Once loaded 

the program will continue, asking questions and giving feedback as it proceeds. 

Consultations are conducted at the novice or experienced level. The user 

selects which level is to be used. The novice option is the default chosen by the 

system if the user selects unknown in response to this question. The questions 

and recommendations are the same in either mode, but messages and prompts to 

users axe different. Many of the questions are preceded by background information 

about how a simulation experiment can be planned. Novice users receive more 

information, including examples in these messages. 

A consultation can be completed within ten minutes or can last over an 

hour depending on one's answers and reading speed. To quit the program before 

a consultation is over, type the word exit and press the <enter> key. Typing the 

word why and then pressing the <enter> key in response to any question is also an 

option. Doing so results in a brief rationale of that particular question, then a repeat 

display of the question. If the answer to a question is unknown, this is indicated by 

typing the word unknown and then pressing the <enter> key. The system accepts 

this answer, allowing the consultation to proceed. In addition, one may obtain a 

paper copy of the advice, and the questions, answers, and the information preceding 



the questions. This is done by answering yes to the question asking if the advice is 

to be sent to the printer. 

The program assumes that all answers are 100% certain unless otherwise 

noted. If a user is uncertain of an answer, this is indicated by typing a certainty 

factor in addition to the answer to the question that one is unsure of. This is done 

by typing the letters c/and then a number between 0 and 100 and then pressing the 

<enter> key. The number represents varying amounts of certainty in one's answer. 

A 0 indicates no certainty at all and a 100 means total certainty. If certainty factors 

are used, the program will incorporate them in its processing of one's responses and 

the VRTs recommended will be listed in order from highest to lowest certainty; 

those with higher certainty are listed first. If no certainty factors are used, then the 

techniques presented are recommended equally. 

At the end of the questioning in each consultation a brief message will be 

displayed announcing that the program has the answers it needs. The listing of 

recommended VRTs is then presented, one technique at a time. This is followed 

by the names of the techniques, brief explanations of them, and references for more 

information. After an opportunity to view these, the user is given the choice of 

conducting a new consultation or exiting the program. 

The process used by this expert system to select and recommend VRTs is 

based on the work of Dr. Barry L. Nelson. His work emphasizes broadly defined 

variance reduction strategies based on viewing simulation as an experiment with 

various factors under the experimenter's control. He developed a taxonomy that 

offers a guide to the selection of VRTs. This taxonomy characterizes VRTs as trans

formations of the original simulation experiment to another simulation experiment. 



Selection is seen as identifying the transformations appropriate to a simulation and 

based on this, specific techniques can be recommended for consideration. 

Several research articles describing Dr. Nelson's work are available. Two of 

these are as follows: Nelson, B.L. (1987), "A Perspective on Variance Reduction 

in Dynamic Simulation Experiments," Commun. Statist. -Simula., 16(2), 385-

426, and Nelson, B.L. (1985), "An Illustration of the Sample Space Definition of 

Simulation and Variance Reduction," Transactions of The Society for Computer 

Simulation, 2(3), 237-247. 

In Dr. Nelson's article entitled "An Illustration of the Sample Space Defini

tion of Simulation and Variance Reduction," Nelson compared the precision of an 

estimator that was obtained with and without the use of VRTs. He found that use 

of the VRTs resulted in variance reductions ranging from 39% to 97% as compared 

to the variance of the estimator obtained without the use of VRTs. 

In addition, my own thesis is a source of more information about VRTs. It 

summarizes several of Dr. Nelson's works and describes the ADVISOR program in 

detail. I may be reached for additional information at my address, given at the end 

of this paper, or through the Systems and Industrial Engineering Department at 

the University of Arizona, Tucson, Arizona. 

Tradeoffs are involved in the use of VRTs: additional effort is required, but 

the variance reduction allows a more precise estimation of the system's measure 

of performance. The gains of VRT use are particulary significant when multiple 

system configurations are compared, the experiments are done sequentially, and the 

results are needed in real time. There is potential for tremendous savings from the 
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use of VRTs in these situations . They occur frequently in the practice of simulation 

and thus the effort invested in becoming familiar with VRTs is certainly warranted. 

In this context the following terms are used to view simulation experimenta

tion as a set of procedures to deal with interrelated random variables. The random 

variables are partitioned into inputs, outputs, and statistics. 

Inputs are random variables defined by known (or fitted) probability distri

butions. Examples include interarrival times and service times for simulation of a 

queuing network. 

Essential outputs are random variables defined by known (perhaps implicit) 

functions of the inputs. They include the observations of system performance. Ex

amples are delays experienced in receiving service in a queuing simulation. Auxiliary 

outputs are those random variables that can be derived from the essential ones, they 

too are functions of the inputs. 

Statistics are functions that aggregate the outputs into point estimators of 

the system parameters of interest. Variance reduction refers to reducing the vari

ance of the statistics, not necessarily the elements of the input or output random 

variables. 
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This program is an expert system implementation of Dr. Nelson's taxonomy. 

It is capable of selecting up to five of fourteen different specific variance reduction 

techniques. It's completion is part of the requirements of a Master of Science de

gree from the Systems and Industrial Engineering Department at the University 

of Arizona. Questions and comments are welcomed and may be included on the 

evaluation form accompanying this program, or sent to me at the following address: 

William Loggins 

512 S. Third Ave. 

Tucson, Az. 85701 

(602) 882-0966 

Thank you again for your time and consideration. 
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APPENDIX 2 

EVALUATION QUESTIONNAIRE 

Dear user, 

Please fill out this evaluation form before and after you use the program that 

accompanies this form. 

PRE-USE QUESTIONS 

1. How many college courses have you taken in computer simulation? 

2. How many simulation studies have you participated in? Please include 

in this total those where you played either a major or non-major role, for example: 

collecting data, writing computer programs, conducting trial runs, and writing final 

reports. 

Question 3 was as follows: 

3. I (or members of my team) have used the following variance reduction 

techniques (VRTs) in professional practice: 

a) Antithetic Variates b) Common Random Numbers 

c) Conditional Expectation d) Control Variates 

e) Correlated Induction f) Embedded Markov Chain 

g) Importance Sampling h) Postratified Sampling 

i) Russian Roulette j) Stratified Sampling 

4. How would you rate your knowledge of the purpose of VRTs? 

1 2 3 4 5 6 

very little quite high 
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5. How would you rate your knowledge of conditions to be met for utilization 

of specific VRTs? 

1 2 3 4 5 6 

very little quite high 

6. How would you rate your knowledge of implementation of specific VRTs? 

1 2 3 4 5 6 

very little quite high 

7. How would you rate your general knowledge of VRTs? 

1 2 3 4 5 6 

very little quite high 

8. The amount of time and effort spent on planning for VRT utilization in 

my current and anticipated simulation projects is: 

1 2 3 4 5 6 

not much quite alot 

9. Consideration and utilization of VRTs should be a high priority in the 

planning of my current and anticipated simulation projects. 

1 2 3 4 5 6 

strong strong 

disagreement agreement 
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10. Consideration and utilization of VRTs is often included in my current 

and anticipated simulation projects: 

1 2 3 4 5 6 

strong strong 

disagreement agreement 
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11. Problems or reservation I have about using VRTs in my current and 

prospective work include the following: (You can pick more than one of these) 

a) I don't know enough about VRTs 

b) My work has not progressed to the point 

where I can consider using VRTs. 

c) I rarely have the time to become familiar 

with VRTs that may apply to my situations. 

d) I view VRT utilization as a refinement to 

a simulation project, not something to 

include as a matter of course. 

e) I view VRT utilization as necessary only when 

I anticipate an unusual problem with obtaining 

the required precision in my work. 

f) I have no reservations or problems with 

using VRTs in my work. 

12. I would like to know more about how to include VRT utilization in my 

planning for simulation projects. 

1 2 3 4 5 6 

strong strong 

disagreement agreement 



13. I would like to make the following comments about VRTs. 
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POST-USE QUESTIONS: 

1. How many consultations did you conduct with the program? 

2. I am now better informed about the conditions and information to be 

considered in VRT selection. 

1 2 3 4 5 6 

strong strong 

disagreement agreement 

3. How would you now rate your knowledge of the purpose of VRTs? 

1 2 3 4 5 G 

very little quite high 

4. Even with repeated use my knowledge of how to implement specific VRTs 

would not be improved by use of this program. 

1 2 3 4 5 6 

strong strong 

disagreement agreement 

5. How would you now rate your general knowledge of VRTs? 

1 2 3 4 5 6 

very little quite high 

6. I am more likely to consider VRT utilization in future work than before 

using this program. 

1 2 3 4 5 6 

strong strong 

disagreement agreement 
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7. I am no better informed than before about how to implement specific 

VRTs. 

1 2 3 4 5 6 

strong strong 

disagreement agreement 

8. This program addresses problems or reservations I have about using VRTs 

in my current and prospective simulation projects. 

1 2 3 4 5 6 

strong strong 

disagreement agreement 

9. How would you now rate your knowledge of implementation of specific 

VRTs? 

1 2 3 4 5 6 

very little quite high 

10. I was distracted or confused by the information preceding the questions. 

1  2  3  4 * 5  6  

strong strong 

disagreement agreement 

11. How would you now rate your knowledge of conditions to be met for 

utilization of specific VRTs? 

1 2 3 4 5 6 

very little quite high 



12. The questions seemed academic, with little relevance to my current or 

prospective simulation work. 

1 2 3 4 5 6 

strong strong 

disagreement agreement 

13. I am more confused than ever about the conditions and information to 

be considered in VRT selection. 

1 2 3 4 5 C 

strong strong 

disagreement agreement 

14. I could apply the recommendations and accompanying information to 

some of my simulation work. 

1 2 3 4 5 6 

strong strong 

disagreement agreement 

15. For the most part, the information preceding the questions was clear and 

helpful. 

1 2 3 4 5 6 

strong strong 

disagreement agreement 



so 

16. This program does not help me identify conditions and information 

needed for VRT selection. 

1 2 3 4 5 6 

strong strong 

disagreement agreement 

17. I would like to use this program if it were available. 

1 2 3 4 5 6 

strong strong 

disagreement .agreement 

18. The questions were understandable. 

1 2 3 4 5 6 

strong strong 

disagreement agreement 

19. What were the three best things about this program? 

a) 

b) 

c) 
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20. What were the three worst things about this program? 

a) 

b) 

c) 

21. What would you change about this program if you could? 

22. What would you keep about this program if you could? 

23. I would like to make the following comments about this program. 

Please send both parts of this questionnaire and the floppy diskette to rne at 

the following address: 

William Loggins 

512 S. Third Ave. 

Tucson, Az. 85701 

If you have any questions I can be reached at (602) 882-0966. 

THANK YOU VERY MUCH FOR YOUR COOPERATION 



APPENDIX 3 

SOURCE CODE PROGRAM LISTING 

This is the source code for the Advisor 

expert system referred to in this thesis. 
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configuration(startup) = go. 
configuration(banner) = Inl," 

Welcome to Simulation Advisor 

This is an expert system for advise/consultation about 
variance reduction techniques for discrete event simulation. 

Please standby while the program is being loaded. This 
will take about one minute. Instructions then follow 
for use of this program. 

" , n l  ] .  
enumeratedanswers(ALL). 

prefix antithetic. 
prefix conditional. 
prefix embedded. 
prefix importance. 
prefix russian. 
prefix the. 
prefix user. 
prefix wants. 
infix control. 
infix induction. 
infix random. 
infix to. 

initialdata = [al_intro, al_prelim, the consultation is over, 
recommendation-given,session is finished]. 

/* * / 

/* 
This section obtains basic information about type of advice to 
offer: level printer on or off, etc. 
* /  

if a_banner_displayed is sought and 
user ready = yes and 
opener is sought 

then al_intro. 

if sim-purp is sought and 
analytic-model is sought and 
message(ei-sa,ssr-tr) and 
continuel = please-continue and 
sim-sys-results is sought and 
trial-runs is sought 

then al prelim. 

/* pre-dr, ei, sa section */ 
if (analytic-model = yes or trial-runs = yes) 
then pretrans-dr = yes. 



84 

if (sim-sys-results = yes or trial-runs = yes) 
then pretrans-ei = yes. 

if (sim-sys-results = yes or trial-runs = yes or 
analytic-model = yes) 

then pretrans-sa = yes. 
/* */ 

/* banner */ 

nocache(a_banner). 

if a_banner = TEXT and 
display(TEXT) 

then a_banner_displayed. 

a_banner = [ 
' This is a working prototype of an expert system. It makes 
recommendations for variance reduction technique utilization in 
discrete event simulation. In order to use this system properly 
the following criteria must be satisfied: 

1. You must specify the system you are modeling, develop 
a model for it, and determine the inputs, outputs, 
parameters of interest, and statistics. 

2. You must use a pseudo-random number generator that has 
been verified to be adequate, tested for both 
independence and uniformity of its output. 

Please answer questions in the consultation by typing the 
number of your answer and then pressing the <enter) key. You may 
quit before the end of the session by typing the word "exit" and 
then pressing the <enter> key. If you do not know the answer to a 
question type "unknown" instead of answering with a number. A 
review of this information is included in the "readme.doc" file 
on the floppy diskette with this program. ']. 

/* opener is sought */ 
if output is sought and 

level is sought 
then opener. 

/* output is sought */ 
question(output) = (nl," 
The advice of this expert system will be presented on the screen. 
Do you also want the advice sent to the printer? 

