Validation of Simulation Models

ABSTRACT

This is a tutorial paper on validation of simula-
tion models. Included in this tutorial are what is
meant by validation, the problem dependent charac-
teristics of simulation model validation, descrip-
tions of the various validation techniques and their
use and a discussion on the statistics used in vali-
dation techniques (but not the detailed statistical
tests themselves).

INTRODUCTION

Validation is an important step in developing simu-
lation models. Simulation models are developed for
specific purposes or objectives. It is against
these objectives (or objective) that a model is
judged whether it is or is not valid. In valida-
tion, one does not prove that the model is valid
(correct) under all sets-of conditions. Instead,

a degree of confidence is obtained that the model
and its results are reasonable for the objective it
was developed for. It is usually too costly and
time consuming to prove a model is valid under all
conditions.

Figure one illustrates two relationships of model
confidence. One curve illustrates how the valida-
tion cost increases as the model confidence in-
creases and the other curve shows the relationship
of the value of the model's results to the user as
a function of model confidence. Note that the de-
gree of confidence lies between 0% and 100%, where
1007% implies that the model has been proven to be
correct (valid) for the objectives it was developed
for.

Basically three questions are of concern. (1) Does
the simulation model behave as a model builder be-
lieves? (2) Does the simulation model adequately
represent the system for the objective(s) it was
developed? (3) Does the similation model user have
confidence in the model's results? Fishman and
Riviat [B8] called the process of answering the
first question verification and the second question
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validation. Most authors use this terminology [9,
17, 22]. oOthers, however, make no distinction be-
tween the use of these terms or use them to mean
just the opposite, i.e., validation is addressing
the first question and verification is addressing
the second question. In this paper we will use the
terms verification and validation as Fishman and
Kiviat do.

Figure two presents a simplified process of the
steps of the modelling process of concern in model
verification and validation. Question one above is
primarily concerned with (a) does the flowchart
model represent the system or idea as the modellers
(model builders) believe it does, and (b) does the
simulator (computerized model) accurately represent
the flowchart model? This latter process is some-
times called program correctness. The second ques-
tion above is concerned with how adequately does
the flowchart model and the simulator represent the
system or idea under investigation for the specific
objectives the simulation model is being developed
for. The third question concerns whether the model
user believes the model's output or results of in-
terest. (We are assuming in this paper that the
computer language is error free, a good random num~
ber generator is being used in simulation models,
etc. in discussing validation.)

To address these questions, various techniques and
approaches are used to obtain confidence in the
model. There are currently no known procedures
(algorithms) or specific sequences of using the
various techmiques to develop confidence in simula-
tion models nor are there known ways to quantify
the confidence one has in a specific model. Also,
many techniques are problem dependent. Thus in
practice, the analyst or model builder uses those
techniques that seem appropriate to obtain the
necessary confidence in the model considering such
factors as cost, time, model use, model's users,
etc. Furthermore, these questions are usually not
addressed entirely separate of each other. Certain
techniques and tests are performed for eéach question
separately and others for both or all three questions
together.
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Validation of Simulation Models (continued)

This author believes, as do many others, that model
validation is not completely separable from model
building. He believes that validation techniques
should be used during the model building process

and also that model building is an Iiterative pro-
cess and confidence in the model is increased from
model iteration to model iteration. It is also
generally agreed that it is necessary to have system
data if reasonable model confidence is to be obtain-
ed, preferable for at least two different operating
levels. ’

We can illustrate the relationships of verification
and validation to the modelling process more clearly
if we consider verification to be comprised of flow-
chart verification and simulator verification and

technical aspects of verification and validationm,
and the modelling process, then the user must’ ob-
tain confidence in the model in other ways.

This author believes that a modeller (or an organi-
zation) develops "credibility" with model users and
as this credibility increases, model users increase
their confidence in the models .developed by this
modeller. One way to develop credibility and user
confidence is to have the model user be an active
member of the modelling (problem solving) team.
Another way is to involve the model user in the ap-
plication of specific validation techniques, e.g.,
face validity. .

In Figure three, we have included data validity.
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validation to be comprised of theoretical validity
and operational validity. Flowchart verification is
concerned with whether the flowchart model repre-
sents the system (or idea) as the modellers believe
it does and simulator verification is concerned with
" whether the flowchart model has been programmed
correctly and that there are no computation problems
in the model, e.g., computation errors due not accu-
mulate to make the results inaccurate. Theoretical
validity is concerned with whether the theories used
and the assumptions made in a model will allow it to
have the necessary accuracies required for the prob-
lem and operational validity is concerned with the
ability of the simulator to reproduce the system or
idea such that its results are sufficiently accurate
. to satisfy the model's objectives or purpose. Using
these definitions, we show in Figure three the re-
lationships of verification and validation to the
modelling steps given in Figure two.

