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ABSTRACT: The Fidelity Implementation Study Group (Fidelity 1SG) has the objective of leveraging the current interest and excitement in
describing, quantifying, and using simulation fidelity, particularly in the context of the HLA. Recognition of the importance of capability to
characterize simulation fidelity has been growing in the SISO community for some time. At least five SIW forums (Analysis, T&E, RD&E,
Logistics, VV&A), recommended the establishment of the Fidelity ISG to address a number of specific simulation fidelity issues which cut across
the concerns of virtually all SISO forums. The ability to describe and quantify simulation fidelity appropriately will be essential for effective
interoperability and support of endeavors such as Simulation Based Acquisition.

The Fidelity was chartered to complete its tasking by the March 1999 SIW, and produce an integrated project report addressing:
1) Appropriate ssimulation fidelity definitions for the SISO community and proposed for inclusion in the DMSO M&S Glossary and

similar lexicons.

2) Basic simulation fidelity concepts for the SISO and other simulation communities.

3) A summary of workable contextual frameworks within which simulation fidelity is considered, with an explicit indication of how such
frameworks would relate to the larger theoretical context of modeling and simulation theory.

4) Initia identification of methods (or the approach to methods) and metrics for usefully defining, estimating, and measuring aspects of

simulation fidelity.
5) Areasfor further study and discussion.

This paper is the required report from the Fidelity ISG. While the named author has collated submissions and edited the final version, in truth the
report is the result of more than a dozen direct contributions in the form of draft sections and the indirect contributions of the more than one

hundred subscribers to the Fidelity | SG reflector.

1. Introduction
1.1 Why Fiddlity?

Fidelity is important because it is at the heart of what
distinguishes computer simulations from any other
computer program. A computer simulation is the same
as any computer program, except that the purpose of a
computer simulation is to represent some behavior of
some things in the real (or imagined) world. Without
this crucial distinction, a computer simulation, and
correspondingly the challenges associated in developing
one, are just those of any computer program, and
therefore not worthy of study independent of computer
science.

However, the unique purpose of simulation, in
representing “real” systems, does distinguish computer
simulation from other computer programs. Consider: a
specification for a simulation will read much as a
specification for any other computer program,
requirements for controls and displays, functional
performance, safety concerns, and so forth. However,
such specifications always address a topic unique for
simulations, the requirements about the simulation
“objects of interest”. These requirements sometimes
appear as an extensive discussion, and sometimes a brief

reference to other design criteria. Therefore, the unique
measure of goodness for simulation is how well the
simulation makes its representation, or its fidelity.

Despite its apparent essentia relationship to developing
and using simulations, fidelity has to be the least
consistently used, yet most commonly used term in the
simulation community. However, we can identify some
small initial consensus about fidelity. We know that
fidelity is good and that more of it is better. We at least
suspect that fidelity is expensive both to buy and to own.
Merriam Webster contributes the following about
fidelity:

Synonyms: allegiance, ardor, devotion, faithfulness,
fealty, loyalty, piety

Related Words:
steadfastness;
trustworthiness

staunchness,
reliability,

constancy,
dependability,

Contrasted Words: didloyalty, falseness, falsity,
perfidiousness, traitorousness, treacherousness,
treachery; undependabl eness, unreliability,
untrustworthiness

Antonyms: perfidy; faithlessness



These words certainly support our thought that fidelity is
good! More specifically focused on simulation fidelity,
the Defense Modeling and Simulation Office Glossary
defines fidelity as “The accuracy of the representation
when compared to the rea world”. The simulation
community understands and uses fidelity at least in some
general sense. Users inextricably associate fidelity with
the simulation's suitability for its purpose, such as
analysis, design, training, etc. Fidelity is understood to
be one of the largest cost drivers for simulation. If we
consider that fidelity uniquely defines simulation
uniquely from other computer programs, then fidelity
can be seen as the key to smulation validation (the
determination that the right simulation has been built for
a specific purpose).

However, simulation fidelity has proved difficult to use
in practical application.  For example, very few
applications attempt to describe fidelity objectively,
much less quantitatively. The typical practice is to
default to linguistic terms such as high, medium, and
low; however this is unsatisfactory because it is very
subjective.  Since fidelity is regarded as a primary
measure of goodness for simulations, developing an
objective fidelity measure offers substantial benefit for
describing and scoping simulations.

1.2 Background

The importance of fidelity in developing and using
simulations is reflected by the ongoing interest in fidelity
a the Simulation Interoperability  Standards
Organization's (SISO’s) Simulation Interoperability
Workshop (SIW). In response to this interest, SISO
established the Fidelity Implementation Study Group
(ISG). The Fiddlity 1SG is attempting to leverage this
ongoing interest to make practical progress in describing,
quantifying, and using fidelity.

The Fidelity 1SG is chartered to develop:

1) A lexicon for simulation fidelity terms and
concepts.

2) A contextual framework related those terms and
concepts and simulation theory.

3) A set of methods and metric by which fiddlity
is defined, estimated, and measured.

The significance of fidelity is underscored by the
demands of current simulation initiatives such as the
High Level Architecture (HLA) and Simulation Based
Acquisition (SBA).  These initiatives require the
simulation community to discover and use new, more
powerful ways of describing and quantifying
simulations.

The Fiddlity ISG redlized very early that constructing
and using common definitions was a key to making
progress. Therefore, much of the ISG's effort has gone
into the construction of a Glossary of Fidelity Related
Terms, which appears as Appendix A in this document.
This glossary builds upon many previous efforts, which
are extensively cited.  Sources included the DIS
Glossary, the current DMSO Glossary, and particularly
the work of the Fidelity sub-group of the SIW RDE User
Community Forum. This sub-group, led by Ralph
Weber (Computer Sciences Corporation), compiled a
large number of definitions related to fidelity from
various sources, and then sponsored discussion of those
terms via the RDE reflector, at two interim meetings of
the RDE forum, and at two SIWs. The definitionsin the
glossary are appropriate for wide community
acceptance. They will be used in this document. These
definitions are not perfect, but until better ones are
commonly accepted, the most important thing is that we
all use the same terms so that we can communicate with
one another most effectively. If we need to invent
additional terms for concepts not adequately covered by
these terms, then we should do that instead of causing
confusion by using the same terms with different
meanings.

1.3 Scope

This document is the first report out of the Fidelity 1SG.
It makes an attempt to gather up in one place recent
fidelity author’s thinking on fidelity to both report on the
current state of research and to form a basis to assess the
suitability of fidelity as a subject for standardization. It
does not claim to be a draft standard, nor a plan for
standardization. It does provide a basis for an
assessment of the maturity of fidelity technology and its
readiness for standardization.