Please make sure you have a printer attached to the computer and 
the printer is on-line before answering yes to this question. "]. 
enumeratedanswers < output). 
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legalvals(output) = [yes,no]. 
automaticmenu<output). 
explanation(output) = [" 
If you have a printer connected to the computer you are now 
using, then you have the option of sending the advice to the 
printer. This will give you a paper copy to take with you for 
future reference. Please do not try to print your advice if you 
do not have a printer attached, as this will freeze the computer 
until a printer is attached."]. 

/* level is sought * / 
/* 
The argument "levell is used for the question so that if the user 
answers the question as unknown, then the knowledge base can 
assume an answer of novice. 
* /  

if levell is unknown 
then level = novice. 

if levell = LEVEL 
then level = LEVEL. 

question(levell) = [nl," 
At which of the following levels would you like this consultation 
conducted? ",nll. 
enumeratedanswers(levell). 
legalvals(levell) = [novice,experienced]. 
automaticmenu(levell). 
explanation(levell) = [" 
This question is trying to determine how much you know about 
variance reduction techniques, so as not to tell you what you 
already know. Novice users will get more explanation regarding 
the terms used, especially the significance of the options 
available for each question. Experienced users will skip these 
explanations and examples, and be asked shorter versions of the 
same questions."]. 

/* trans-type * / 
/* Determines which VRT transform is to be considered */ 

multivalued(trans-type). 

if io-mono = yes and 
message(di,io-indep) and 
continuel = please-continue and 
oi-indep = yes and 
message(di,stat-isan-aver) and 
continue2 = please-continue and 
stat-isan-aver = yes and 
message(di,syn-prv-streams) and 
continue3 = please-continue and 
syn-prv-streams = yes 
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then trans-type = di cf 99. 

if trans-type = di and 
sim-purp = compare and 

/* message(diplusrhow-comp) and 
continuel = please-continue and 
(how-compl = yes or how-comp3 = proceed) and 

*/ 

message(diplus,input-dist-altsys) and 
continue2 = please-continue and 
input-dist-altsys = yes 

then di-type = diplus. 

if trans-type = di and 
sim-purp = absolute 

/ * or 
(not(how-compl = yes) and how-comp2 = change) 

*/ 
then di-type = diminus. 

if io-ones = yes and 
message(ais,aux-output) and 
continuel = please-continue and 
aux-output = yes and 
message(ais,input-indem) and 
continue2 = please-continue and 
(input-init-state = yes or input-dem-avail = yes) 

then trans-type = ais cf 99. 

if io-ones = yes and 
not(trans-type = ais) and 
aux-output = yes and 
message(aif,poi-func-param) and 
continue2 = please-continue and 
poi-func-param = yes 

then trans-type = aif cf 99. 

if pretrans-sa = yes and 
input-init-state = yes and 
message(sa,samp-terms-inputs) and 
continue2 = please-continue and 
samp-terms-inputs = yes 

then trans-type = sa cf 99. 
/* this question was part of the criteria for sa. 

message(ce,poi-isa-condexp) and 
continuel = please-continue and 
poi-isa-condexp = yes and 

if pretrans-ei = yes and 
message(ei,constr-on-poi) and 
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continuel = please-continue and 
constr-on-poi = yes and 
stat-isan-aver = yes 

then trans-type = ei cf 99. 

if pretrans-dr = yes and 
id-inputs = yes and 
message(dr,id-rep-marginal) and 
continuel = please-continue and 
rep-marginal = yes and 
dr-spec = valid 

then trans-type = dr cf 99. 

if analytic-model = yes and 
message(ea,g-avail) and 
continuel = please-continue and 
g-avail = yes 

then trans-type = ea cf 99. 

if trans-type = ais and 
trans-type = ei 

then trans-type-combin = ais-ei. 

if trans-type = aif and 
trans-type = ei 

then trans-type-combin = aif-ei. 

if di-type = diplus and 
trans-type = ei and 
trans-type = ais 

then trans-type-combin = diplus-ais-ei 

if trans-type = dr and 
trans-type = ei 

then trans-type-combin = dr-ei. 

/* this next rule doesn't seem to be needed */ 
if trans-type = ei and 

analytic-model = yes 
then trans-type-combin = ea-ei. 
/* these next rules seem ok */ 

if trans-type = sa and 
trans-type = ei 

then trans-type-combin = ei-sa. 

if trans-type = ais and 
trans-type = dr and 
trans-type = ei 

then trans-type-combin = ais-dr-ei. 

/* diplus-&diminus-type * / 



/* Determines a possible VRT within diplus-&-diminus 

if di-type = diplus and 
trial-runs = yes and 
wants-cis-info = yes and 
cis-test = valid 

then diplus-type = cis. 

if di-type = diplus and 
not(diplus-type = cis) 

then diplus-type = just-crn. 

if di-type = diminus 
then diminus-type = av. 

/* 

/* approp-vrt 
multivalued(approp-vrt). 

if diplus-type = cis 
then approp-vrt = correlation induction strategies. 

if diplus-type = just-crn 
then approp-vrt = common random numbers. 

if trans-type-combin = diplus-ais-ei and 
diplus-type = just-crn and 
trial-runs = yes and 
cv-spec = true 

then approp-vrt = external control variates. 

if diminus-type = av 
then approp-vrt = antithetic variates. 

if trans-type-combin = ei-sa and 
oi-result-seqdepevents = yes 

then approp-vrt = splitting. 

if trans-type-combin = ei-sa and 
not(oi-result-seqdepevents = yes) and 
wants-strat-info = yes and 
strat-use = yes 

then approp-vrt = stratification. 

if not approp-vrt = external control variates and 
trans-type-combin = ais-ei and 
trial-runs = yes and 
cv-spec = true 

then approp-vrt = internal control variates. 
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if trans-type-combin = ais-ei and 
samp-terms-inputs = no and 
pstrat-spec = true 

then approp-vrt = post-stratification. 

if trans-type-combin = aif-ei and 
message(ce,poi-isa-condexp) and 
ce-spec = true 

then approp-vrt = conditional expectation. 

if trans-type = ea and 
trans-type-combin = ais-dr-ei and 
message(dr,is-specl) and 
continuel = please-continue and 
is-specl = yes 

then approp-vrt = importance sampling. 

if trans-type-combin = dr-ei and 
not approp-vrt = importance sampling and 
message(dr,rr-specl) and 
continuel = please-continue and 
rr-specl = yes 

then approp-vrt = russian roulette. 

if trans-type = ea 
then approp-vrt = embedded processes. 

/* recommendation * / 

recommendation(antithetic variates) = Inl, 1 

Antithetic variates (AV) appear to be an appropriate technique 
for your work. AV work by the induction of negative 
covariance within pairs of random variables (RV) and, across the 
pairs leaving the rv independent. Each pair is an independent 
replicate of the simulation. Each element of each pair is a run 
of the system, and each uses a pseudo-random number stream such 
that the correlation between members of the pairs is negative. 
An overview of AV is as follows: Let X and Y be the random 
outputs of two simulations driven by pseudo-random number streams 
U and V, respectively. 
Note that Var[X + Y] = VarlX] + VarlY] + 2Cov[X,Y]. If X and Y 
have cumulative distribution functions F and G, respectively, 
then generate (X,Y) as (inverse F(U), inverse G(l-U)). This will 
result in negative correlation between X and Y, which is then 
exploited to reduce Var[X + Y]. Thus for example, let X be the 
output of run 1, Y the same output of run 2, and use (X+Y)/2 as 
an estimator of E[XJ. 
More information made be found in Bratley, P., B.L. Fox and L.E. 
Schrage (1983), A Guide to Simulation, Springer-Verlag, NY.; and 
Law, L.D. and W.D. Kelton (1982), Simulation Modeling and 
Analysis, McGraw-Hill, NY. ']. 
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recommendation(conditional expectation) = [nl,' 
Conditional expectation (CE) appears to be an appropriate 
technique for your work. CE is based on exploiting the 
relationship between sequences of two output random variables: 
the output of interest, {Yil}, and an auxiliary output, {Yj2}. If 
the conditional expectation E[Yil!Yj2=yj2] can be calculated for 
all yj2, then the expected value of the output of interest may be 
replaced by its known conditional expected value in a new 
estimator. That is, replacing {Yil} by {E[Yil!Yj2H in this 
estimator. The following relation illustrates how observing 
E[Y1!Y2] instead of direct observation of Y1 will result in a 
smaller variance: Var{EYil!Yj2]} = VartYil] - E{Var[Yil!Yj2]i. 
Thus if E{Var£Yil!Yj2]j is greater than zero then the advantage 
is evident. 
More information made be found in Law, L.D. and W.D. Kelton 
(1982), Simulation Modeling and Analysis, McGraw-Hill, NY.; and 
Nelson, B.L. and B. Schmeiser (1986), "Decomposition of Some 
Well-Known Variance Reduction Techniques," J. Statist. Comput. 
Simul., 23, 3, 183-209. ']. 

recommendation(correlation induction strategies) = [' 
Correlation induction strategies (CIS) techniques appear to be 
appropriate for your work. They focus on design and analysis of 
simulation experimentation. CIS are useful when dependence can be 
induced, the simulation response can be represented as a general 
linear model, and when the validation procedures described 
earlier are enacted with favorable results. CIS utilize the 
variance reduction techniques of common random numbers and 
antithetic variates in a blocking scheme concept. The technique 
results in specification of the optimal experimental design for 
the simulation and so must be implemented prior to executing your 
simulation, although trial runs would still be useful. Each 
simulation run yields a response, denoted y. A particular run, 
denoted as a design point, is identified by the settings of the 
inputs in the simulation model. The inputs are considered as some 
number of decision variables, denoted by n. In general then the 
relation of the response to the level of the d factors has the 
form: y = u(n) + e, where e represents error. 
More information made be found in Schruben, L.W. (1979), 
"Designing Correlation Induction Strategies for Simulation 
Experiments," in Current Issues in Computer Simulation (N.R. 
Adam, A. Dogramaci, eds.), Academic Press, NY.; and Tew, J.D. and 
J.R. Wilson (1985), "Validation of Correlation Induction 
Strategies for Simulation Experiments," 1985 Winter Simulation 
Conference Proceedings, 190-195. ']. 

recommendation(common random numbers) = tnl,' 
Common random numbers (CRN) appear to be an appropriate 
technique for you to use. CRN allow relative performance of 
alternate systems to be assessed. Assessment is based on mean 
pair contrasts. An overview of CRN is as follows: 
Let X and Y be the random outputs of two simulations driven by 
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psuedo-random number streams U and V, respectively. If X and Y 
correspond to members of the pair being contrasted, then (X-Y) is 
an estimate of E[X - YJ. Then let D = (X-Y) and E[D] is then an 
estimate of the expected difference in performance. 
Note VarfD] = VarIX - Y] = VartX] + VarfY] - 2Cov[X,Y]. Thus 
making the Cov[X,Y] term positive reduces VarfD]. This is done as 
follows: let X and Y have cumulative distribution functions F and 
G, respectively, then generate (X,Y) as (inverse F(U), inverse 
G(U)). Synchronization is especially important in this method in 
order to assure that the random variables in one system are 
indeed being contrasted with appropriate counterpart random 
variables in the other system. 
More information may be found in Bratley, P., B.L. Fox and L.E. 
Schrage (1983), A Guide to Simulation, Springer-Verlag, NY.; and 
Nelson, B.L. and B. Schmeiser (1986), "Decomposition of Some 
Well-Known Variance Reduction Techniques," J. Statist. Comput. 
Simul., 23, 3, 183-209. ',nl]. 

recommendation(external control variates) = [" 
External control variates (ECV) appear to be an appropriate 
technique for your work. ECV estimators are formed by first 
inducing correlation between your system of interest and a 
similar system, and then using auxiliary and equivalent 
information to adjust the estimator of your parameter of 
interest. 
If the covariance between two random variables (call them Y and 
X) is large and positive, then combining an output Y, from the 
system of interest with an output X, from a similar system, 
may yield a random variable with smaller variance. 
Positive correlation between the two systems can be induced using 
common random numbers. The new estimator can be denoted Z and 
formed as follows: Z = Y' - b(X' - u); where Y' and X' denote 
sample means, u is known, (u = the expectation of X) as it comes 
from a system already studied, and its role is as an input to 
your simulation. The difference between X and its expectation is 
used to correct the output values of Y. b is known as a control 
variate multiplier and may be estimated from trial runs or 
detailed simulation/analytical results of very similar systems. 
More information made be found in Law, L.D. and W.D. Helton 
(1982), Simulation Modeling and Analysis, McGraw-Hill, NY.; and 
Nelson, B.L. and B. Schmeiser (1986), 'Decomposition of Some 
Well-Known Variance Reduction Techniques,' J. Statist. Comput. 
Simul., 23, 3, 183-209. " ] . 

recommendation(internal control variates) = [nl," 
Internal control variates (ICV) appear to be an appropriate 
technique for your work. ICV estimators are formed by making use 
of inherent correlation between the output of interest and an 
auxiliary output of the system of interest, then using auxiliary 
and equivalent information to adjust the estimator of the 
parameter of interest. 
If the covariance between two random variables (RV) Y and X is 
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large and positive, then combining an output RV, Y, from the 
system of interest with an output RV, X, from a similar system, 
may yield a RV with smaller variance. 
The new estimator can be denoted Z and formed as follows: Z = Y' 
- b(X' - u); where Y' and X' denote sample means, u is known, (u 
= E[X]) as it is as an input to your simulation. The difference 
between Xi and its expectation is used to correct the output 
values of Yi. b is known as a control variate multiplier and 
may be estimated from trial runs or detailed 
simulation/analytical results of very similar systems. 
More information may be found in Law, L.D. and W.D. Kelton 
(1982), Simulation Modeling and Analysis, McGraw-Hill, NY.; and 
Nelson, B.L. and B. Schmeiser (1986), 'Decomposition of Some 
Weil-Known Variance Reduction Techniques,' J. Statist. Comput. 
Simul., 23, 3, 183-209. " ] . 

recommendation(embedded processes) = [nl,1 

An embedded process (EP) technique appears to be appropriate for 
your work. This technique requires an unusually good 
understanding of the system to be simulated. This is because the 
EP strategy involves modeling the system of interest by a well 
known (to the experimenter) stochastic process. Good choices for 
such a process are those with a structure such that embedded 
processes can be identified, and of course having a lower 
variance than the original process. Generalized semi-Markov 
chains (GSMC) offer a promising set of candidate processes. These 
offer diversity and a well-studied structure that permits many 
types of discrete event simulations to be modeled, thus providing 
opportunities for EP utilization. 
More information about EP utilization may be found in Fox, B.L. 
and P.W. Glynn (1986), "Discrete-Time Conversion for Simulating 
Semi-Markov Processes," Opns. Res. Lett., 5,4, 191-196; and 
Nelson, B.L. (1987), "A Perspective on Variance Reduction in 
Dynamic Simulation Experiments," Commun. Statist. -Simula., 
16(2), 385-426. ']. 