The user of a simulation model either is or is not
able to follow and understand the technical aspect
of model building, verification and validatiomn. If
the model user is able to follow this process, then
the user should obtain confidence in the model
through the documentation the modelling team pro-—
duces. If the user is not able to understand the
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Data validity is usually not discussed or mentioned
with regard to model validation. However, obtain~
ing sufficient and accurate data for model building
and validation is difficult, time consuming, and
frequently costly. It has been this author's ex-
perience that data validity is extremely important

"and is the most common reason that initial attempts

to validate a model fails. For example, in [2],
the model of a rework area of a production system
was not able to be validated until a second time
study was made of the system to obtain accurate
data.

Gass [9, 10] has recently proposed for complex models
to have an independent evaluation of each model made

by individuals thatfare neither the developers or

users to determine if a user should rely on and use
the outputs of a given model. He presents thirteen
questions (items) on verification, validation, and
documentation for evaluators to use in evaluating
models. The evaluator selects a numerical value
between zero and ten for each question based upon
the analyses and conclusions reached for that ques-—
tion. A numerical rating is obtained for each model
by using a set of weights given for the questions
and the numerical values selected for each question
by the evaluator. The numerical rating obtained for
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a model then puts that ‘model into one of three cate-
gories: Category I, the model can be used with
confidence; Category II, the model is acceptable
and useable, but needs. further analysis or minor-
improvements in order to be used with confidence;
and Category III, the model should not be used un~
less major deficiencies are corrected.

Some authors discuss validation criteria other than
confidence in the model.. Shannon [17] discusses a
degree of validity between zero and one which is
essentially identical to confidence in the model
between zero and one hundred percent. Zeigler [23]
states that he believes there are increasing de-
grees of model validity and defines three such de-
grees: replicatively valid, the lowest level,
which means the model data is able to match pre-
vious system data; predictively valid, the next
level, which means that the model data can predict
future system data; and structurally valid, the
highest level, which means the model structure
agrees with the internal workings of the real sys—
tem. Schellenberger [16] recently suggested three
basic kinds of criteria for assessing model validi-
ty for managerial purposes: technical validity,
which is to identify model divergence from the

real system; operational validity, which is to
identify the effect of the model divergence on the
model's use; and dynamic validity, which is to
identify the range of the model validity. The

U.S. General Accounting Office in its Guidelines
for Model Evaluation [11] presents a list of cri-
teria for model evaluation in order to evaluate a
model to determine if it should be used in decision
making. .

The next section of this paper deséribes various
problems characteristics that effect the validation
techniques used. This is followed by a section
describing the various validation techniques, and a
section on using them. The last section is a
summary.

CHARACTERISTICS OF MODELLING PROBLEMS

The objective of this section is to define the vari-
ous characteristics that effect validation. The
characteristics are broken into three separate
classes: problem characteristics, system character~
istics, and model characteristics.

The class of problem characteristics describes the
characteristics of the problem environment and the
objectives of developing the model. Is the purpose
of the study to investigate system output, system
behavior, system mechanisms (structure), or obtain
system insights? Is the model to be used in re-
search, development, system design, selection among
alternative systems (e.g., new equipment), modifi-
cation of an existing system (e.g., tuning, peaking),
or in an operating system at the strategical, tac-
tical or operational level? 1Is the model to be used
once or many times? 1Is the model to investigate
transient or nonstationary behavior, steady state
behavior, or both? What range of system values are
of concern? What are the precise purposes and ob-
jectives of the model? Do other models of this sys-
tem exist? What are the cost returns expected from
modelling? What is the relationship of the model
user to the model developer (close or far removed)?
Does the user understand the modelling process, and
if so, at what level?

The class of system characteristics characterize the
system under investigation. Does the system exist
or does 1t mot? Is it a natural system or man-made
(artificial) system? If the system exists, can
appropriate and sufficient data be obtained on the
system and can controlled experiments be made to
collect data? (For example, a computer system may
be able to run in two different configurations to
obtain lots of data whereas only a small amount of
data may be able to be obtained on environmental or
inventory systems.) How much does it cost to col-
lect data on the system? Is the system determinis-
tic or stochastic? Does the system operate in
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Validation of Simulation Models (continued)
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steady state or is it a non-stationary system?