1.4 Reader’'sGuide

This document is structured in three maor sections.
First, it provides an overview of the state of knowledge
about fidelity. The next section summarizes four major
conceptual frameworks about fidelity, as published
through the Simulation Interoperability Workshops. The
final section explores the possibility of developing
fidelity standards.

Thisreport is the product of many contributors, including
every member of the Fiddity I1SG. Special
acknowledgement is made of the following individuals
for the contributions of sections:  Furman Haddix,
Dean Hartley,  Scott Harmon, Geoff Hone, Bruce
MacDonald, Dale Pace, Manfred Rosa, and Bill Tucker.



2. Fidelity Overview
2.1 What isFidelity?

The basic connotation of simulation fidelity is clear, even
when there are differences of opinion about the exact
definition of fidelity. Simulation fidelity has to do with
how well the simulation responses and results correspond
to what the simulation represents. What the simulation
represents is sometimes caled the “real world” and
sometimes called something else. How well the
simulation represents this is addressed in a variety of
ways and is often described by terms such as “the degree
to which,” similarity, accuracy, precision, etc. The
following is the formal definition, which has emerged
out of the Fidelity ISG, and appears in Appendix A.

Fidelity: 1. The degree to which a model or
simulation reproduces the state and behavior of a
real world object or the perception of a real
world object, feature, condition, or chosen
standard in a measurable or perceivable manner;
a measure of the realism of a mode or
simulation;  faithfulness. Fidelity should
generally be described with respect to the
measures, standards or perceptions used in
assessing or stating it. See accuracy, sensitivity,

precision, resolution, repeatability,
model/simulation validation. 2. The methods,
metrics, and descriptions of models or

simulations used to compare those models or
simulations to their real world referents or to
other simulations in such terms as accuracy,
scope, resolution, level of detail, level of
abstraction and repeatability.  Fidelity can
characterize the representations of a model, a
simulation, the data used by a simulation (e.g.,
input, characteristic or parametric), or an
exercise. Each of these fidelity types has different
implications for the applications that employ
these representations.

2.1.1 Fidelity Descriptions

A large number of ways of describing simulation fidelity
exist in the literature, many of which were identified in a
synoptic review of the simulation fidelity literature [18].
These are grouped in three basic categories. short,
shorthand, and long. These terms were selected for
classifying fidelity descriptions in a way that avoided
pejorative labels.

Short descriptions of simulation fidelity, such as
gualitative labels such as “high,” “medium,” or
“low” fidelity and dimensionless characterizations
tend to have more public relations utility than

technical utility. They serve mainly as advertising
blurbs about simulations and frequently lack the
information content, which is necessary to support
technical decisions about simulation appropriateness
for aparticular application.

Shorthand descriptions of simulation fidelity, such
as classification of a flight simulation as Level D by
Federal Aviation Administration (FAA) Advisory
Circular (AC) 120-40, is normally an indication that
a simulation satisfies a multiple attribute criterion.
And incidentally, the number of attributes satisfied
may well exceed 100, which is the case for
classification as a Level D flight simulator by the
FAA.

Long descriptions of simulation fidelity typically
describe simulation fidelity in terms of multiple
attributes.  The number and kinds of attributes
considered varies with the construct being employed
for simulation fidelity. Most constructs consider
either the scope of the simulation’s treatment of
significant factors in the application domain (this
usualy involves some kind of enumeration), the
quality of treatment of factors within the simulation
(as indicated by parameter accuracy, resolution,
etc.), or both [19].

2.1.2 Qualitative vs. Quantitative Fidelity

The qualitative nature of fidelity is commonly
understood. The quantitative nature of fidelity implied
by the above definition is often overlooked or neglected.
There is a tendency to consider fidelity as somewhat
ethereal and thereby un-quantifiable, however it is often
possible to decompose all or part of a qualitative
assessment into a collection of quantitative assessments.
For example, qualitative characteristics can certainly be
perceived — such as a good musical performance, a good
meal, a bad experience, etc. But each of these
gualitative assessments has quantitative corollaries. The
good musical performance was one in which the
performer closely followed the timing, frequency (pitch),
etc. specified by the composer. The good meal was one
in which the amount of ingredients was as specified in
the recipes, and prepared accordingly.

Qualitative descriptions of simulation fidelity have
utility, but that utility is more in the public relations
arena than in the technical arena since most qualitative
descriptions of fidelity will be short (not shorthand)
descriptions of fidelity. It may be difficult to develop
objective evaluation processes by which one determines
a quditative description of fidelity (such as high,
medium, or low). However, subjective evaluation of



simulation fidelity qualitatively by knowledgeable
persons may be useful in some cases.

Quantitative descriptions of simulation fidelity are
required when specific, objective characteristics of a
simulation must be evaluated. If a simulation must
produce results such that a critical parameter (e.g., miss
distance for a missile flyout simulation) requires
specified levels of accuracy and precision in order to
support design decisions or concepts of operation
assessments, then only quantitative descriptions of
simulation fidelity that address such can satisfy
determination of simulation appropriateness.

2.1.3 Measurement Issues

There are two obstacles to any fidelity measurement
standard. The first that there must exists a definition of
the real or imagined world sufficient to measure the
difference between it and the simulation. The second is
that the simulation must be similarly defined.

The first obstacle explains why essentidly all fidelity
papers call for the establishment of some common
referent -- the “world” is not a good ruler to measure
fidelity. The world is too large and complex and too
poorly understood to be a practical measure. Therefore,
we must establish a commonly understood standard.
Many authors go farther to claim that we should only
attempt to assess the fidelity of a simulation against those
aspects of the referent that we had intended to simulate,
arguing that if the simulation represented all aspects of
the simuland it would be the simuland. The good news
is that this means we need only measure how well a
simulation represents a behavior against the behavior it
was intended to represent. This only seems fair! The
bad news is that in order to use this new, more precise
definition, we must very carefully define the referent and
how much of it we want to simulate.

Unfortunately, even if we completely understand and
specify the referent, we are left the second obstacle; i.e.
specifying the simulation. Carefully defined simulation
fidelity is the intuitively correct metric for the ssimulation
unique aspects of our simulation, because in it describes
how well the behavior of the simulation matches the
interesting parts of the simuland. Unfortunately, the
simulation has many other characteristics. These
characteristics describe the nature, behavior and
character of the simulation, independent of the simuland.
Describing the simulation requires a complex,
multidimensional set of measures. The simulation’
quality (intrinsic and extrinsic), cost (development,
scenario, and execution) and extent (decomposition,
aggregation and interfaces) must be described, aong
with its method of control, intended computation
environment etc. These characteristics combine with

fidelity to describe the desired simulation.  This
description could then be used to assess the fitness of a
simulation is for its intended use. The key point is that
carefully specified and measured fidelity is important,
but is only one aspect of measuring that “fitness’.