/ *  
recommendation(indir) = [nl," 
Indirect may be an appropriate variance reduction technique for 
you to use. Little specific knowledge can be given in this 
format because the need to express theta as a function of 
q(gamma) requires a great deal of problem-specific information. 
For example, if you model your system as a steady-state GI/G/s 
queue, then you may be able to exploit functional relationships 
among its following steady-state parameters: expected customer 
sojourn time in the system, expected number of customers in the 
system, and the expected amount of work in the system. 
Law (1975) and Law and Carson (1977, 1980) considered indirect 
estimators of these quantities. 
They used expected customer delay in the queue and showed 
analytically that the asymptotic variance of the indirect 
estimators is smaller than the corresponding variance of the 
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desired estimator. More information and examples of this 
technique can be found in Nelson (1987) and in the above cited 
references. " ] . 

* /  

recommendation(importance sampling) = [nl, ' 
Importance sampling (IS) appears to be an appropriate technique 
for your work. IS allocates sampling to regions of the input in 
order to bias the simulation output. Interesting/noteworthy 
aspects of the input may be related to the likelihood of 
observations in a region of the output, the variance within the 
region, and/or the magnitude of observations in the region. 
Depending on which of these is the case, that aspect of the input 
distribution is altered such that the effect of using this new 
input distribution is known (or is available). 
The resulting new outputs are considered auxiliary outputs and a 
new statistic is obtained that uses both the original and new 
outputs. The strategy is to select the new distributions that 
will reduce the variance of the new statistic. This is difficult 
as the effects of replacing input distributions are complex. 
Trial runs, analytic information, and results from similar 
systems are especially needed in using this technique. 
Examples and important discussion may be found in Nelson, B.L. 
and B. Schmeiser (1986), "Decomposition of Some Weil-Known 
Variance Reduction Techniques," J. Statist. Comput. Simul., 23, 
3, 183-209; and Bratley, P., B.L. Fox and L.E. Schrage (1983), A 
Guide to Simulation, Springer-Verlag, N.Y. ']. 

recommendation(post-stratification) = [nl,' 
Postratification (PSTRAT) appears to be an appropriate technique 
for your work. Variation is reduced by using replacing simple, 
nonrepresentative random sampling with a sampling plan that 
corrects a nonrepresentative sample. Observations are weighted 
on the basis of whether an observation strata is under or over 
represented in the simulation sample as compared to strata size 
in the population. If control variates are recommended then 
PSTRAT can often be combined with control variates by using a 
control variate for each strata. 
In using PSTRAT the strata size is not fixed in advance, but 
rather the probability distribution information about X (strata) 
is used to measure how far its empirical distribution deviates 
from its theoretical distribution. This provides correction for 
under or over representation: composition of an estimator with 
smaller variance than using Y directly. 
More information about PSTRAT can be found in Nelson, B.L. and B. 
Schmeiser (1986), "Decomposition of Some Weil-Known Variance 
Reduction Techniques," J. Statist. Comput. Simul., 23, 3, 183-
209; and Bratley, P., B.L. Fox and L.E. Schrage (1983), A Guide 
to Simulation, Springer-Verlag, N.Y. 'J. 

recommendation(russian roulette) = [' 
Russian Roulette (RR) appears to be an appropriate technique 
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for your work. RR is especially useful with problems that are 
characterized by a series of events and for simulations involving 
a large number of discrete situations. The simulation is planned 
so that during the simulation the process is examined at various 
stages. For example, consider a queuing system where a large 
number of individuals are being tracked. Then at a certain stage 
of the problem, one of these individuals can be selected and 
removed from the system with probability p (Russian Roulette) or 
allowed to continue through the system with a probability (1-p). 
This can be repeated with more individuals (with the same or 
different values of p) until the number of individuals is reduced 
to a desired size. 
Rather sophisticated control over the generation of psuedo-
random variates streams is necessary. This is because the 
"killing off" of output sequences is done as the simulation is in 
process, as a function of the events that occur during the course 
of the simulation. You may wish to write your own subroutines to 
manage the events and the psuedo-random variate streams. RR may 
be seen as biasing the sampling away from output sequences in 
uninteresting regions. 
More information about RR is in Nelson, B.L. (1987), "A 
Perspective on Variance Reduction in Dynamic Simulation 
Experiments," Commun. Statist. -Simula., 16(2), 385-426. ']• 

recommendation(splitting) = [nl,1 

Splitting (SPLT) appears to be an appropriate technique for 
your work. SPLT reduces variation by controlling the sampling 
plan allocation of the inputs, and then forming new estimators 
that provide equivalent information and with a smaller variance. 
The sampling plan is controlled to allow realizations of the 
output random variable (RV) of interest to occur when a specified 
auxiliary output RV, Yi2, occurs. Thus inputs to the simulation 
are allocated in such a way that when Yi2 occurs (ie the input 
for that output), some number m, of observations of lYili 
conditional on the current state Yi2 are generated. Thus SPLT is 
dynamic throughout the simulation, requiring a rather 
sophisticated control of how random variates are generated and 
used. 
SPLT is particularly useful when Yi2 and Yil occur in sequence or 
are otherwise dependent, and also when the outcome of interest is 
a rare event. 
More information about SPLT can be found in "Nelson, B.L. (1987), 
"A Perspective on Variance Reduction in Dynamic Simulation 
Experiments," Commun. Statist. -Simula., 16(2), 385-426. ']. 

recommendation(stratification) = [nl,' 
Stratification (STRAT) appears to be an appropriate technique for 
your work. STRAT reduces variation by replacing simple random 
sampling with a sampling plan under experimenter control. The 
range of the input random variable is divided into strata and 
then a fixed number of observations is sampled from each strata. 
Good choices for strata representation are initial conditions for 
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independent simulation runs (the number of servers for example). 
If control variates are also recommended then STRAT can often be 
combined with control variates by using a control variate for 
each strata. 
To use STRAT you will need to know and to be able to control the 
number of observations in each strata (probability of an 
observation from each strata). Trial runs, analytical and similar 
system simulation results are all useful sources of this data. 
More information about this technique can be found in Nelson, 
B.L. and B. Schmeiser (1986), "Decomposition of Some Well-Known 
Variance Reduction Techniques," J. Statist. Comput. Simul., 23, 
3, 183-209; and Bratley, P., B.L. Fox and L.E. Schrage (1983), A 

Guide to Simulation, Springer-Verlag, N.Y. ']. 

/ * recommendation-given * / 

if (output = no or output is unknown) and 
listof(X,ordered(approp-vrt) = X) = [ONE] and 
display([' 

One variance reduction technique has been selected.1,nl,1 

It is entitled: ',ONE,'.',nl,1 

A brief description of the technique follows this display.',nl]) 
and 

continuel = please-continue and 
recommendation(ONE) = RECCOMMENDATIONl and 
display(RECCOMMENDATION1) and 
continue2 = please-continue 

then recommendation-given. 

if output = yes and 
listof(X,ordered(approp-vrt) = X) = [ONE] and 
do(log printer) and 
display([' 

One variance reduction technique has been selected.',nl,1 

It is entitled: ',ONE,'.',nl,' 
A brief description of the technique follows this display.',nl]) 
and 

do(log off) and 
continuel = please-continue and 
recommendation(ONE) = RECCOMMENDATIONl and 
display(RECCOMMENDATIONl) and 
continue2 = please-continue 

then recommendation-given. 

if (output = no or output is unknown) and 
listof(X,ordered(approp-vrt) = X) = [ONE,TWO] and 
display([' 

Two variance reduction techniques have been selected and will 
be listed in order of their appropriateness.',nl,' 
They are ',ONE,' 
and ',TWO,'.',nl,' 
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Brief descriptions of each technique follow this displaynl]) 
and 
continuel = please-continue and 

recommendation(ONE) = RECCOMMENDATION1 and 
display(RECCOMMENDATIONl) and 
continue2 = please-continue and 
recommendation(TWO) = RECC0MMENDATI0N2 and 
display(RECC0MMENDATI0N2) and 
continue3 = please-continue 

then recommendation-given. 

if output = yes and 
1istof(X,ordered(approp-vrt) = X) = [ONE,TWO] and 
do(log printer) and 
display([' 

Two variance reduction techniques have been selected and will 
be listed in order of their appropriateness.1,nl,' 
They are ',ONE,nl,' 
and ',TWO,'.',nl,' 
Brief descriptions of each technique follow this displaynl]) 
and 

do(log off) and 
continuel = please-continue and 
recommendation(ONE) = RECCOMMENDATIONl and 
do(log printer) and 
display(RECCOMMENDATIONl) and 
do(log off) and 
continue2 = please-continue and 
recommendation(TWO) = RECC0MMENDATI0N2 and 
do(log printer) and 
display(RECC0MMENDATI0N2) and 
do(log off) and 
continue3 = please-continue 

then recommendation-given. 

if (output = no or output is unknown) and 
1istof(X,ordered(approp-vrt) = X) = [ONE,TWO,THREE] and 
display([' 

Three variance reduction techniques have been selected and will 
be listed in order of their appropriatenessnl,' 
They are ',ONE,nl, 
TWO,nl,' 
and ',THREE,1.',nl,1 

Brief descriptions of each technique follow this displaynl]) 
and 
continuel = please-continue and 

recommendation(ONE) = RECCOMMENDATIONl and 
display(RECCOMMENDATIONl) and 
continue2 = please-continue and 
recommendation(TWO) = RECC0MMENDATI0N2 and 
display(RECC0MMENDATI0N2) and 
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continue3 = please-continue and 
recommendation(THREE) = RECCOMMENDATION3 and 
display(RECCOMMENDATION3) and 
continue4 = please-continue 

then recommendation-given. 

if output = yes and 
listof(Xfordered(approp-vrt) = X) = [ONE,TWO,THREE] and 
do(log printer) and 
display([' 

Three variance reduction techniques have been selected and will 
be listed in order of their appropriatenessnl,1 

They are ',ONE,nl, 
TWO,n1,' 
and ',THREE,' . ' ,nl,' 
Brief descriptions of each technique follow this displaynl]) 
and 

do<log off) and 
continuel = please-continue and 
recommendation(ONE) = RECC0MMENDATI0N1 and 
do(log printer) and 
display(RECCOMMENDATIONl) and 
do(log off) and 
continue2 = please-continue and 
recommendation(TWO) = RECC0MMENDATI0N2 and 
do(log printer) and 
display(RECCOMMENDATION2) and 
do(log off) and 
continue3 = please-continue and 
recommendation(THREE) = RECC0MMENDATI0N3 and 
do(log printer) and 
display(RECC0MMENDATI0N3) and 
do(log off) and 
continue4 = please-continue 

then recommendation-given. 

if (output = no or output is unknown) and 
listof(X,ordered(approp-vrt) = X) = [ONE,TWO,THREE,FOUR] 

and 
display([' 

Four variance reduction techniques have been selected and will 
be listed in order of their appropriateness.1,nl,1 

They are ',ONE,nl, 
TWO,n1, 
THREE,nl,' 
and ',FOUR,'.',nl,' 
Brief descriptions of each technique follow this display.1,nl]) 
and 
continuel = please-continue and 

recommendation(ONE) = RECCOMMENDATIONl and 
display(RECCOMMENDATIONl) and 
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continue2 = please-continue and 
recommendation(TWO) = RECC0MMENDATI0N2 and 
display(RECCOMMENDATION2) and 
continue3 = please-continue and 
recommendation(THREE) = RECC0MMENDATI0N3 and 
display(RECC0MMENDATI0N3) and 
continue4 = please-continue and 
recommendation(FOUR) = RECCOMMENDATION4 and 
display(RECC0MMENDATI0N4) and 
continue5 = please-continue 

then recommendation-given. 

if output = yes and 
1istof(X,ordered(approp-vrt) - X) = [ONE,TWO,THREE,FOUR] 

and 
do(log printer) and 
display(t' 

Four variance reduction techniques have been selected and will 
be listed in order of their appropriateness.1,nl,' 
They are ',0NE,nl, 
TWO,n1, 
THREE,nl,' 
and ',FOUR,'.',nl,' 
Brief descriptions of each technique follow this displaynl]) 
and 

do(log off) and 
continuel = please-continue and 
recommendation(ONE) = RECCOMMENDATION1 and 
do(log printer) and 
display(RECCOMMENDATION1) and 
do(log off) and 
continue2 = please-continue and 
recommendation(TWO) = RECCOMMENDATION2 and 
do(log printer) and 
display(RECC0MMENDATI0N2) and 
do(log off) and 
continue3 = please-continue and 
recommendation(THREE) = RECCOMMENDATION3 and 
do(log printer) and 
display(RECCOMMENDATION3) and 
do(log off) and 
continue4 = please-continue and 
recommendation(FOUR) = RECC0MMENDATI0N4 and 
do(log printer) and 
display(RECC0MMENDATI0N4) and 
do(log off) and 
continue5 = please-continue 

then recommendation-given. 