The class of. model characteristics describe the
model itself. What are the assumptions underlying
the model? Is the model deterministic or stochas-
tic? 1Is the model dynamic or static? Does it have
submodels? What range of values is it valid over?
What type of data collection and analysis is possi-
ble? How much does it cost to develop the model?
How much does it cost to run the model? What lan-
guages is it programmed in? How much documenta-
tion is there on the model? What level of model
validation is desired?

VALIDATION TECHNIQUES

This section describes the various validation tech—
niques that are used to develop confidence in simu-
lation models. As stated above, a combination of
techniques are commonly used in performing a vali-
dation. Most of the techniques described here are
found in the literature {3,4,5,6,7,8,13,16,17,22],
although they may be modified slightly or described
differently by this author. Usually it is desirable
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to use statistical tests with the validation tech-
niques, if appropriate; if not, other techniques
should be employed such as graphical plots. The
usage of these techniques are discussed in the next
section.

Face Validity: Face validity is asking people
knowledgeable about the system whether the model is
reasonable. One can, for example, apply face
validity to the model flowchart to determine if the
logic is correct. Also face validity is commonly
used to determine 1f different model input-output
relationships and their internal behavior (e.g.,
queue lengths) are reasonable.

Traces: The behavior of different types of specific
entities in the model are traced (followed) through
the computerized model to determine if the model's
logic and the computer program are correct and if
the necessary accuracy is obtained.

Historical Methods: Three historical methods of
validation are Rationalism, Empiricism, and Positive
Economics. Rationalism assumes everyone knows
whether the underlying assumptions of a model are




true. Then logic deductions are used from these
assumptions to obtain the correct (valid) model.
Empiricism requires every assumption and outcome to
be empirically verified. This approach is the op-
posite of rationalism. Positive Economics requires
only that the model be able to predict the future
and is not concerned with its assumptions or
mechanisms (structure).

Multistage Validation: Naylor and Finger [13] pro-
posed combining the three historicdl methods of
Rationalism, Empiricism, and Positive Economics in-
to a multistage process of validation. This vali-
dation method consists of (1) developing the model's
assumptions on theory, observations, general know-
ledge, and intuition; (2) validating the model's
assumptions where possible by empirically testing
them; and (3) comparing (testing) the input—output
relationships of the model to the real system.

Internal Validity: Several replications (runs) of
a stochastic model are made to determine the amount
of stochastic variability in the model. A high
amount of variability may cause the model's results
to be questionable and therefore should be reduced,
if possible.

Parameter Variability — Sensitivity Analysis: This
validation technique consists of changing the input
and internal parameters of a model to determine the
effect upon the model and its output. The same re-
lationships should occur in the model as in the real
system. Those parameters that are sensitive, i.e.,
cause sufficient changes in the model's behavior,
should be made sufficiently accurate prior to using
the model. (This may require iterations in model
development.)

Comparison to Other Models: Various results, e.g.,
output, of the simulation model being validated are
compared to results of other models. (For example,
simple cases of the simulation model may be able to
be compared to known analytical results.)

Historical Data Validation: If historical data
exist (or if data is collected on a system), part
of the data is used to build the model and the re-
maining data is used to determine (test) if the
model behaves the same as the system does.

Predictive Validation: The model is used to predict
(forecast) the system behavior and tests are made to
determine if the system behavior and the model's
forecast are the same.

Event Validity: The "events" of occurances of the
simulation model are compared to those of real sys—
tem to determine if they are the same. (Examples

of events might be the number of deaths in a given
fire department simulation or number of fires having
a given amount of fire damage.)

Live Graphics: Computer output graphics of the
model's operational behavior are evaluated. (An
example is the flow of traffic through an intersec-
tion in a traffic simulator.)

Submodel Testing: Submodels of the simulation model
are validated using the techniques described here.

USEAGE OF VALIDATION TECHNIQUES

In the preceding section, various validation tech-
niques were described. One can apply these tech-
niques either subjectively, such as using graphical
approaches, or objectively by using statistical
tests, In either case, it is necessary to have data
from the real system if a high degree 6f confidence
is to be obtained in a model. In validating a model,
usually several of the validation techniques are
selected and used by the analyst. As stated above,
thére is no algorithm or procedure for selecting the
techniques to use in a given model validation. Al-
though there is no fixed procedure, face validation
is almost always used initially to determine if the
model is reasonable. Alsé statistical tests should
be used where feasible and economical.