2.2 Fidelity-Related Concepts

There are many terms closely related to fidelity such as
accuracy, precision, resolution, and so forth, whose
casual use adds to the genera confusion limiting the
practicality of fidelity. The intent of this discussion isto
outline the semantic relationship between these terms, as
illustrated in Figure 2.2-1. It can be seen from this figure
that physical redlity, either materiad or imagined,
provides the basis from which al knowledge of reality
can be obtained. Known reality manifests this body of
knowledge. Known reality also provides the source both
for referents, through which application requirements
and model or simulation fidelity may be defined, and for
abstractions of reality that become models and
simulations.

Resolution, error/accuracy, sensitivity, precison and
capacity define the terms that describe application
requirements and model or simulation capabilities.
These concepts also provide a consistent set of
measurement units.  The fidelity of a model or
simulation is defined in terms of the relevant referent and
the capabilities of the model or simulation. Fidelity
describes the essential characteristics of the model or
simulation relative to its referent. Application
requirements can be expressed in terms of the tolerances
to variation in resolution, error, sensitivity, precision and
capacity. These tolerances define the acceptable ranges
for al of the dependent and independent variables of all
of the dependencies needed to achieve the application’s
objectives. Comparing an application’ s tolerances with a
model or simulations fidelity enables the assessment of
the model’s or simulation’s fitness for the application. If
a model or simulation meets all of the fitness criteria
then it isvalid for the application.

Here are the formal definitions for these terms which
have emerged from the Fidelity ISG's discussions, and
appear in Appendix A.

Accuracy: The degree to which a parameter or
variable or set of parameters or variables within
a model or simulation conform exactly to reality
or to some chosen standard or referent. See
resolution, fidelity, precision.

Error: The difference between an observed,
measured or calculated value and a correct
value.
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Figure 2.2-1: Relationships between Fidelity-Related Concepts

Fitness. Providing the capabilities needed or
being suitable for some purpose, function,
situation or application.

Precision: 1. The quality or state of being
clearly depicted, definite, measured or calculated.
2. A quality associated with the spread of data
obtained in repetitions of an experiment as
measured by variance; the lower the variance, the
higher the precison. 3. A measure of how
meticulously or  rigorousy  computational
processes are described or performed by a model
or simulation.

Resolution: 1. The degree of detail used to
represent aspects of the real world or a specified
standard or referent by a model or simulation. 2.
Separation or reduction of something into its
congtituent parts; granularity.

Sensitivity: The ability of a component, model or
simulation to respond to a low level stimulus.

Tolerance: 1. The maximum permissible error
or the difference between the maximum and
minimum allowable values in the properties of
any component, device, model, simulation or

system relative to a standard or referent.
Tolerance may be expressed as a percent of
nominal value, plus and minus so many units of a
measurement, or parts per million. 2. The
character, state or quality of not interfering with
some thing or action.

Validity: 1. The quality of being inferred,
deduced or calculated correctly enough to suit a
specific  application. 2. The quality of
maintained data that is found on an adequate
system of classification (e.g., data model) and is
rigorous enough to compel acceptance for a
specific use. 3. The logical truth of a derivation
or statement, based on a given set of propositions.

While the specific definitions from the glossary and used
in this discussion may be at odds with the definitions
from other authors, these formal provide a context for
making real progress toward a practical and usable
fidelity standard. Where disagreement between these
definitions does exist, the effort necessary to restore
consistency is minor and the process is well understood.
The formal definition of these fidelity-related terms has
permitted careful description of their relationships.
Hopefully, this clarity will support the work necessary to




create meaningful standards related to modeling and
simulation fiddlity.

2.3 Applied Fiddlity

Despite the confusion about fidelity, its related concepts,
and the obstacles to measuring fidelity, the simulation
community has made use of fidelity in a number of
practical ways. This section addresses the some of the
practical ways fidelity has been use.

It is perhaps true that fidelity first becomes a serious
issue in simulations when humans participants are
introduced.  Notice that the number of interactions
between a human participant and the various simulation
entities are generally much more complex than those

without humans. In low complexity interactions, fidelity
can be managed intuitively rather than requiring
extensive analysis based. But introducing humans
requires an in-depth understanding of human sensory
systems and the level of fidelity required in presentations
to those sensory systems, in order to achieve a sense of
“presence” for the participant.

The following table summarizes how the problem of
matching model fidelity to the human sensory system has
been addressed. The reader is referred to Smulation
Fidelity in Training System Design [Hays, R.T. and M.
J.  Singer, Smulation Fidelity in Training System
Design: Bridging the Gap Between Rreality and
Training, Springer-Verlag, London, 1989].

Table 2.3-1: Fidelity Applications with Human-in-the-Loop Smulation

Sensory Input

Model Features

| ssues and Notes

Motion Cues

Fixed base
Motion base (onset G's)

Centrifuge (sustained G's)
G-suit

G-seat
Vibration effects

Test subjects typically become so immersed in flight
simulation exercises that motion will be perceived even when
in fixed-base testbeds. Much has been written about the
guestionable value of motion bases, particularly in view of
their high recurring and non-recurring costs. However,
motion cues are needed when evaluating PV techniques under
high G conditions (including reach analyses and effects of G
loading on perception), vibration effects, and the contributions
of G stress to workload. Care should be taken to employ
sustained-G techniques when evaluating the effects of
continued acceleration, as onset-G techniques, G-suits and G-
seats provide only the psychological impression of sustained
motion. Vibration effects may be critical in evaluation voice
input/output systems and touch-activated screens.

Visual Cues

Out-the-window (OTW)
scene:

— None or rudimentary

—Narrow OTW field of
view

—Wide OTW field of
view

Terrain models

— Areasimulated

— Moving land-based
objects

The rudimentary OTW scenes of most micro-simulators are
appropriate for basic technological capabilities screening.
BVR engagements can aso generally be supported with
simplistic visua cues. PVI devices that are tightly coupled
with visua scenery (e.g., helmet-mounted sights), must be
evaluated with high-fiddity, wide field-of-view visud
imagery. In WVR engagements, much of the SA-related
workload depends upon the external visual scene and the
mapping of cockpit displays tot he external world; Thus-high-
fidelity imagery is often mandated. The price/performance
ratio of visual scene generation systems has improved
markedly in recent years, rendering it feasible to use such
systemsin cases where their need may be uncertain. The costs
of such use are moderate if the visua system has aready been
integrated and tested. High-fidelity nap-of-the-earth imagery
will be required if low-level evasive flight, terrain masking
and clutter are included in the evaluation.