if (output = no or output is unknown) and 
1istof(X,ordered(approp-vrt) = X) = 
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[ONE,TWO,THREE,FOUR,FIVE!REST J and 
display([' 

Five variance reduction techniques have been selected and will 
be listed in order of their appropriatenessnl,' 
They are ',ONE,nl, 
TWO,n1, 
THREE,nl, 
FOUR,nl, 1 

and ',FIVE,'.',nl,' 
Brief descriptions of each technique follow this displaynl]) 
and 
continuel = please-continue and 

recommendation(ONE) = RECCOMMENDATION1 and 
display(RECCOMMENDATIONl) and 
continue2 = please-continue and 
recommendation(TWO) = RECC0MMENDATI0N2 and 
display(RECCOMMENDATION2) and 
continue3 = please-continue and 
recommendation(THREE) = RECCOMMENDATION3 and 
display(RECCOMMENDATION3) and 
continue4 = please-continue and 
recommendation(FOUR) = RECCOMMENDATION4 and 
display(RECCOMMENDATION4) and 
continue5 = please-continue and 
recommendation(FIVE) = RECCOMMENDATION5 and 
display(RECCOMMENDATION5) and 
continue6 = please-continue 

then recommendation-given. 

if output = yes and 
listof(X,ordered(approp-vrt) = X) = 
[ONE,TWO,THREE,FOUR,FIVE!REST] 
and 
do(log printer) and 
display([1 

Five variance reduction techniques have been selected and will 
be listed in order of their appropriatenessnl,' 
They are ',ONE,nl, 
TWO,n1, 
THREE,nl, 
FOUR,nl,' 
and ',FIVE,'.',nl,' 
Brief descriptions of each technique follow this displaynl]) 
and 

do(log off) and 
continuel = please-continue and 
recommendation(ONE) = RECC0MMENDATI0N1 and 
do(log printer) and 
display(RECC0MMENDATI0N1) and 
do(log off) and 
continue2 = please-continue and 
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recommendation(TWO) = RECCOMMENDATION2 and 
do(log printer) and 
display(RECCOMMENDATION2) and 
do(log off) and 
continue3 = please-continue and 
recommendation(THREE) = RECCOMMENDATION3 and 
do(log printer) and 
display(RECCOMMENDATION3) and 
do(log off) and 
continue4 = please-continue and 
recommendation(FOUR) = RECCOMMENDATION4 and 
do(log printer) and 
display(RECCOMMENDATION4) and 
do(log off) and 
continue5 = please-continue and 
recommendation(FIVE) = RECCOMMENDATION5 and 
do(log printer) and 
display(RECCOMMENDATION5) and 
do(log off) and 
continue6 = please-continue 

then recommendation-given. 

/* -about-g * / 
/ *  
question(about-g) = [nl," 
You've indicated that you could either 1) model g itself as a 
stochastic process, for example as a generalized semi-Markov 
process; or 2) change g to a function g* that preserves all of 
the information about what you are interested in estimating 
(theta) in terms of the inputs, and still permits you to estimate 
theta from the output of the simulation.",nl," 
To continue, you must select which of these you prefer, or if 
neither of these interest you, then press the key for 
neither.",nl," 
Your choice?",nl]. 
legalvals(about-g) = [model-g,change-g,neither]. 
automaticmenu(about-g). 
* /  
/* aux-output * / 
question(aux-output) = [nl," 
Can you augment your knowledge of the output of interest (denoted 
by Yl) with knowledge of an auxiliary output (denoted by Y2), an 
output that can be derived from the essential outputs of the 
simulation. ",nl," 
Recall that essential means that any other random variable in the 
experiment that is a function of the input can be calculated from 
these outputs. ",nll. 
automaticmenu(aux-output). 
legalvals(aux-output) = [yes,no]. 
explanation(aux-output) = [' 
Knowing if auxiliary outputs are available is important because 
if 
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they are, then this constitutes additional information that can 
often be used to form new estimators. In particular, these 
estimators often use auxiliary outputs with information from 
other questions you will be asked, resulting in a lower variance. 
' 1 . 

/* ana lytic-model * / 
question(analytic-model) = [nl," 
Do you have an approximate analytic model of the system you are 
simulating?",nl]. 
legalvals(analytic-model) = [yes,no], 
automaticmenu(analytic-model). 
explanation(analytic-model) = [' 
This question is trying to discover if you have the basis to form 
estimators based in part on analytic results. If so, subsequent 
questions will explore techniques that use such information to 
provide estimators with a lower variance. ']. 
/ * ce-spec * / 
/*--questions/conditions to establish conditional expectation--*/ 

if ce-1 = yes and 
ce-2 = yes 

then ce-spec = true. 

question(ce-1) = [nl," 
For this question please use the following notation: 

Denote your output-of-interest random variable as Y1 and your 
auxiliary-output random variable as Yi2, where i = 1,2,...,12. 

Then let E[Yl!Yi2 = yi2] denote the expectation of Y1 
conditioned on the values of Yi2. 

The question then follows. 

With reference to your output-of-interest random variable Y1 and 
auxiliary-output random variable Yi2, i= 1,2,...,12; do you know 
or can you calculate E[Yl!Yi2 = yi2] for all realizations yi2 of 
Yi2, where Y1 is generic for any of the Yil? ",nl," 
If so, then it appears that you may be able to use an equivalent 
information transform that facilitates use of an estimator with a 
lower variance. ",nll. 
automaticmenu(ce-1). 
legalvals(ce-1) = [yes,no]. 
explanation(ce-1) = [' 
This question is trying to discover if you have the basis to use 
a variance reduction technique based in part on a conditioned 
expectation of the parameter of interest. ']. 

question(ce-2) = [nl," 
Again referring to your auxiliary-output (recall denoted by Yi2) 
and the output of interest (Yil), are these sequences independent 
of each other? That is, is Yi2 a sequence of independent random 
variables? ",nl," 
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If so, then it appears that you can use a conditional expectation 
together with the auxiliary output to obtain equivalent 
estimators, but with lower variance, for the performance measure 
of interest. ",nll. 
automaticmenu(ce-2). 
legalvals(ce-2) = [yes,nol. 
explanation(ce-2) = [' 
This question extends the previous one to see if you can use the 
auxiliary outputs information appropriately for techniques based 
on conditioning. ']. 
/* cis-test * / 
question(cis-test) = [nl," 
Determination of the appropriateness of the correlation induction 
strategy (CIS) technique in your study rests upon the results of 
a three-stage procedure. Each stage tests a key assumption of 
CIS usage. The first stage tests for multivariate normality, the 
second tests for the necessary induced covariance structure, and 
the third stage tests for the adequacy of the proposed linear 
model. 
These procedures are described in the Proceedings of the 1985 
Winter Simulation Conference (pages 190-195).",nl," 
Which situation applies to you?",nl," 

1. Have performed the procedure and found the CIS strategies 
valid. 

2. Did not perform the procedure, or did so and it was not 
valid, either way the CIS strategies were not valid.",nlj. 

legalvals(cis-test) = [valid,invalid]. 
explanation(cis-test) = [' 
This question is trying to discover if you have the basis to use 
techniques based on correlation induction. Properly assessed and 
carried out, these particular techniques are elegant and 
efficient. ']. 

/* constr-on-poi * / 

question(constr-on-poi) = [nl," 
Are there any constraints on the parameters, (i.e., they must be 
probabilities, must be positive, etc.)?",nl]. 
legalvals(constr-on-poi) = [yes,no]. 
automaticmenu(constr-on-poi). 
explanation(constr-on-poi) = [' 
This question is trying to discover if some of the information 
about the parameters in your study may be available. The question 
is quite broad because a wide body of information is potentially 
of use in forming new estimators. These estimators will be 
incorporated in several variance reduction techniques under 
consideration. ']. 
/* continuel, 2 , etc * / 
nocache(continuel). 
question(continuel)=[nl, 
"Let me know when you are finished reading."], 
automaticmenu(continuel). 
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legalvals(continuel) = [please-continue]. 
explanation(continuel) = [' 
The computer is waiting for you before it will continue with the 
consultation. This is so that you will have all the time you 
want to read each section. ']. 

nocache(continue2). 
question(continue2) = [nl, 
"Let me know when you are finished reading."], 
automaticmenu<continue2). 
legalvals(continue2) = tplease-continue]. 
explanation(continue2) = [ 
'The computer is waiting for you before it will continue with the 
consultation. This is so that you will have all the time you 
want to read each section.']. 

nocache(continue3). 
question(continue3) = [nl, 
"Let me know when you are finished reading."], 
automaticmenu(continue3). 
legalvals(continue3) = [please-continue]. 
explanation(continue3) = [ 
'The computer is waiting for you before it will continue with the 
consultation. This is so that you will have all the time you 
want to read each section.']. 

nocache(continue4). 
question(continue4) = [nl, 
"Let me know when you are finished reading."], 
automaticmenu(continue4). 
legalvals(continue4) = [please-continue]. 
explanation(continue4) = [ 
'The computer is waiting for you before it will continue with the 
consultation. This is so that you will have all the time you 
want to read each section.']. 

nocache(continue5). 
question(continue5) = [nl, 
"Let me know when you are finished reading."], 
automaticmenu(continue5). 
legalvals(continues) = [please-continue]. 
explanation(continue5) = [ 
'The computer is waiting for you before it will continue with the 
consultation. This is so that you will have all the time you 
want to read each section.']. 

nocache(continue6). 
question(continue6) = [nl, 
"Let me know when you are finished reading."], 
automaticmenu(continue6). 
legalvals(continue6) = [please-continue]. 
explanation(continue6) = [ 
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'The computer is waiting for you before it will continue with the 
consultation. This is so that you will have all the time you 
want to read each section.']. 

nocache(continue7). 
question(continue7) = [nl, 
"Let me know when you are finished reading."], 
automaticmenu(continue7). 
legalvals(continue7) = [piease-continue]. 
explanation(continue7) = [ 
'The computer is waiting for you before it will continue with the 
consultation. This is so that you will have all the time you 
want to read each section.'!. 

/ * cv-spec * / 
/*--conditions/questions to establish control variate usage */ 

if cv-1 = yes and 
cv-2 = yes and 
cv-3 = yes 

then cv-spec = true. 

question(cv-l) = [nl," 
From your knowledge of your study, including any pilot runs, 
would you say that there exists a linear dependency between the 
auxiliary output random variable and the output of interest? 
M ^ 1 »» / n 11 
Recall that if you use the inverse transform method of 
pseudo-random variate generation, you may be able to induce this 
correlation. ",nl]. 
automaticmenu(cv-1). 
legalvals(cv-l) = [yes,no]. 
explanation(cv-1) = [' 
This question establishes if there exists a basis to consider the 
use of the control variate technique in your simulation study. 
More details about this technique may be found in the following 
references: Bratley, P., B.L. Fox and L.E. Schrage (1983), A 
Guide to Simulation; and Nelson, B.L. (1987), "A Perspective on 
Variance Reduction in Dynamic Simulation Experiments", Commun. 
Statist. -Simula. 16(2), 385-426. ']. 

question(cv-2) = [nl," 
For this question, let Y<1) and Y(2) be sets of output random 
variables in your simulation, denote Y(l) as the output of 
interest and Y(2) as the auxiliary output, and let si and s2 be 
known scalar valued functions for Yl and Y2 respectively. 
" , n 1, n 1, " 
Then, are si and s2 such that the expectation of sl(Yl), call it 
E[sl(Yl)], and the expectation of s2(Y2), call it E[s2(Y2)], are 
two scalars (both real) and where E[sl(Yl)] is equal to the 
performance measure of interest and E[s2(Y2)] is known?",nll. 
automaticmenu(cv-2). 
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legalvals(cv-2) = (yes,no]. 
explanation(cv-2) = [' 
This question establishes if you have or can obtain a functional 
relationship that can be exploited to form an estimator that will 
use the information from your auxiliary output. The new estimator 
may have a lower variance than the simple, crude estimator that 
does not use all possible information available. More details 
about this technique may be found in the following references: 
Bratley, P., B.L. Fox and L.E. Schrage (1983), A Guide to 
Simulation; and Nelson, B.L. (1987), "A Perspective on Variance 
Reduction in Dynamic Simulation Experiments", Commun. Statist. 
-Simula. 16(2), 385-426. 'J. 

question(cv-3) = tnl," 
Again using Y1 and Y2 as sets of output random variables for the 
output of interest and auxiliary output respectively, do you have 
between the Y1 and Y2 a relation/function h' such that each of 
the following three conditions are true?",nl," 

a) h'(expectation of si(Yl),expectation of s2(Y2)) = 
the expectation of the performance measure of interest, call it 
theta. 
In effect, h' acts as an equivalent statistic to estimate theta 
with lower variance than the original estimator (call it h). 

b) h'(h,expectation of s2(Y2)) = h. 
This implies that no correction in the estimation of theta occurs 
if the realized value for s2(Y2) is equal to its own expectation. 

c) that the correction is greater as the discrepancy 
between s2(Y2) and E[s2(Y2)] increases. ",nl]. 

automaticmenu(cv-3). 
legalvals(cv-3) = lyes,no]. 
explanation(cv-3) = [' 
These conditions must be answered affirmatively as they establish 
the prerequisite conditions for use of the control variate 
technique. More details about this technique may be found in the 
following references: Bratley, P., B.L. Fox and L.E. Schrage 
(1983), A Guide to Simulation; and Nelson, B.L. (1987), "A 
Perspective on Variance Reduction in Dynamic Simulation 
Experiments", Commun. Statist. -Simula. 16(2), 385-426. ']. 
/ * dr-1 * / 
question(dr-1) = Inl," 
You've indicated that you can replace marginal distributions of 
at least one of the input distributions with distribution (s) of 
the same support and from which you are capable of sampling. 
Further, are you sure that the resulting output from this 
substitution is still a monotone function of these new inputs? 
This is a difficult condition to meet and you should base your 
answer on convincing results from trial runs or detailed 
analytical models. ",nll. 
legalvals(dr-1) = [yes,no]. 
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automaticmenu(dr-1) . 
explanation(dr-1) = [' 
This question follows up on an earlier one in which you indicated 
you could replace certain distributions. If the monotonicity 
condition is met, then your simulation may be able to use such 
techniques as importance sampling and Russian Roulette. ']. 