Because there is no procedure or algorithm for
selecting and using the validation techniques pre-
sented- above, this author suggests the following
steps as a minimum be performed in validation: (1)
an agreement be made prior to building the model be-
tween the model's sponsor and the modelling team as
to the validation approach to be used, (2) theoreti-
cal validity be performed-in developing the flow-
chart model during each model iteration, (3) opera-
tional validaty be performed after the simulator has
been verified, and (4) validation be discussed in
the model documentation. The validation approach

to be determined in step 1 does not refer to which
specific validation techniques are to be used but
instead to determining (i) whether the modelling
team is to determine if the model is valid, whether
a specific set of system data must be used in vali-
dation, whether the model's sponsors are going to
use an independent evaluation team in addition to
the validation performed by the modelling team, etc.,
(ii) the accuracies desired between the model and
the system for given sets of conditions, e.g.,
whether certain statistical tests must be satisfied,
face validation is to be used to determine if the
model obtains the necessary "accuracy", etc., and
(iii) the type and amount of information regarding
validation that is to be in the model's documenta-
tion, e.g., is all the data used in validation to
be included or just the results of the statistica;
tests, etc.

In general, at least the following are of concern

in validation: (1) Are the assumptions underlying
the model correct? (2) Are the parameters, the
statistical distributions, and other data used in
the model correct? (3) Are the model's input-out—
put transformations correct? To answer these ques~-
tions, data needs to be collected on the real sys—
tem and analyzed, preferably statistically, for at
least two different operating levels. In collect-
ing and analyzing the system data, one must be con-
cerned with whether the data is independent, cor-
related, stationary, or nonstationary. Depending
on the behavior of the data and the method of
collecting it, the appropriate statistical tech~
niques must be used. "To answer the first two ques-
tions, estimates must be made of parameters, distri~
butions, etc. To answer the last question, compari-
sons must be made of the model's and system's out-
puts for given inputs. The latter might be concern-
ed with just means, variances, and distributions ot
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Validation of Simulation Models (continued)

might be concerned with time series.

The statistical techniques used might be straight
forward, such as estimating a mean or comparing two
means, or it might require the state-of-the-art
tests such as comparing two non-stationary time
series. The statistical techniques used in valida-
tion can include a vast majority of statisties, e.g.,
classical statistics, non-parametric statistics, and
time series analysis. The statistical tests used
are described in statistic books as well as in
articles on validation and simulation texts [7 12,
14, 17, 18, 20].

If statistical tests cannot be used, the data from
the system and the model should be examined using
other techniques such as graphs, histograms, ete.

If system data is not available, then ' guestimates
must be used for the model; however, the models out-
put, etc. should still be examined as thoroughly as
possible.

Various results using statistical tests for valida-
tion have been reported. Chandra and Sargent [2]
have reported on a simulation study of a rework area
of a production system in which the simulator was
validated by determining that the 95% confidence
intervals of the mean production rates and the utili-
zations of the repairmen from the simulator contain-
ed the means from the system, Teorey [20] reports
on a simulation model of a computer system that he
was able to validate using statistic tests to com-
pare means, variances, and distributions of several
model and system variables using statistical tests
requiring normal distribution assumptions. Kheir
and Homes [12] report on validating simulation
models of missile systems using Théil's inequality
coefficients. Stafford [19] reports on a simulation
model of a multifacility out-patient clinic that he
was able to validate using statistical tests and

the validation criteria specified by Schellenberger
[16]. Anderson and Sargent [l], however, report on
a simulation study of a computer system that they
were not able to use statistical tests in validation
because of the large amount of variability occurring
in the system and the model. Instead they made
graphical comparisons of various model and system
variables. In [21], Trehan and Sargent report on a
simulation model used to aid in the design of a
large computer/manual microfiche information storage
and retrieval system for the Air Force where system
data did not exist and thus "guestimates" were used.
They were able to answer the designers questions
and, in addition, pointed out a problem area that
the designers were unaware of.

SUMMARY

This paper described what is meant by validation
and the validation techniques used to obtain con-
fidence in simulation models. It was stated that
validation techniques are problem dependent, that
it is desirable to have system data, and that it is
desirable, if possible, to use statistical tests in
applying validation techniques. Furthermore, it
was pointed out that both the modeller and the user
must have confidence in the model. One, however,
should be cautioned on being too stringent in com-

502 December 3-5, 1979

paring the model and the system. As Fishman [6]
states, it is his feeling that too much emphasis
can be placed on model versus system statistical
exactness instead of placing validation in the de-
cision making context, i.e., does the use of the

model lead to the same action by a decision maker

as would be made by using knowledge from the real
system.
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