— Redlistic aircraft models

— Dusk/night/fog effects
Artificia Digital models Care needs to be taken to ensure that digital models are not
Participants — Threat aircraft unredlistically powerful in terms of SA, response time, and
error rates. Digital models can, in some scenarios, serve
— Friendly aircraft effectively as wingman, if the evaluation dies not focus on
inter-flight communication or distributed decision-making
— Threat weapons across the flight. Digital participant models (“digies’) are
often used for less active participants, e.g., neutral aircraft or
— Threat tactics bombers under escort.
Crewstations: One or more full crewstation domed simulators are often used
_ . in conjunction with interactive stations with rudimentary
Rudimentary controls controls, e.g., MIL-AASPEM. Such dtations provide an
_ Full crewstations excellent means of supporting MvN engagement simulation.
Caution is warranted in assessing workload or SA for pilots at
rudimentary stations. Also, care needs to be taken to ensure
that such pilots do not have unredlistically good SA at such
workstations, due to the coverage and accuracy sometimes
given to the simplistic displays.
Noise Effects Cockpit-external nolse The high ambient noise levels characteristic of current

- Weapons

- Auditory Damage effects
- Wind

- Engines

Cockpit-internal noise

- Warning tones

- Voice communication

cockpits should be carefully considered for inclusion in any
exercise which seeks to validate a crewstation, particularly
those which cal for automatic voice input/output.
Extended exposure to high noise levels increases stress and
should be considered on that basis, especially when dealing
with lengthy flights.
Engine noise and damage effect noise can be a valuable source
of information, and Thus may augment SA; conversely,
extraneous noise may override other information transfer and
Thus degrade SA. Evauations dealing with SA in a robust
operational fashion should take these effects into account in
determining the need for high-fidelity sound effects.

Cockpit Displays

Number of displays
Size of displays
Resolution
Placement

Color

The number, type, size and placement of displays are normally
explicitly caled out as independent variables in the
crewstation evaluation process. The CAT process calls for the
gradual-buildup of display components through successive
levels of evaluation, with the final level (crewstation
evaluation) requiring a full suite of high-fidelity displays in
realistic juxtaposition. Partial configurations and lesser
fidelity must always be considered in light of test objectives
and data requirements, Is the validity of the evauative
measures compromised by the display configuration? If
displays are omitted, has their future interaction been
considered? Or will the present test need to be run? Are the
resolution and size of the displays appropriate for the
anticipated period of possible deployment?
The use of aternative displays in secondary (rudimentary)
combat stations is a valid technique, as discussed above.




Feel of controls and

Tactile awitches Crew station validation must take into account the realistic
feel of controls and switches, especialy when using
; operational aircraft as baselines, with test subjects who are
Personal equipment experienced with those aircraft. Earlier evaluations
_Gloves (capabilities screening, analytic evaluation) may depart from
high realism if test objectives and measures are not
— Hemet compromised. Training can compensate for slight variations
between simulated and actual crewstations to alimited extent.
— Bio/chem defense

clothing The interface of personal equipment should be taken into
N account in the design of PVI concepts. Such equipment is
Vibration effects required in any thorough crewstation validation if analysis
indicates that it will be a dignificant factor in PVI
effectiveness. Earlier analytic screenings can determine the
presence of significant interaction without necessitating high-

fidelity simulation.
Temperature Effects Extreme or prolonged These features are mandated when identified as experimental

exposure to heat or cold

variables of interest.

Fidelity has also been practically applied in physical
modeling, for example in modeling aircraft performance.

The following table outlines how fidelity considerations
have impacted physical modeling.

Table 2.3-2: Fidelity Applications to Physical Modeling

Aerodynamics

Aircraft models

—3-t0 6-DOF

— Flight control

— Propulsion

Weapons models

— Surface-to-air-missiles

— Alir-to-air missiles

Fidelity requirements stem directly from test objectives and
evaluative measures. If, for example, tracking error is used as
a measure, then the aerodynamic models of the platform and
the target must be high enough to provide stable closed-loop
performance. Issues include data capture rates vs. model
update rates vs. control sampling rates.

High-fidelity missile models are not customarily required for
PVI evaluations; simplistic 3 DOF models are often sufficient,
depending upon the measures to be captured. If the flight
characteristics are not essential to the evaluation, a flyout
model may be replaced by a rudimentary agorithmic
calculation (deterministic or stochastic) of time of flight and
endgame results. High fidelity is required in cases in which
pilot activities during time of flight are of interest (e.g.,
evasive actions or missile guidance support). For evaluations
in which detailed missile performance data are required,

—Guns determinations include: minimum and altitudes, number of
missiles simultaneously in flight; and sensitivity to target
—Bombs aspect angle. If aspect angle is important, 6-DOF target
models will be required. If detailed models are required,
classification of the facility and data may be mandated.
Sensor Models Radar models Most PVI evaluations will be exempt from the stringent

— Airborne (both Blue and

modeling requirements imposed upon sensor models used for
weapons systems effectiveness analyses, except during crew-




Red)
— Surface (Sam and AAA)
EO/IR sensors

RWR

station validation or when required by the attributes of a
particular automation concept. Issues include ECCM
vulnerahility; clutter effects; simultaneous track capacities;
simultaneous search and track capabilities; inter-sensor
interference (e.g., self-jamming); and cross section sensitivity
(may require 6-DOF models of targets); field of regard; and
tactical range. Highly detailed and threat-specific models may
require classification of the facility and data. Environmental
effects (rain, clouds, glint, sun, etc) are important factors when
assessing systems involving IR sensors.  Another important
factor is the fidelity of the correlation between the sensor
display and the out-the-window view. The bottom line: Are
the critical test measures sensitive to a given feature?

Avionics Models

Navigation (NAV)

Communication (COMM)

Normally fidelity is sufficient to represent the data interface
between the cockpit controls and displays. However, higher
fidelity in the modeling of performance of some subsystems
(e.g., NAV) may be required for cockpit automation and

Stores

Mission computers

sensor fusion studies.