/* dr-spec * / 
if dr-1 = yes 
then dr-spec = valid. 

/ * has-ep * / 
/* 

question(has-ep) = [nl," 
From your knowledge of the system you are simulating, would you 
say it can be modeled at least partially as an embedded 
stochastic process, for example, a Markov chain?",nll. 
legalvals(has-ep) = lyes,no J. 
automaticmenu(has-ep). 
* /  

/* g-avail */ 

question(g-avail) = [nl," 
Can you do the following: 
Model your system of interest (call it g) as a stochastic 
process? In particular, you need a stochastic process with 
sufficient generality to model the range of simulation 
experiences you expect in your work, and also enough structure to 
permit generic results that apply to your work. ",nlJ. 
legalvals(g-avail) = [yes,no]. 
automaticmenu(g-avail). 
explanation(g-avail) = [" 
This question is trying to discover if what you know about your 
system of interest can be used to form certain estimators. In 
particular embedded Markov chains in some stochastic processes 
can be useful in reducing the variance of some estimators. ' 

/* g-monotone * / 
question(g-monotone) = [nl," 
Considering the logic of your system, (how inputs are transformed 
to outputs), would you say that on the basis of what you know 
about your system is there a monotonic relationship between 
inputs and outputs? ",nl]. 
legalvals(g-monotone) = [yes,no]. 
automaticmenu(g-monotone). 
explanation(g-monotone) = [' 
This question is trying to discover if you have the basis for 
using transformation exercises that are the basis for several 
techniques. If there is such a monotonic relationship, then 
techniques that are based on dependence induction may be used in 
your study. ']. 
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/* help * / 
/* the on-line help intended with this section proved to be 
untenable and so was not used. 
whenfound(help) = 

display([nl," 
Welcome to the on-line help information. Some options you have 
with your system are as follows: 

To quit the session before the consultation is complete, type the 
word 'exit' in small letters in response to any question, and 
then press the enter key. 

To indicate uncertainty in your answers type the letters 'cf' 
after your answer, followed by a space and then a number from 0 
to 100, and then press the enter key. The closer the number to 
100, the more certain you are in that answer. 

If you don't know the answer at all, you may simply type the word 
'unknown' and then press the enter key in response to any 
question. 

If you type the word 'why' and then press the enter key, the 
system will deliver a brief message explaining the rationale for 
that particular question. 

If you type the word 'terms' and then press the enter key, the 
system will deliver brief explanations of how the terms input, 
output, and statistic are used in this context. ",nl]). 
nocache(help). 
* /  

/ * how-compl ,2,3 * / 
/ *  
question(how-compl) = [nl," 
Do you plan to use pair-wise contrasts to compare your K 
alternate systems? Recall this will necessitate the computation 
of confidence intervals about the difference between the mean of 
the parameter of interest for each pair-wise contrast. ",nll. 
legalvals(how-compl) = [yes,no]. 
automaticmenu(how-compl). 

question(how-comp2) = [nl," 
Your answers for the purpose of your simulation and how to 
compare the alternate systems are inconsistent. In order to 
proceed you must choose what you want to do: ",nl,nl," 

1. Proceed with the advisor effectively ignoring your answer 
assuming that you really want to use pair-wise 
contrasts to compare alternate systems. 

2. Proceed with the advisor assuming that you really intend 
not to compare alternate systems in your current 
simulation, but instead wish to obtain an absolute 
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measure of a system. 

3. Quit the consultation altogether. If you choose this 
option you will be given a chance to restart a new 

consultation. " ,nl]. 
legalvals(how-comp2) = [ignore,change,quit]. 

if not(how-compl = yes) and 
how-comp2 = ignore 

then how-comp3 = proceed. 

if not(how-compl = yes) and 
how-comp2 = quit and 
display([nl," 

This concludes the consultation for now. If you wish to repeat 
the consultation now, you may do so by typing the appropriate 
response to the following question. Alternately, you may wish to 
exit the consultation and rethink your simulation purpose and 
method of attaining it. 
In particular the subjects of relative and absolute measures of 
performance, and the usage of mean pair contrasts may be of high 
interest to you."]) and 
continuel = please-continue 
then how-comp3 = stop. 

* /  

/* id-inputs * / 
question(id-inputs) = [nl," 
Of the streams of psuedo-random variables used as the inputs to 
your simulation, is at least one of them a sequence of 
independent random variables) that can be replaced by a different 
sequence of independent random variables that: 

a) have the same sample space as that of the original sequence? 
and 

b) are such that you can sample from this replacement 
distribution effectively, as you could for the original 
distribution? ",nll. 
legalvals(id-inputs) = [yes,no]. 
automaticmenu(id-inputs). 
explanation(id-inputs) = [' 
This question is trying to discover if you have a basis for 
consideration of techniques that are based on using a different 
stream of random variables. If you can then subsequent questions 
will seek details about this replacement and inform you about 
how to proceed. ']. 
/* input-dist-altsys * / 
question(input-dist-altsys) = [nl," 
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Do some of your inputs have the same cumulative distribution for 
the alternate systems you wish to compare?",nl]. 
legalvals(input-dist-altsys) = [yes,no]. 
automaticmenu(input-dist-altsys). 
explanation(input-dist-altsys) = [' 
This question is trying to discover this because if your inputs 
have the same cumulative distributions for the systems your are 
comparing, then you may be able to use techniques that are based 
on inducing positive correlation. ']. 

/* input- i nit -state * / 
question<input-init-state) = [nl," 
Would you say that a system starting condition/initial state 
represents an input to your system?",nlJ. 
legalvals(input-init-state) = [yes,no]. 
automaticmenu(input-init-state). 
explanation(input-init-state) = [' 
This question is trying to discover if what you know can be used 
as a basis for using techniques based on sampling strategies. For 
example some techniques call for modifying the sampling so that a 
deterministic and fixed number of observations are taken from 
each of the initial conditions, rather than a random number of 
observations. ']. 

/* input-dem-avail * / 
question!input-dem-avail) = [nl," 
Does a demand on your system/the availability of a resource 
represent an input to your simulation?",nl]. 
legalvals(input-dem-avai1) = [yes,no]. 
automaticmenu(input-dem-avail). 
explanation(input-dem-avail) = [' 
This question is trying to discover if what you know can be used 
as a basis for using techniques based on sampling strategies. 
Sometimes demands and availabilities can be manipulated by the 
experimenter to help form estimators that have a lower variance 
versus estimators that do not use this information. 'J. 

/ * io-map * / 
question(io-map) = [nl," 
In reference to the generation of pseudo
random variables (prv's) for the simulation inputs, is there a 
monotonic relationship between the input psuedo-random numbers 
(prn's), (denoted as U) and the resulting prv's to be used as 
realizations of the random variables representing inputs (denoted 
as X)?",nl," 
That is, given an output prv (denoted Xi) could it have occurred 
as a result of more than one input prn (denoted as Ui)? If so 
then there is no such monotonic relationship and your answer here 
should be no; however if not, then this relationship does exist 
and your answer here should be yes.",nil. 
enumeratedanswers(io-map). 
legalvals(io-map) = (yes,no]. 
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automaticraenu(io-map). 
explanation(io-map) = [' 
This question is trying to discover if you can use techniques 
that are based on dependence inductance. If you have such a 
monotonic relationship, then several techniques are possible 
candidates. ']. 

/ * io-mono * / 

if io-ones = yes and 
message(di,g-monotone) and 
continuel = please-continue and 
g-monotone = yes 

then io-mono = yes. 

/ * io-ones * / 
if message(di,prv-meth) and 

continuel = please-continue and 
prv-meth = inv-tran 

then io-ones = yes. 

if not (prv-meth = inv-tran) and 
io-map = yes 

then io-ones = yes. 

/ * is-specl * / 
question(is-specl) = [nl," 
To use the importance sampling (is) technique you need to be able 
to form a new, auxiliary output sequence from the replacement 
input distribution you selected. A new statistic with a lower 
variance must be used. 
Further, if using this technique with systems that are highly 
impacted by rare events, you must know the probability of these 
rare events. 
Do these conditions apply to your simulation project?",nl]. 
automaticmenu(is-specl). 
legalvals(is-specl) = [yes,no]. 
explanation(is-specl) = [' 
It appears that the importance sampling technique can be used 
with your work. This question is trying to discover if based on 
what information you have about auxiliary outputs and replacement 
of certain distributions, you can use this technique. The 
knowledge of the probability of rare events is especially 
important for efficient simulation of systems that are highly 
impacted by rare, but costly events. ']. 

/* oi-indep * / 
question(oi-indep) =[nl," 
Are outputs of interest (arguments of the statistics), 
independent? i.e., independent replications available?",nl]. 
enumeratedanswers(oi-indep). 
automaticmenu(oi-indep). 
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legalvals(oi-indep) = [yes,no]. 
explanation(oi-indep) = [' 
This question is trying to discover conditions of your simulation 
warrant the use of exercises or transformations that permit the 
use of dependence induction. If so, then several techniques that 
are based on correlation induction may be appropriate to your 
study. ']. 

/ * oi-resul t-seqdepevents * / 
question(oi-result-seqdepevents) = fnl," 
Do you have an output of interest that is the result of a 
sequence of dependent events?nl]. 
enumeratedanswers(oi-result-seqdepevents). 
legalvals(oi-result-seqdepevents) = [yes,no]. 
automaticmenu(oi-result-seqdepevents). 
explanation(oi-result-seqdepevents) = [' 
This question is asked because if you do have an output of 
interest that is the result of a sequence of dependent events, 
then you may be able to combine this information with 
what you have indicated earlier. If so, the technique known as 
splitting may be appropriate for your study. This technique is 
based on sampling exercises and information about the parameters 
of your simulation. ']. 

/* oi-resul t-revent * / 
/* 
question(oi-result-revent) = [nl," 
Is the output of interest in your simulation the result of a rare 
event?",nl]. 
enumeratedanswers(oi-result-revent). 
legalvals(oi-result-revent) = [yes,no], 
automaticmenu(oi-result-revent). 
explanation(oi-result-revent) = [' 
This is often the case when the output of interest is a function 
of one or more parameters of your system. If this is the case for 
your work, then you may combine this information with what you 
know of auxiliary outputs. 
This combination of information is important to the formation of 
estimators with a lower variance. ']. 

/* poi-dif-betw-ps2sys * / 
/* 

question(poi-dif-betw-ps2sys) = [nl," 
Is the parameter of interest the difference between parameters of 
two or more systems?",nl]. 
enumeratedanswers(poi-dif-betw-ps2sys). 
legalvals(poi-dif-betw-ps2sys) = [yes,no], 
automaticmenu(poi-dif-betw-ps2sys) . 
* /  

poi-isa-condexp * /  
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question(poi-isa-condexp) = fnl," 
Is the parameter of interest a conditional expectation?nl] . 
enumeratedanswers(poi-isa-condexp). 
legalvals(poi-isa-condexp) = [yes,no]. 
automaticmenu(poi-isa-condexp). 
explanation(poi-isa-condexp) = [' 
This question is asked because certain techniques are based upon 
opportunities that result when, combined with other conditions, 
your parameter of interest may be expressed as a conditional 
expectation. ']. 

/ * prv-meth * / 

multivalued(prv-meth). 
question(prv-meth) = [nl," 
Which of the following methods are to be used to obtain psuedo-
random variates? ",nl, 
It 

1. inverse transform 
2. composition 
3. convolution 
4. acceptance-rejection 
5. other ", 

nl,"Choose all that apply separated by commasnl]. 
legalvals(prv-meth) = [inv-tran,comp,conv,ac-rej,other J. 
explanation(prv-meth) = [' 
This question is asked because the methods of obtaining 
psuedo-random variates will determine if certain relationships 
between your inputs and outputs are possible. In particular, the 
inverse transform method will allow a very desirable relationship 
to exist. The inverse transform method will permit the use of 
broad strategies that in many cases facilitate use of specific 
techniques. Other methods may also be used in addition, but some 
care is needed depending on their role in generating the events 
of the simulation. ']. 

/ * pst rat-spec * / 
/* questions/conditions for poststratification */ 

if (cv-1 = yes or pstrat-1 = yes) and 
pstrat-2 = yes and 
pstrat-3 = yes and 
pstrat-4 = yes 

then pstrat-spec = true. 

question(pstrat-1) = fnl," 
From your knowledge of your study, including any pilot runs, 
would you say that there exists a dependency between the 
auxiliary output (Y2), and the output of interest <Y1), for 
example, a linear correlation? 

Recall that due to your method of pseudo-random variate 
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generation, you may be able to induce this correlation. ",nl]. 
automaticmenu(pstrat-1). 
legalvals(pstrat-1) = [yes,no]. 
explanation(pstrat-1) = [' 
This question is part of a series of questions that check to see 
if conditions for use of the post-stratifying technique are met 
in your simulation study. ']. 

question(pstrat-2) = Inl," 
Do you know (or believe strongly) the distribution of the 
auxiliary output (Y2)? ",nlj. 
explanation(pstrat-2) = ( 
'This information is needed in order to determine if enough 
information is available to use the poststratification variance 
reduction technique. 
automaticmenu(pstrat-2). 
legalvals(pstrat-2) = (yes,no]. 
explanation(pstrat-2) = [' 
This question is second in a series of four questions that check 
to see if conditions for use of the post-stratifying technique 
are met in your simulation study. This question checks to see if 
you have enough information to apply a technique that depends on 
use of an auxiliary output. ']. 

question(pstrat-3) = fnl," 
With reference to the auxiliary output that you described as 
having a dependency relationship with the output of interest, can 
you pair the outputs (Yil,Yi2) so that the different pairs are 
independent of each other? ",nl]. 
automaticmenu(pstrat-3). 
legalvals(pstrat-3) = [yes,no]. 
explanation(pstrat-3) = [' 
This question is third in a series of four questions that check 
to see if conditions for use of the post-stratifying technique 
are met in your simulation study. This question checks to see if 
you have enough control over structuring your simulation, and 
knowledge of your outputs to use this technique. ']. 

question(pstrat-4) = Inl," 
Again in reference to the auxiliary output Y2 just described, can 
you divide the (Yi2) into some number n non-overlapping 
intervals, (strata), Lj, j=l,2,...,n; ? ",nl], 
automaticmenu(pstrat-4). 
legalvals(pstrat-4) = [yes,no]. 
explanation(pstrat-4) = [' 
This question is the final one in a series of questions that 
check to see if conditions for use of the post-stratifying 
technique are met in your simulation study. Being able to divide 
the outputs into strata in this fashion leads to being able to 
weight the outputs and use an estimator that incorporates this to 
reduce variance. ']. 
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/* rep-marginal * / 
question(rep-marginal) =lnl," 
Your answers indicate that variance may be reduced by replacing 
certain distributions in your simulation. To explore this 
further you need to answer the following questionnl," 
Can you replace the marginal distribution of your input 
distribution with another distribution that both 1) has the same 
support as the original distribution, and 2) from which you are 
capable and willing to samplenl]. 
enumeratedanswers(rep-marginal). 
legalvals(rep-marginal) = [yes,no]. 
automaticmenu(rep-marginal). 
explanation(rep-marginal) = [' 
This question is trying to discover if you can use a broad class 
of strategies that facilitate a number of specific techniques. 
Being able to replace distributions allows the use of additional 
outputs and other information that can be used in new estimators 
of the parameter of interest. ']. 

/ * rr-specl * / 
question(rr-specl) = [nl," 
Does this apply to you, that is, is your output of interest 
(denoted Yil) in a sequence with another output, perhaps an 
auxiliary output?",nl]. 
legalvals(rr-specl) = [yes,no]. 
automaticmenu(rr-specl). 
explanation(rr-specl) = [' 
This question is trying to discover if you can use the technique 
known as Russian Roulette. Based on your previous answers it 
appears to be an appropriate technique. This question is a final 
check, and an affirmative answer here will establish Russian 
Roulette as a technique for you to consider. ']. 

/* samp-terms-inputs * / 
question(samp-terms-inputs) = [nl," 
Would you say that the sampling plan for your simulation study 
can be specified in terms of the inputs to the system? In 
other words, is the number of observations fixed and under your 
control for each strata or group in your sampling plan?",nl]. 
legalvals(samp-terms-inputs) = [yes,no], 
automaticmenu(samp-terms-inputs). 
explanation(samp-terms-inputs) = [' 
This question is being asked to follow-up on previous questions 
in order to establish appropriateness of a broad variance 
reduction strategy. An affirmative answer to this question will 
enable the consideration of variance reduction based on sampling 
allocation. '1. 

/* session is finished */ 
if not(user wants another) and 

do(exit) 
then session is finished. 
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if user wants another and 
do(reset) and do(restart) 

then session is finished. 

/* sim-sys-results * / 
question(sim-sys-results) = [nl," 
Do you have results from a simulation of a system that is similar 
to the one presently being studied?",nl]. 
enuraeratedanswers(sim-sys-results). 
legalvals(sim-sys-results) = [yes,no J. 
automaticmenu(sim-sys-results). 
explanation(sim-sys-results) = [" 
This question is trying to determine if you may have access to 
information that could be used to help establish conditions and 
provide insight for variance reduction techniques."]. 

/ * sim-purp * / 
question(sim-purp) = [nl," 
Which of the following best describes the purpose of your 
simulation?",nl," 

1. Comparative, to discover which of K alternative 
systems is the best. 

2. Absolute, to obtain an estimate of a parameter 
of interest or to test a hypothesis about it. 

Enter the number of the appropriate purposenlJ. 
legalvals(sim-purp) = [compare,absolute]. 
explanation(sim-purp) = [" 
This question is trying to determine which type of variance 
reduction technique to recommend. Your answers thus far indicate 
a form of dependence inductance is appropriate. Comparative and 
absolute simulation purposes will use different types of 
dependence, and so thus the need to find which label best 
describes the purpose of your simulation. "]. 

/* statistic-isan-average * / 
question(stat-isan-aver) = [nl," 
Is the statistic you are seeking an average?",nlJ. 
automaticmenu<stat-isan-aver). 
legalvals(stat-isan-aver) = [yes,no]. 
explanation(stat-isan-aver) = [' 
This question is asked because two broad classes of variance 
reduction strategies (based on dependence induction and 
equivalent information) are based on the summing of random 
variables embodied in taking the average. Thus a yes answer to 
this question allows consideration of several specific 
techniques. ' ] . 

/* strat-use */ 
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question(strat-use) = [nl," 
To use the technique known as stratification you must decide upon 
an optimal allocation of sampling - how many observations to each 
strata or group in the sampling plan? This requires knowledge of 
the probability of an observation from each strata, and also an 
estimate of the variance of the output of interest resulting from 
each stratum.nl," 
Thus you must use your trial runs (or equivalent information, 
perhaps from a similar study) to acquire this information as a 
p r e r e q u i s i t e  f o r  u s e  o f  t h i s  t e c h n i q u e n l , "  
Which situation applies to you?",nl," 

1. I am willing to obtain the needed estimates to proceed with 
this technique. 

2. I am not willing to proceed with this techniquenl]. 
legalvals(strat-use) = [yes,no] . 
explanation(strat-use) = [' 
This question is trying to discover if you are willing to obtain 
needed information to proceed with a possible use of the 
technique known as stratification. ']. 

/* synch-prv-streams */ 
question(syn-prv-streams) = [nl," 
Can you synchronize the streams of your psuedo-random variate 
generator?",nl]. 
legalvals(syn-prv-streams) = [yes,no], 
automaticmenu(syn-prv-streams). 
explanation(syn-prv-streams) = [' 
This question is asked because it appears you may be able to use 
the strategies that are based on dependence induction. If so the 
ability to synchronize the streams of psuedo-random variates is 
necessary to do proper comparisons and to align your estimators 
appropriately. 'J. 

/* the consultation is over */ 
if the consultation is complete and 

display([nl," 
The consultation is over for now. A recommendation will follow 
after you press the key to continue. "]) and 
continuel = please-continue 
then the consultation is over. 

/* the consultation is complete */ 
if al_intro and 

al_prelim and 
approp-vrt is known 

then the consultation is complete. 

/* the consultation is over */ 
/* recommendation-given * / 

if approp-vrt is unknown and 
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display([nl," 
Sorry, but no recommendation for a specific variance reduction 

technique can be given. However, for any reasonable estimator, 
variance is reduced as the number of observations increases. 
This can be an acceptable option if the variance is unacceptably 
high and your computing resources permit the gathering of 
additional observations. The rate of reduction obtained from this 
technique is slow: reducing in proportion to the number of 
observations. 
Perhaps you would benefit from a study of general variance 
reduction and simulation. Excellent references for selection of 
variance reduction techniques include 'A Guide to Simulation' by 
Paul Bratley, Bennett L. Fox, and Linus E. Schrage; and 'A 
Perspective on Variance Reduction in Dynamic Simulation 
Experiments' by Barry L. Nelson, in Commun. Statist. -Simula., 
16(2), 385-426, (1987). 

You can begin a new consultation now, or you can exit this 
session and begin a new session later. 
Let the system know your choice by an appropriate response to the 
following questions. "]) and 
continuel = please-continue 
then the consultation is over and 

recommendation-given. 

/* terms */ 
/* the on-line help intended with this section proved to be 
untenable and so was not used. 
whenfound(terms) = 

display([nl," 
In this context the following terms are used to view simulation 
experimentation as a set of procedures to deal with interrelated 
random variables. The random variables are partitioned into 
inputs, outputs, and statistics. 

Inputs are random variables defined by known (or fitted) 
probability distributions. 

Essential outputs are random variables defined by known (perhaps 
implicit) functions of the inputs. Auxiliary outputs are those 
random variables that can be derived from the essential ones, 
they too are functions of the inputs. 

Statistics are functions that aggregate the outputs into point 
estimators of the system parameters of interest. ",nl]). 
nocache(terms). 
* /  

/* trial-runs * / 

question(trial-runs) = [nl," 
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Will you be able to do trial runs of your simulation?nl]. 
legalvals(trial-runs) = [yes,no]. 
automaticmenu(trial-runs). 
explanation(trial-runs) = [' 
This question is asked because the information that can be gained 
from trial runs facilitates the use of broad strategies of 
variance reduction. For example trial runs can provide 
information about which final results are correlated with certain 
intermediate results. This information may be incorporated into 
forming estimators of the parameter of interest that have a lower 
variance. 1]. 

/* user ready */ 
question(user ready) = [ 

Are you ready to begin? Type '1' or 'yes' to begin.",nil. 
legalvals(user ready) = [yes]. 
automaticmenu(user ready). 
explanation(user ready) = [' 
This is the initial question to begin the consultation. All other 
questions will proceed from here. ']. 

/* user wants another */ 

automaticmenu(user wants another). 
question(user wants another) = [nl,' 

Would you like another consultation?',nl]. 
legalvals(user wants another) = [yes,no]. 
explanation(user wants another) = [' 
This question is trying to establish if you want to repeat 
another consultation. If so, all answers from the previous 
consultation will be erased and you will be asked anew all 
pertinent questions. ']. 
/* wants-cis-info * / 
question(wants-cis-info) = [nl," 
It appears the correlation induction strategies (CIS) 
are among the variance reduction techniques appropriate to your 
study. These procedures are described in the Proceedings of the 
1985 Winter Simulation Conference (pages 190-195).",nl," 
These strategies utilize the variance reduction techniques of 
common random numbers and antithetic variates in a scheme based 
o n  t h e  c o n c e p t  o f  b l o c k i n g n l , "  
To determine if this is the case, you will need to conduct 
validation tests and inform this advisor of their outcome. The 
tests include exploring the covariance-variance matrices of your 
output.",nl," 
Please choose which option you want to pursuenl," 

1. I want more information about the CIS strategies. 

2. I do not want more information.",nl]. 
legalvals(wants-cis-info) = [yes,no]. 
explanation(wants-cis-info) = [' 
This question is simply letting you know of an opportunity to use 
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these strategies to see if you wish to pursue it, or to do 
something else. ']. 

/* wants-strat-info * / 

question(wants-strat-info) = [nlr" 
It appears you can utilize the variance reduction technique known 
as stratification (denoted as STRAT). This technique requires a 
deterministic allocation of the sampling effort to outputs that 
have specific characteristics. An important opportunity to apply 
STRAT is when the simulation involves independent replications 
with randomly selected initial conditions that can be fixed 
(under experimenter control) rather than randomly sampled. ",nl," 
To use this technique you will need to conduct trial runs or 
use your knowledge of the system to obtain estimates of the 
v a r i a n c e  o f  t h e  o u t p u t  o f  i n t e r e s t n l , "  
Are you interested in using this technique and want to know more 
about applying it?",nl]. 
legalvals(wants-strat-info) = [yes,no], 
automaticmenu(wants-strat-info). 
explanation(wants-strat-info) = [' 
This question is simply letting you know of an opportunity to use 
the stratification technique to see if you wish to pursue it, or 
to do something else. ']. 

/* MESSAGES */ 
/* This is the section for message texts. It is based on BANKER, 
an M.l example program. */ 

nocache(message(ID,LIST_OF_ARGS)). 
multivalued(message(ID,LIST_OF_ARGS)). 
nocache(message-text(ID,LIST_OF_ARGS,LEVEL)). 

if level = LEVEL and 
opener and 
message-text(ID,LIST_OF_ARGS,LEVEL) = LIST and 
display(LIST) 

then message(ID,LIST_OF_ARGS). 