2.4 Fideity Requirements
2.4.1 Physical

Physical fidelity refers to the degree to which the layout
and feel of surfaces exposed to the participant match the
“real” environment. Physical fidelity requirements have
generally been dealt with a two levels. First, many
applications do not require a great deal of realism, and
therefore the resulting physical implementation bears
only an incidental relationship to the real system. This
approach is frequently seen in system test simulations.
The other extreme is when the simulation must very
closely approximate reality, in which rea system
controls and displays are frequently used, and the
geometric relationships of the controls and displays is
very close to reality. This approach is seen most
frequently in training simulators, but occasionally also in
design simulations. There is very little work on the
range of approaches between these extremes.

24.2 Visual

Visua fidelity refers to the fidelity of such data as is
electronically generated and presented to the
participant’s eyes as a surrogate for the real-world view
that would normally obtain. There are (at least) 3 major
potential problems for the human participant, with
around a dozen contributory factors (depending on how
they are decomposed). The problem areas are:

1) Depth Compression
2) Navigation
3) Simulator Sickness

The depth compression and navigation problems both
arise from the fact that human visual space is not
Euclidean in nature. The perceived distance of an object
is less than the real distance by a factor that increases
with an increase in real distance. Further, the human
visua field is “wrapped round” the participant leading us
to talk of a parabolic visual field. A good visual display
will provide cues to the human perceptual system that
mimic this parabolic field. It has been observed that with
low-grade visua displays (e.g., SIMNET) there is a
tendency to make navigational errors (in the form of
positional judgments) for items not on the main axis of
vison. This effect reduces with experience. In these
two cases therefore, visual fidelity refers to the degree to
which the system replicates natural world data,
minimizing judgment errors by participants.

Simulator sickness is generally held to be caused by the
simulator not providing the same cues (NOT limited to
visual) as would be provided to the participant by the
real world equipment. However, manipulation of visual
data is regularly used to make up for the Simulator not
having the full range of real world movements.

Factors that bear on visua fidelity include:




Brightness

Contrast

Resolution

Level of Detail

Pictorial Cues
Anti-aliasing

Frame update rate
Atmospheric effects
Visual Dynamic effects

Brightness refers to the overall range of brightness of the
display -- think midnight to full noon in summer.
Strictly speaking, brightness is the subjective term for
luminance. Brightness fidelity can be expressed as a
percentage (or decimal) of the maximum real world
conditions being simulated since currently available
displays will not attain the brightness of the real world.
On the other hand, a dull day could be effectively
reproduced at 100% fidelity.

NOTE: CRT displays can take up to an hour to reach
maximum stable luminance, and this will affect both
brightness and contrast.

Contrast refers to the difference between light and dark
areas of the visual display (strictly, between maximum
and minimum luminance). There are at least three
accepted (and widely disparate) methods for defining
contrast and no current technique exists for easy
measurement of detailed scenes or those with rapid
change of detail. It is held that the minimum suitable
range of contrast istask dependent.

Note: Contrast must be linked to brightness/luminance,
and - pending suitable measurement techniques - can
only be evaluated in subjective terms.

Resolution, very specifically here the resolution of the
visua display, refersto:

1) Theleve of detal in the display in the sense of
the number of points available for “drawing” the
picture. Thisisnormally expressed as pixels wide x
lines deep (assumes raster scan). The point size or
“dot pitch” moderates the visual effect.

2) The number of polygons 3 or 4 sided, or the
number of edges that can be displayed a the
specified frame update rate.

Effectively, these factors combine to provide a certain
“quality” of display. A reasonable yardstick is the
50,000 edges that an NTSC television can display, but
which few simulators can attain. Thus, a measure of
fidelity in respect of resolution of the visual display must
account for frame rate, drawing quality, number of
edges.

Note: European PAL television will show more edges
than NTSC, and digital video will do better.

Note: “resolution” as above can be decomposed into
more factors.

Level of Detail is related to resolution as above, but is a
Separate  issue. To minimize the processor
load/computation time, displayed scenes normally have
the level of detail reducing - in steps - with increasing
distance from the participant. This can produce some
aberrations at the step boundaries. A typical example is
the large rock that is visible at 2000 meters, which
disappears if the distance increases to 2001 meters
revealing an enemy vehicle. This vehicle can be fired
upon but not hit as the rock is still there.  This is
probably more of a problem for ground based tactical
simulators, since those for fast jets have a display that
changes at a faster rate (“things happen much more
quickly™), thus concealing the aberration.

Pictorial cues can enhance, or reduce fidelity. The
screen of a CRT isflat for practical purposes leading to a
2-D picture. A frame around this provides more 2-D
information. If the simulation is of a tank gun-sight that
is opticaly a framed 2-D picture, then fiddity is
improved. A collimated projected display (e.g., a flight
simulator) is effectively at optical infinity, which can
cause visual problems eg., when the runway is only
some 10 feet below the pilot (think helicopters). The list
of pictorial cues is extensive, cues can enhance or reduce
(combine or conflict) the subjective fidelity of a visual
display, and the relevant cues will be application related.
As example, nap-of-the-earth flight, and flight refueling
will require different cues.

Anti-aliasing refers to measures taken to avoid the
“stair-stepping” of diagonal lines (or edges). This effect
reduces as display resolution increases. Some techniques
manipulate the luminance of pixels adjacent to the line,
and this can have an effect on distance judgments.

Frame update rate. The number of times per second
that the display is updated (frequently a function of
processor power, and hence cost). As this rate falls
below 24 frames/second the display becomes apparently
more jerky. Lower rates pose difficulties for such
tracking tasks as tank gunnery - at rates below 15/sec,
gunnery is almost impossible.



Thus, 24 frames/second should be minimum acceptable,
and the effect of lower ratesis probably not linear.

Atmospheric effects can be considered as similar to the
pictorial cues. In the natural world, atmospheric scatter
leads to objects of increasing distance becoming lighter
in hue, and of lower contrast.

Visual Dynamic Effects can be transitory (muzzle flash
temporarily blanking out a tank sight, smoke from
muzzle or munition detonation, cloud) or permanent
(dynamic terrain that craters with a shell-burst) and can
include lighting due to sunlight and sun movement.

24.3 Audio

This can relate to any audio component within a
simulation (e.g., communications traffic); the audio
effects within a smulator (e.g., engine noise); or the
environmental audio effects surrounding a simulation
(e.g., thunde).

Aspects of audio fidelity include
1) Attenuation due to weather or terrain effects,
2) Signa to noiseratio,

3) Weapon effects (think of atank main armament,
or an APC firing a chain gun),

4) The linkage between throttle setting and engine
noise (and gear selected if aland vehicle), and

5) The noises from other activity in the vicinity if
the situation being simulated.