/* ai messages */ 
message-text(aif,oi-result-seqdepevents,experienced) = [nl, 
' Next you will be asked if your output of interest results from 
a sequence of dependent events. In other words, can you find an 
output sequence (denoted (Yj2i) on which the output of 
interest (denoted (Yill) can be conditioned? 
For example, Ross and Schechner (1985) used such conditioning in 
their work with Markov chains. They estimated parameters relating 
to the time until the process entered a fixed subset of states. 
At each transition of the process, they computed the conditional 
probability that the next transition would take the process into 
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one of these fixed states, and then based their estimators on 
these probabilities. 
The next two questions need to be answered in the affirmative in 
order for you to apply this type of technique to your simulation. 
' 1 . 

message-text(aif,oi-result-seqdepevents,novice) = [nl, 
' Next you will be asked if your output of interest results from 
a sequence of dependent events. In other words, can you find an 
output sequence (denoted {Yj2M on which the output of 
interest (denoted {Yil}) can be conditioned? 
For example, Ross and Schechner (1985) used such conditioning in 
their work with Markov chains. They estimated parameters relating 
to the time until the process entered a fixed subset of states. 
The next two questions need to be answered in the affirmative in 
order for you to apply this type of technique to your simulation. 
' 1 • 

message-text(aif,poi-func-param,experienced) = fnl," 
The next question addresses the parameter of interest you are 
estimating (call it theta), and the other parameters of the 
system you are simulating. In particular, the question is whether 
the parameter of interest is a function of other system 
parameters. If information about other parameters is available as 
a result of what you know about being able to obtain auxiliary 
outputs, conditioning on other events, etc., then you may be able 
to express the parameter of interest as a function of these. If 
so, the information available to obtain more precise estimators 
is increased and variance is reduced. 
This typically involves information from trial runs, 
analytical study relevant to your simulation study, and results 
from the study of similar systems. It's helpful to identify 
intermediate events or parameters which assume significance 
relative to their importance or sensitivity to the parameter of 
interest. It's also important to identify the final events (for 
example service competition in the study of queue performance) 
which have correlation with other events or which have known 
probabilities of occurrence from intermediate stages. "]. 

message-text(aif,poi-func-param,novice) = [nl," 
The next question addresses the parameter of interest you are 
estimating (call it theta), and the other parameters of the 
system you are simulating. In particular, the question is whether 
the parameter of interest is a function of other system 
parameters. If information about other parameters is available as 
a result of what you know about being able to obtain auxiliary 
outputs, conditioning on other events, etc., then you may be able 
to express the parameter of interest as a function of these. If 
so, the information available to obtain more precise estimators 
is increased and variance is reduced. 
Recall that in order for the parameter to be a function of other 
parameters you need to be able to express the unknown parameter 



121 

in terms other than the output of interest (denoted Y), that is, 
E[Yl. To do this typically involves information from trial runs, 
analytical study relevant to your simulation study, and results 
from the study of similar systems. It's helpful to identify 
intermediate events or parameters which assume significance 
relative to their importance or sensitivity to the parameter of 
interest. It's also important to identify the final events (for 
example service competition in the study of queue performance) 
which have correlation with other events or which have known 
probabilities of occurrence from intermediate stages. "]. 

message-text(ais,aux-output,experienced) = [nl, 
'The more information you have about a parameter the better your 
estimates can be. The next question will ask if you can derive 
auxiliary output(s) from essential outputs of your simulation. 
For example suppose the outcome of interest is the number served 
(denoted by S) and that you know this differs from the number of 
arrivals (A) by the number that balk (B). Depending on the 
outputs both A and B could be auxiliary outputs derived from such 
essential outputs as: actual arrival time of each customer, 
number in line at arrival, service completion times, and the 
number served. 
If the arrival times have a known distribution and would be used 
to derive A, then only B needs to be estimated in the equation: 
E[S] = E[A - B]. Of the random variables A & B only B needed to 
be estimated; thus a source of variation was eliminated. 
This equation differs from the original equation to obtain S: 
E[S] = a simple average of the number served. ']. 

message-text(ais,aux-output,novice) = [nl, 
'The more information you have about a parameter the better your 
estimates can be. The next question will ask if you can derive 
auxiliary output(s) from essential outputs of your simulation. 
Recall that outputs are the random variables (RV) defined by 
known, deterministic functions of the simulation inputs, and 
further, that essential outputs can be used to derive other RV 
resulting from the inputs. 
For example suppose the outcome of interest is the number served 
(denoted by S) and that you know this differs from the number of 
arrivals (A) by the number that balk (B). Depending on the 
outputs both A and B could be auxiliary outputs derived from such 
essential outputs as: actual arrival time of each customer, 
number in line at arrival, service completion times, and the 
number served. 
If the arrival times have a known distribution and would be used 
to derive A, then only B needs to be estimated in the equation: 
E[S] = El A - B]. Of the RV A & B only B needed to 
be estimated; thus a source of variation was eliminated, as 
compared to using a simple average to obtain an estimate of the 
number served. ']. 

message-text(ais,input-indem,experienced) = [nl,' 
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Use of certain inputs can lead to insight about the original 
outputs that allow derivation of additional (auxiliary) outputs. 
Information about auxiliary outputs can allow sampling 
allocation for reduced variation. Initial conditions, resource 
availability, and demands on the system are all candidates for 
inputs that sometimes can yield opportunities to use auxiliary 
outputs. 
Examples of initial conditions include the number in queue, the 
number of servers. Examples of inputs that represent demands on a 
system/availability of a resource include the probability density 
function of arrivals to the system, service discipline. 
These inputs do not need to be under experimenter control and/or 
assigned deterministically to various outputs. In either case, 
this knowledge about inputs can be combined with auxiliary output 
information to obtain improved estimators. 
For example when inputs represent a system starting condition, 
and are under experimenter control, stratified sampling can be 
used to allocate sampling effort to outputs that have desirable 
characteristics. When inputs are not under experimenter control, 
the outputs can sometimes be weighted on the basis of this 
knowledge about input representations. 'J. 

message-text(ais,input-indem,novice) = [nl, 
'Use of certain inputs can lead to insight about the original 
outputs that allow derivation of additional (auxiliary) outputs. 
Information about auxiliary outputs can allow sampling 
allocation for reduced variation. Initial conditions, resource 
availability, and demands on the system are all candidates for 
inputs that sometimes can yield opportunities to use auxiliary 
outputs. 
For example when inputs represent a system starting condition, 
outputs can be directed to each strata of the types of starting 
condition (sampling from each strata proportionately) to 
reduce the variation. 
Examples of initial conditions include the number in queue, and 
the number of servers. Inputs that may represent demands on a 
system or availability of a resource include the probability 
density function of arrivals to the system and service 
discipline. 
These inputs do not need to be under experimenter control and/or 
assigned deterministically to various outputs. In either case 
knowledge about inputs can be combined with auxiliary output 
information to obtain improved estimators. ']. 

/* di messages */ 
message-text(di,prv-meth,experienced) = [nl, 
'Obtaining realizations of the random variables being used as 
inputs to a simulation can be accomplished in many ways. In each 
method the psuedo-random numbers (prn) are transformed into 
psuedo-random variates (prv) having a specified distribution. 
Of these methods the inverse transform method is most preferred 
because it facilitates the use of variance reduction techniques 
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(vrt) that are based upon dependence induction. These vrt are 
among the easiest to employ. Also, if synchronization of the 
random variates is needed, (as needed when comparing two or more 
systems) then the inverse transform method is nearly the only 
choice compatible with synchronization. 
Use of the non-inverse transform methods is usually restricted to 
when the random variable denoting the desired input does not have 
a simple closed-form expression for its cumulative density 
function (cdf). ']. 

message-text(di,prv-meth,novice) = [nl, 
'Obtaining realizations of the random variables being used as 
inputs to a simulation can be accomplished in many ways. In each 
method the psuedo-random numbers (prn) are transformed into 
psuedo-random variates (prv) having a specified distribution. 
Of these methods the inverse transform method is most preferred 
because it facilitates the use of variance reduction techniques 
(vrt) that are based upon dependence induction. These vrt are 
among the easiest to employ. Also, if synchronization of the 
random variates is needed, (as needed when comparing two or more 
systems) then the inverse transform method is nearly the only 
choice compatible with synchronization. 
Use of the non-inverse transform methods is usually restricted to 
when the random variable denoting the desired input does not have 
a simple closed-form expression for its cumulative density 
function (cdf). 
For example the inverse transform method is a good choice to 
obtain random variates having the exponential distribution. 
However, the random variates having the normal distribution 
cannot be obtained using this method because no closed form 
expression for its cdf is known.']. 

message-text(di,io-indep,novice) = (nl, 
'Outputs of interest in a simulation are different depending on 
the level of detail that the experimenter needs to address. For 
example the output of interest could be the statistic calculated 
from each replication/or run of a system. Within each run the 
individual measures of performance comprising the stream of 
outputs are rarely independent. However if non-overlapping 
streams of pseudo-random variates drive each replication, then 
the statistic calculated from each replication would be 
independent of that statistic calculated from other replications. 
Here then the output of interest would be independent. ']. 

message-text(di,io-indep,experienced) = [nl, 
'Outputs of interest in a simulation are different depending on 
the level of detail that the experimenter needs to address. For 
example the output of interest could be the statistic calculated 
from each replication/or run of a system. However if non-
overlapping streams of pseudo-random variates drive each 
replication, then the statistic calculated from each replication 
would be independent of that statistic calculated from other 
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replications. Here then the output of interest would be 
independent. ']. 

message-text(di,stat-isan-aver,experienced) = [nl, 
'Most of the statistics sought in a simulation are averages 
computed from the simulation output. In addition to the mean, 
other statistics may be calculated for each replication (for 
example a 95%-percentile ranking). However here too, the 
statistic needed is usually an average taken over the 
set of replications /or batches.']. 

message-text(di,stat-isan-aver,novice) = [nl, 
'Most of the statistics sought in a simulation are averages 
computed from the simulation output. Depending on the output of 
interest, an average can be calculated based on the output from 
within each replication, or the aggregated outputs from several 
replications. In addition to the mean, other statistics may be 
calculated for each replication (for example a 95-percentile 
ranking). 
However here too, the statistic needed is usually an average 
taken over the set of replications /or batches.']. 

message-text(di,syn-prv-streams,experienced) = [nl, 
'From your answers thus far it appears that you can synchronize 
streams of pseudo-random variates. Doing this allows utilization 
of VRTs based on dependence induction. 
Effort is required to obtain synchronization. To decide if you 
are willing to synchronize consider that coding your simulation 
in a base language offers more freedom than if you are 
restricted to using a package. If you synchronize you should 
prepare to: 
(1) devote non-overlapping streams of pseudo-random variates to 
each type of random variable needed and then use each stream for 
alternative systems being simulated or devote the streams to 
specified replications/runs of the simulation; (2) generate 
required random variables ahead of time, and store them for use 
as needed in simulating the system, both alternate or single 
system simulations. ']. 

message-text(di,syn-prv-streams,novice) = [nl, 
'It appears that you can synchronize streams of pseudo-random 
variates. This allows utilization of VRTs based on dependence 
induction (e.g. common random variables and antithetic 
variables). Synchronizing ensures that a random variate used 
for certain purpose in one simulation is then used for the 
same purpose in either all other systems being simulated or for a 
single system, for each replication/run. 
Effort is required to obtain synchronization. To decide if you 
are willing to synchronize consider that coding your simulation 
in a base language offers more freedom than if you are restricted 
to using an package. If you synchronize you should 
prepare to: (1) devote non-overlapping streams of pseudo-random 
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variates to each type of random variable needed and then use 
each stream for alternative systems being simulated or, devote 
the streams to specified replications or runs of the simulation; 
(2) generate required random variables ahead of time, and store 
them for later use as needed in simulating the system, both 
alternate or single system simulations. ']. 

message-text(di,g-monotone,experienced) = [nl, 
'Simulations can be seen as transforming a set of inputs into a 
set of outputs that can be aggregated into estimates for 
performance measures of the system. 
A monotonic relationship between inputs and outputs of a system 
refers to how the system transforms inputs to outputs. For 
example, arrival times to the system and number of servers in the 
system are common inputs, and waiting times in queue for 
customers of the system are common outputs of systems. 
A system is monotonic if, given an output from the system, that 
output could not have resulted from more than one input, or set 
of inputs. 
That is, with respect to each input sequence, the outputs are 
monotone in the same direction; however, both functions may be 
monotone nondecreasing in one input and monotone nonincreasing in 
another input. 
When a system has this monotonic relationship between inputs and 
outputs implementation of variance reduction techniques based 
upon dependence induction is greatly facilitated. 

message-text(di,g-monotone,novice) = [nl, 
'Simulations can be seen as transforming a set of inputs into a 
set of outputs that can be aggregated into estimates for 
performance measures of the system. 
A monotonic relationship between inputs and outputs of a system 
refers to how the system transforms inputs to outputs. For 
example, arrival times to the system and number of servers in the 
system are common inputs, and waiting times in queue for 
customers of the system are common outputs of systems. 
A system is monotonic if, given an output from the system, that 
output could not have resulted from more than one input, or set 
of inputs. 
When a system has this monotonic relationship between inputs and 
outputs implementation of variance reduction techniques based 
upon dependence induction is greatly facilitated. 

message-text(diplus,how-comp,LEVEL) - [nl, 
'You have indicated that your simulation purpose is to compare 
alternative systems. Mean pair contrasts, i.e., the difference 
between each member of a pair resulting from pairing the 
alternate systems, are the basis of how alternate systems are 
compared. This involves the computation of confidence intervals 
about the difference between the mean of the parameter of 
interest for each pair-wise contrast. 
Before proceeding further the advisor will check to see if this 
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how you plan to compare alternate systems in your simulation. 
1 1 . 

message-text(diplus,input-dist-altsys,experienced) = [nl,1 

Since you will be comparing some number of alternate systems an 
important issue is whether you will use the same cumulative 
distribution for some of the random variables representing inputs 
to your simulation. 
Doing so will allow comparisons to be made on the basis of the 
attributes on which the alternatives differ. 
As an example, consider the psuedo-random variates representing 
the inputs for arrival rates, number of servers, server rates and 
buffer capacity for a simulation. Then for a given input random 
variable, use the same cumulative distribution across the 
alternate systems being assessed. The psuedo-random variable 
representing the decision variable to be assessed (i.e. perhaps 
buffer capacity is of interest) need not have the same cumulative 
distribution for the alternate systems. 

message-text(diplus,input-dist-altsys,novice) = fnl,' 
Since you will be comparing some number of alternate systems an 
important issue is whether you will use the same cumulative 
distribution for some of the psuedo-random variables representing 
inputs to your simulation. 
Doing so will allow comparisons to be made on the basis of the 
attributes on which the alternatives differ. This is in contrast 
to biasing the contrasts due to nonrelevant variations among the 
alternatives. 
As an example, consider the psuedo-random variates representing 
the inputs for arrival rates, number of servers, server rates and 
buffer capacity for a simulation. Perhaps you can use the same 
cumulative distributions across the alternative systems being 
assessed for some of these random variables. That is, for a 
given input random variable, use the same cumulative distribution 
across the alternate systems being assessed. The psuedo-random 
variable representing the decision variable to be assessed (i.e. 
perhaps buffer capacity is of interest) need not have the same 
cumulative distribution for the alternate systems. ']. 
/ * dr messages * / 
message-text(dr,id-inputs,LEVEL) = [nl, 
'This message is under development. It will inform users about 
the iid question;perhaps only one level? 