2.4.4 Motion

In the real world, there are six degrees of freedom (DoF):
3 rotational, 3 trandational. While no simulator actually
provides this; in practice the combination of a motion
platform and appropriate visual cues can get very close
to an apparent 6 DoF.

Some areas of motion fidelity are easy to quantify, for
example the role rate for an aircraft for example, or the
relationship between turn radius and gear ratio on a wide
range of British tanks. Other areas are more complex,
for example the “twitch” when a tank fires its main gun,
or providing both backward and upward recoil on a small
arms simulator.

In general, creating high fidelity models of fairly
continuous, smooth motion is easier than doing the same
for sudden, sharp events. The need for motion effects
can be assessed by considering the purpose of the
simulation and asking what effect on that purpose will

the non provison of that motion effect have.
Quantifying the effect is of course much harder.

2.4.5 Environment

Issues about fidelity in environmental model can relate to
the environment within the simulation, or to the
environment in which the simulation operates.

Within the simulation, the fidelity of the environment is
concerned about correlation with the natural as well as
tactical environment in which the simulated entities
operate. Weather representation is probably the most
straightforward issue in environmental fidelity. Consider
the fidelity of simulating rainfall: this may affect visua
range, communications attenuation, and artillery
ballistics. If we are operating within a federation of
simulations, does my weather match yours? How many
different aspects of weather need to be considered for
fidelity issues? How many other things like “weather”
might we have to consider? Can we generate an
appropriate abstraction into which different factors could
be plugged?

Fidelity considerations for environment outside the
simulation generally appear when the simulation is being
used as a piece of test equipment. Let us say “test a new
C&C dtructure” and now operate the kit when we are
wearing jeans and sweaters at 25C in the lab. Of course
it will work when the operators/users are in foul weather
gear, won't it. No simulation is used in isolation, but in
the context of some socio-political system; should the
simulation have to take account of this and, if so, to what
level of fiddlity?

2.4.6 Temporal

Temporal fidelity is a special case of environment, which
is generally of more interest than other environmental
issues because one of the things simulation is intended to
study is the change in systems over time. Tempora
fidelity relates to the relationship between the simulation
and the real-time world being simulated. There are two
classes of temporal fidelity issues: those within the
simulation and those outside of it.

Temporal fidelity issues within the simulation raise
guestions such as, “Does acceleration from speed x to
speed y take the same time, or, is a shell flight time true
to the real world? “. Note that this is closely related to
behavioral fidelity, and the relationship can get even
more complex. For example, consider a tank gunner
tracking a target on a visua display that updates too
dowly, and where the target changes speed as a step
function rather than by acceleration, and where the turret
sewing speed iswrong. Which aspect of fidelity should
take precedence?



Temporal fidelity issues outside of the simulation raise
guestions such as "Can the simulation reproduce all
required events at rea-time speed?” and “Can the
simulation be run at other than real-time speed?’.

It is interesting to note that either internal or outside
temporal fidelity can be satisfied by discrete event or
continuous time simulation engines, athough one
approach may be more natural than the other for a
specific problem.

2.4.7 Behavior

Much of the points in the foregoing discussion could also
be considered under the “behavior” heading. Weather
should behave like real weather does and with the same
effects.  Simulator motion (or its lack) could be
behavioral. A visua depiction of a vehicle should
change size according to optical laws, and do it the same
every time; vision or behavior? Does that vehicle have a
multi-speed transmission? If so does it accelerate
through the gears, or have a number of pre-set speeds?

2.4.8 Aggregation

The fiddity of aggregated entities is extremely
complicated, as the dependencies between the entities are
obfuscated by the aggregation. How is the fidelity of a
model affected by aggregating models?

Let us assume that F(x), the fiddlity function, is a function
from the space of subsets of simulations/data (S/D) onto
the unit interval with the meaning that F(A)=1 means that
A has perfect fideity and F(A)=0 means that A has no
fidelity, where A is a subset of some smulation/data
combination. Consider elemental models A and B for
which F(x) is defined, with F(A)=x and F(B)=y.

What is F(A + B)? Is it additive? It is difficult to
conceive a fiddity function such that F(A+B)= x + v,
since fidelity is most often conceived as unitless and
defined. Some authors have argued that
F(A+B)=min(F(A), F(B)=min(x,y) for each component of
fidelity. While this has a certain appesal, one can conceive
of cases where the lack of fiddity in one modd is
compensated by the fidelity in the other. It seems difficult
to define afiddlity aggregation function.

Can F(A + B) be defined in terms of the algorithm '+' that
is actually used to join the two elements? Perhaps, but in
many cases it may be smpler to measure F(A + B)
directly (against the designated referent).

2.5 Fidelity Applied to Inter oper ability

25.1 Conceptual Model Development

A principal reason supporting the development of a
simulation conceptua model or a federation conceptual
model is to provide an explicit mapping between the
objectives of the developmental effort and the design
implementation. The following quotation describes the
significance of fidelity in this process when the objective
isto build afederation of compatible participants.

"During the Conceptual Analysis phase, the
federation developer produces a conceptual
representation of the intended problem space
based on higher interpretation of user needs,
federation  objectives;, and the  defined
environment. The product resulting from this
phase is known as a Federation Conceptual
Model (FCM). The FCM is an implementation-
independent representation, which serves as a
vehicle for transforming objectives into functional
and behavioral capabilities, and provides a
crucial traceability link between the federation
objectives and the design implementation. The
FCM can be used as the structural basis for the
overall design and development of the federation,
and can highlight correctable problems early in
the federation development process when
properly validated.

As the FCM evolves, it will greatly facilitate the
federation developer’s understanding of the real
world domain. As this knowledge is acquired, a
set of detailed federation requirements can be
developed. These requirements, based on the
original Objectives Satement, should be directly
testable and provide the implementation level
guidance needed to design and develop the
federation. The federation requirements should
also explicitly address the issue of fidelity, so that
those fidelity requirements can be considered
during selection of federation participants. In
addition, any programmatic or technical
constraints on the federation should be refined
and described to the degree of detail necessary to
guide federation implementation." [High Level
Architecture Federation Development and
Execution Process (FEDEP) Model, Version 1.2,
May 26, 1998].

Just as the FCM provides an implicit contract between
the federation participants, the Simulation Conceptual
Model (SCM) provides an explicit representation of what
the simulation developer intends to develop in order to
satisfy the requirements of the simulation sponsor. In
both cases, the levels of fidelity provided down to the
level of individual transactions between objects in a



simulation, and federates in a federation should be
explicitly addressed, less erors, omissions, and
assumptions lead to recriminations later.  Fidelity
specification is one way of reducing the possibility of
non-communicating federates in a federation, and
unfulfilled expectations in simulation development. If
fidelity is not specified prior to the commencement of
model development, the models developed will risk not
satisfying sponsor or other federate expectations and not
achieving compatible levels of fiddity within
cooperating parts of a single model.

2.5.2 Federation Development

A key responsibility of federation developersisto design
in such a manner that sponsor needs will be satisfied. In
order for sponsor needs to be satisfied they must first be
identified.

"The primary purpose of Sponsor Needs
Identification is to develop a problem statement.
The sponsoring agency is responsible for
preparation of this product. The needs statement
may vary widely in terms of scope and degree of
formalization, but should include, at a minimum,
high-level descriptions of critical systems of
interest, coarse indications of required fidelity
and resolution for simulated entities, and output
data requirements. In addition, the federation
sponsor should also indicate the resources which
will be available to support the federation
(funding, personnel, tools, facilities, ...) and any
known constraints which may affect how the
federation is developed (due dates, security
requirements, ...). In general, the federation
sponsor should always include as much detail and
specific information as is possible at this early
stage of development.” [High Level Architecture
Federation Development and Execution Process
(FEDEP) Model, Version 1.2, May 26, 1998].

The identified sponsor needs become the requirements

guiding federation development.  Specificaly, the
"required fidelity and resolution" described above
constrain  the selection of “potential federation

members’, as described in the following exerpt. "The
next major activity (of Federation Design) is to
determine the suitability of individual simulation systems
to become members of the federation. This is normally
driven by the perceived ability of potential federation
members to represent required objects and interactions at
an appropriate level of fiddity." [High Leve
Architecture Federation Development and Execution
Process (FEDEP) Model, Version 1.2, May 26, 1998].

If the federation is to meet the objectives of its sponsors,
it is critical that appropriate fidelity specifications guide

its development. Similarly, if asimulation is to meet the
objectives of its sponsors, appropriate specifications of
fidelity must guide all developmental phases.

2.5.3 Scenario Development

An important element in trandating federation objectives
into conceptual models is the federation scenario.
Specifying a scenario provides a context for
identification of federation components and specification
of their behaviors over time.

"The purpose of this phase (Scenario
Development) is to develop a functional
specification of the federation scenario. The
primary input to this activity is the operational
context constraints specified in the Objectives
Satement. The composition of a federation
scenario includes:

1) An identification of the major entities that
must be represented by the federation;

2) Afunctional description of the capabilities,
behavior, and relationships between these major
entities over time; and

3) Soecification of relevant environmental
conditions which impact or are impacted by
entitiesin the federation.

Initial and termination conditions should also be
provided. Multiple scenarios may be developed
during this phase, depending on the needs of the
federation. A single scenario may also support
multiple vignettes, each representing a temporally
ordered set of events and behaviors. The product
of this activity is a Federation Scenario
Soecification (FSS), which provides a bounding
mechanism for conceptual modeling activities,
and also impacts the security level at which the
federation operates." [High Level Architecture
Federation Development and Execution Process
(FEDEP) Model, Version 1.2, May 26, 1998].

Among the operational context constraints of the
Objectives Statement are the specifications of the fidelity
required. Following these fidelity requirements in the
Federation Scenario Specification provides a more
detailed bounding mechanism for use in the conceptual
modeling activities.

2.5.4 Federation Integration & Testing

"The purpose of this phase (Federation
Integration and Test) is to bring all of the
federation participants into a unifying logical



operating environment to test that the federates
can interoperate to the degree required to achieve
federation objectives. There are three levels of
testing defined for HLA applications, which are
described as follows:

Compliance Testing: In this activity, each federate is
tested individually to ensure that the federate software
correctly implements the HLA requirements as
documented in the HLA Compliance Checklist.

Integration Testing: In this activity, the federation is
tested as an integrated whole to verify a basic level of
interoperability. This primarily includes observing the
ability of the federates to exchange data as described by
the FOM.

Federation Testing: In this activity, the ability of the
federation to interoperate to the degree necessary to
achieve federation objectives is tested. This includes
observing the ability of federates to interact according to
the defined scenario and to the level of fidelity required
for the application. This activity also includes security
certification testing if required for the application.” [High
Level Architecture Federation Development and
Execution Process (FEDEP) Model, Version 1.2, May
26, 1998].

The key phrase in the above is "level of fidelity required
for the application.” In order that such a level of fidelity
can be obtained, several issues must be resolved,
including:

Fidelity in data parameters passed between
interoperating models,.

Fidelity in computational accuracy of
interoperating models, and

Fidelity in response timings of
interoperating models.

Without achieving consensus among federates with
regard to these issues, models will not interoperate.
Although determining computational accuracy of
interoperating models may be difficult, is should be
determinable if the expected range of inputs will support
the expected or desired outputs for specific models.

Note that the above quotation addressed federation
integration and testing. Similar concerns are addressed
between cooperating parts of a simulation at system
integration and testing.  According to the system
development process employed, these issues may also be
addressed earlier in the process.

2.5.5 Exercise Management

A major concern in exercise management is
representational fidelity, as discussed above. An issue
here being that even the use of an accredited model does
not guarantee credible results if different data sets are
used than were used in the examinations supporting
accreditation.  Ideally, the earlier accreditations will
cover ranges of values and combinations of values;
however, even if thisis so, the current exercise may wish
to use data values that are outside any such ranges. The
key issue here is that exercise requirements will indicate
a specific constraint on fidelity. The representation must
achieve a fidelity satisfying that constraint based on the
appropriate combination of data and models employed.

256 VV&A

Concepts of fidelity are intimately entwined with the
Verification, Vaidation, and Accreditation (VV&A)
Process. Fidelity and related concepts are particularly
important to the validation process.

"At the risk of oversimplification, verification
focuses on M&S capability, whereas validation
focuses on M& S credibility. Verification ensures
that a simulation meets all the requirements
specified by the user and that it implements those
requirements correctly in software; validation
ensures that a simulation conforms to a specified
level of accuracy when its outputs are compared
to some aspect of the real world." [10].

The importance of fidelity concepts in tying simulation
or federation objectives and requirements to the
simulation representation is described in the following

paragraph:

"Application objective and requirements dictate
how faithful the representation of a process,
phenomenon, or system must be when compared
with the real world for simulation results to be
considered useful. Sometimes, 60 percent
representation accuracy may be sufficient;
sometimes 95 percent accuracy may be required,
depending on the type or importance of decisions
that will be made based on the simulation results.
Because the requirement for accuracy varies with
the intended application, it is clear that a model's
or simulation's credibility must be judged with
respect to application-specific regquirements and
objectives. The objective should always be used
in front of terms such as credibility, validity, or
accuracy to indicate that the judgment of validity
has been made with respect to application-
specific requirements.” [10].