/* this message was dropped from the pre-question set */ 

' J . 

message-text(dr,id-rep-marginal,experienced) = [nl, 
'Your answers indicate that you may be able to utilize a variance 
reduction technique based on replacing the marginal distributions 
of some of the independent inputs to your simulation. These 
techniques have the following as their rationale: recall that the 



127 

variance of a random variable is determined by the possible 
deviations from its mean and the probability it assumes those 
values. Replacing a distribution is done to preserve the range 
of the outputs but alter the probabilities. Since we can control 
only the inputs directly in simulation - we must work indirectly 
through the inputs. 
Thus the next question will ask you about replacing the marginal 
distributions of independent inputs to your simulation. ']. 

message-text(dr,id-rep-marginal,novice) = [nl, 
'Your answers indicate that you may be able to utilize a variance 
reduction technique based on replacing the marginal distributions 
of some of the independent inputs to your simulation. These 
techniques have the following as their rationale: recall that the 
variance of a random variable is determined by the possible 
deviations from its mean and the probability it assumes those 
values. Replacing a distribution is done to preserve the range 
of the outputs but alter the probabilities. Since we can control 
only the inputs directly in simulation - we must work indirectly 
through the inputs. 
Thus the next question will ask you about replacing the marginal 
distributions of independent inputs to your simulation. ']. 

message-text(dr,is-specl,novice) = [nl,' 
You may be able to use the importance sampling (IS) technique. 
The is technique is commonly used when only "rare" events are of 
interest. Due to the rarity of the event, straight forward 
simulation may require a prohibitive amount of time to obtain a 
reasonable estimate of the desired measure of performance 
(call it theta). The basis of the IS technique is to sample from 
a different distribution (one that gives the rare event more 
weight), and then to apply a correction factor to compensate. 
Either way theta is estimated as the average of the output 
values. It is essentially a Monte Carlo evaluation of the 
relevant sum or integral. 
Thus this technique can be used when one or more of the input 
distributions can be replaced by different distributions having 
the same marginal distribution as the one(s) they are replacing. 
New statistics with a lower variance than the original statistics 
are then developed which utilize the new distributions and the 
correction factor. For example, a new statistic could be used to 
average the product of the original outputs and the auxiliary 
outputs.']. 

message-text(dr,is-specl,experienced) = [nl, 
'You may be able to use the importance sampling (IS) technique. 
This technique is useful when one or more of the input 
distributions can be replaced by different distributions having 
the same marginal distribution as the one(s) they are replacing. 
New statistics with a lower variance than the original statistics 
are then developed which utilize the new distributions and the 
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correction factor. 
A representative opportunity for IS occurs when the simulated 
system is highly impacted by rare events that occur with a known 
probability. Here a new statistic could be used to average the 
product of the original outputs and the auxiliary outputs. ']. 

message-text(dr,rr-specl,novice) = fnl,' 
You may be able to use the Russian Roulette (rr) technique in 
your simulation. This technique is useful when your problem is 
characterized by a series of outputs or involves a large number 
of discrete situations. Examples include random walks and 
subsystems in series. To use rr you need to be able to establish 
during the runs of your simulation whether or not the process is 
in an interesting state or uninteresting state. (Interesting 
means likely to contribute to the desired result.) 
This involves two outputs, denoted Yi2 and Yil. These outputs are 
random variables realized in sequence: a realization of Yi2 is 
generated, then a realization of Yil follows, for i=l,2, ... . 
The rr technique alters the probability that Yil will be realized 
whenever an event Yi2 occurs. Thus, if the state of a given stage 
is not of interest, then one might want to restrict further 
investigation: that is, kill off the process with a known 
probability (Russian Roulette). 
The following question will ask you if you have two outputs that 
are realized in sequence. If so, and if the information on this 
display is relevant to your work, then the rr technique may be 
appropriate to you. ']. 

message-text(dr,rr-specl,experienced) - [nl, 
'You may be able to use the Russian Roulette (rr) technique in 
your simulation. This technique is useful when your simulation 
involves 2 outputs, denoted Yi2 and Yil, in the following way: 
Yi2 and Yil are realized in sequence, i.e., a realization of Yi2 
is generated, then a realization of Yil follows, for i=l,2, ... . 
The rr technique alters the probability that Yil will be realized 
whenever an event Yi2 occurs. In this fashion the technique works 
via the distribution replacement to alter the probability of 
event selection.']. 

message-text(ea,g-avail,novice) = [nl, 
'Your answer that you have access to an analytical model for your 
simulation indicates that you may be able to use transformations 
based on knowledge about the logic of the system you are 
simulating. Recall that the function g defines how inputs 
sampled from a static probability distribution F are transformed 
into outputs that describe (hopefully) the system you are 
simulating. Also, we can say it (g) represents the logic of the 
system you are simulating. 
To use these particular transforms, you must be able to answer 
yes to the following question about the logic of your system.']. 

message-text(ea,g-avail,experienced) = [nl, 
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'Your answer that you have access to an analytical model for your 
simulation indicates that you may be able to use transformations 
based on knowledge about the logic of the system you are 
simulating. Recall that the function g defines how inputs 
sampled from a static probability distribution F are transformed 
into outputs that describe (hopefully) the system you are 
simulating. Also, we can say it (g) represents the logic of the 
system you are simulating. 
To use these particular transforms, you must be able to answer 
yes to the following question about the logic of your system.1]. 

message-text(ei, constr-on-poi,experienced) = [nl," 
The next question addresses what you know about the auxiliary 
outputs, the parameter of interest, and initial conditions of 
your simulation. This information constitutes equivalent 
information that may allow you to redefine the functions (denoted 
as h) from outputs to statistics without altering the outputs 
(denoted as Y) or inputs used in the statistics. You may be able 
to use to use a new statistic (call it h'(Y)) to estimate your 
parameter of interest with a smaller variance than using Y alone. 
For example a statistic not using information about constraints 
on the parameter of interest could be: Z = h(Y) = E[Y], a simple 
average. In contrast this information could be used to construct 
a new statistic: Z = h'(Y), that incorporates information 
embodied in what you know of constraints on the parameter of 
interest, auxiliary outputs and initial conditions of the 
simulation. "]. 

message-text(ei,constr-on-poi,novice) = (nl," 
The next question concerns what you know about the auxiliary 
outputs, the parameter of interest, and initial conditions of 
your simulation. Using this background consider how the statistic 
you are using (call it Z) aggregates outputs (denoted as Y) from 
your simulation into point estimator of the parameter of interest 
(thus we write Z = h(Y)). Recall that variance reduction refers 
to reducing the variance of Z, and not the elements of the set of 
the outputs. 
This information constitutes equivalent information that may 
allow you to redefine the functions (denoted as h) from outputs 
to statistics without altering the outputs or inputs used in the 
statistics. You may be able to use a new statistic (call it 
h'(Y)) to estimate the parameter of interest with a smaller 
variance than using Y alone. 
For example a statistic not using information about constraints 
on the parameter of interest could be: Z = h(Y) = E[Y], a simple 
average. In contrast this information could be used to construct 
a new statistic: Z = h'(Y), that incorporates information 
embodied in what you know of constraints on the parameter of 
interest, auxiliary outputs and initial conditions of the 
simulation. "]. 

message-text(ei-sa,ssr-tr,novice) = [nl,' 
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Next you will be asked if you have results from the study of a 
similaf system or from trial simulation runs of this current 
study. The kind of information that is desirable includes: the 
relative contributions of different simulation inputs to the 
outputs, and the statistical properties of the outputs. For 
example, stepwise regression of outputs on inputs can determine 
which inputs are strongly correlated with which outputs, and also 
the regression coefficients can often be used with the control 
variate technique. 
In addition empirical distributions of the output can be obtained 
and used to allocate the sampling plans such that areas that 
contribute most to the variance are sampled from more often, and 
new estimators (with smaller variance) then used. 
Also, study of the output may be used to determine the 
correlations and covariance matrices among the outputs. For 
example, outputs can be sought that are correlated with the 
output of interest. Information about these outputs (considered 
auxiliary outputs) can often be used to reduce variance of the 
estimators of the output of interest. ']. 

message-text(ei-sa,ssr-tr,experienced) = [nl, 
'Next you will be asked if you have results from the study of a 
similar system or from trial simulation runs of this current 
study. The kind of information that is desirable includes: the 
relative contributions of different simulation inputs to the 
outputs, and the statistical properties of the outputs. For 
example, stepwise regression of outputs on inputs can determine 
which inputs are strongly correlated with which outputs, and also 
the regression coefficients can be used to provide estimates of 
multipliers for use of the control variate technique. 
In addition empirical distributions of the output can be obtained 
and used to bias the sampling plans toward areas that contribute 
most to the variance. 
Also, study of the output may be used to determine the 
correlations among the outputs. For example, outputs can be 
sought that are correlated with the output of interest. 
Information about these outputs (considered auxiliary outputs) 
can often be used to reduce variance of the estimators of the 
output of interest. ']. 

message-text(ce,poi-isa-condexp,experienced) = [nl, 
'It appears that a variance reduction technique can be based on 
how the expected value of the parameter of interest (call it 
theta), is expressed. If theta can be expressed as an average 
that is, conditioned on the set of inputs to your simulation, 
then you may be able to allocate your sampling of the inputs to 
exploit this conditional relationship. 
The next set of questions will ask if you can express the 
parameter of interest as a conditional expectation. If so, in 
subsequent questions you will then be asked about inputs that you 
can condition upon. ']. 
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message-text(ce,poi-isa-condexp,novice) = [nl, 
'It appears that a variance reduction technique can be based on 
how the expected value of the parameter of interest (call it 
theta), is expressed. Theta is usually expressed simply as the 
expected value of the output random variable of interest: EfYil}. 
However if theta can be expressed as an average that is 
conditioned on the set of inputs to your simulation, then you may 
be able to allocate your sampling of the inputs to exploit this 
conditional relationship. Information that is sought includes 
E{Yil!Xl (X denoting the partial or complete set of input random 
variables) and the input cumulative distribution function of one 
or more of the input random variables. 
The next set of questions will ask if you can express the 
parameter of interest as a conditional expectation. If so, in 
subsequent questions you will then be asked about inputs that you 
can condition upon. 'J. 

/* message-text(sa,input-init-state,LEVEL) = [nl, 
'This message is under development. It will inform users about 
the sample allocation, input-init-state question. 
']. later decided not to use this one */ 

message-text(sa,samp-terms-inputs,experienced) = [nl, 
'It appears that inputs to your simulation can play an important 
role in variance reduction. If you have control over the 
generation of input random variate streams such that those inputs 
that contribute most to the output variance are fixed, (i.e. a 
stratified sampling plan). Based on your previous answers, your 
inputs seem to offer this opportunity. If further, you can fix or 
allocate the generation of random variates to represent starting 
conditions or initial states then you can specify the sampling 
plan in terms of the inputs. 
To know if you can do this, compare the capabilities of your 
random variate generator against the number of streams 
that you need for the inputs. Also check the ability to control 
the generation of these streams. If you are using a package such 
as SIMAN, then your ceiling on stream availability and control 
will be much more strict than if you are using a base language 
such as Pascal, C, or Fortran. ']. 

message-text<sa,samp-terms-inputs,novice) = [nl, 
'It appears that inputs to your simulation can play an important 
role in variance reduction. If you have control over the 
generation of input random variate streams such that those inputs 
that contribute most to the output variance are fixed, (i.e. a 
stratified sampling plan). Based on your previous answers, your 
inputs seem to offer this opportunity. If further, you can fix 
or 
allocate the generation of random variates to represent starting 
conditions or initial states then you can specify the sampling 
plan in terms of the inputs. To know if you can do this, compare 
the capabilities of your random variate generator, against the 
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number of streams that you need for the inputs. Also check the 
ability to control the generation of these streams. If you are 
using a package such as SIMAN, then your ceiling on stream 
availability and control of stream allocation will be much more 
strict than if you are using a base language such as Pascal, C, 
or Fortran. Also realize that not all inputs need to be 
controlled; just the ones that you believe contribute most to the 
output variance. Recall that trial runs and results from study of 
similar systems can help determine these. ']. 
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