Representational fidelity is key to dealing with the
interactions between model and data. "The
credibility of M&S results is related directly to
the credibility of data used asinput to or resulting
from model use. Data need to be reviewed for
accuracy and consistency, ..." [10].

This subsection has described how concepts of fidelity
support VV&A, particularly validation. Validation is
concerned with whether the representations of real world
objects satisfy sponsor objectives and requirements, and
fidelity concepts, e.g., representation accuracy, are tools
used making such determinations. An important concern
in this area is the interaction between model and data; in
addressing this concern fidelity concepts, e.g., accuracy
and consistency, are significant tools.

25.7 Security

Many security issues are related to fidelity, and an
adequate specification of fidelity as a boundary condition
will often greatly simplify their resolution. In the
following paragraphs, we discuss three such security
concerns.

Simulation development is often complicated by the
classification of the object representation. In some cases,
the model is not classified but the datais. The costs and
efficiency of development can be greatly improved if the
development environment can remain unclassified. To
obtain substantive benefits from an unclassified
development environment, much testing must be done at
an unclassified level.  This requires unclassified
surrogate data sets. Development of these can be very
challenging, since the persons responsible for developing
them will probably have knowledge of the classified data
Sets. Clear demarcation of classified/unclassified
boundary conditions, including fidelity, will facilitate
this process.

A similar condition may exist in the training arena, due
to models being unclassified, but representation using
classified data being classified. When the training
objective is acquisition of basic skills, fidelity
requirements are less stringent than when conduction
mission rehearsal or actual mission execution. Training
is facilitated by use of an unclassified environment.
Thus, if unclassified data sets can be used for training,
costs and efficiency are improved. Classified data can
then be used for mission rehearsal, and if applicable,
during mission execution. Again, development of
unclassified data sets is facilitated by clear specifications
of fidelity boundary conditions.

A knowledge development process may be subject to
unintended elevation of classification level. In the
defense operations domain, most high-level knowledge is

based on unclassified doctrine, and is not subject to
classification. However, building a credible simulation
may require a much greater level of detail, which
typically would be drawn form subject matter expert
experience. The problem isthat such detailed knowledge
of US command and control systems may expose
vulnerabilities, facilitating attacks on infrastructure by
enemies. Thus, articulation of unclassified material

258 M&STools

There are many tools supporting M&S development:
Hunt et al identify a set of fifteen components supporting
HLA development. [15] The following discussion is
limited to two tools whose early development was
supported by the Defense Modeling and Simulation
Office (DMSO).

1) CMMS

One tool becoming widely used in the M&S
community is the Conceptual Models of the
Mission Space (CMMS) Toolset.

"As employed by DoD simulation programs,
CMMSis:

The disciplined procedure by which the
simulation developer is systematically informed
about the real world problem to be synthesized,

The information standard the simulation subject
matter expert employs to communicate with and
obtains feedback from the military operations
subject matter expert,

The real world, military operations basis for
subsequent, simulation-specific analysis, design,
and implementation, and eventually verification,
validation, and accreditation/certification, and

A singular means for identifying re-use
opportunities in the eventual simulation
implementation by establishing commonality in
the real world activities. " [6].

The sdignificance of fidelity in building domain
descriptions is addressed in the following quotation:

"The essence of CMMS is the collaboration
(usually called knowledge acquisition) between
the warfighter and the simulation developer to:

Establish the simulation focus to support a
real world purpose,



Slect a representation (the combination of
model and data which determine granularity,
inclusion of detail, and level of fidelity),

Construct a simulation implementation
independent, conceptual description of the
real world which specifies the representation
selected. "[6].

The proceeding clearly indicates that the appropriate
level of representational fidelity is centra to the
production of a consistent, useful domain knowledge
product.

2) Object Model Devel opment Tool

The Object Model Development Tools are the first in a
suite of federation development support tools designed to
be extensible, open and interoperable.

"Object Model Development Tools (OMDTS) -
Automate the data entry and consistency checking
needed to specify simulation object models
(SOMs) and federation object models (FOMs)."
[15]

The Object Model Template (OMT) is a
developing |IEEE Sandard which defines the
information which must be provided in a SOM or
FOM. Datatypes define the level of attribute
fidelity, "accuracy" and "resolution', to be
provided to a federation by a federate. 'The
simple datatype shall be used to describe simple,
scalar data items. ... The fourth column
(Resolution) shall describe the precision of
measure for the datatype. For datatypes of scalar
numerical measures, the resolution column may
contain a single-dimensioned numeric entry for
each row of the table. This value may specify the
smallest resolvable value separating values that
can be discriminated. However, when such
values are stored in floating point datatypes, their
resolution so defined might vary with the
magnitude of the attribute value. Hence, in these
cases and others, a better sense of the resolution
may be conveyed by the datatype. "N/A" shall be
entered in this column for datatypes for which
resolution information does not apply. The fifth
column (Accuracy) shall describe maximum
deviation of the attribute value from its intended
value in the federate or federation. This is
ordinarily expressed as a dimensioned value, but
it may also be perfect for many discrete or
enumerated attributes. "N/A" shall be entered in
this column for datatypes for which accuracy
information does not apply.' [16].



3. Proposed Fidelity Framework(s)

In this section, we summarize four of the different
fidelity “frameworks’ that have been put forth within the
SISO community. The reader is warned that the
frameworks may be mutually incompatible, and may not
use terms and currently defined in the fidelity glossary
developed by the ISG.

3.1 Fitnessfor Purpose
Thiswork is elaborated in reference [21].

One of the most critica tasks in the simulation
development process is the determination of the required
level of simulation fidelity in order for a simulation
exercise to achieve its goals. Fiddlity is defined as a
measure of realism of a model or smulation. Warning:
these definitions are not necessarily consistent with the
current Fidelity Glossary.

Technically it is impossible to achieve a 100 % accurate
representation of al aspects of the real world.
Furthermore, it would be too expensive to do so. In
order to achieve affordability or performance goals,
amost al simulations have lower accuracy and
resolution of representation for aspects of the real world
which are not or less relevant to achieve the simulation
goas. It is therefore important to help the simulation
developer to define the required level fidelity necessary
to achieve the simulation exercise goals. Based on this
formally defined required level of fiddlity it is possible to
pick those simulations from a Modelling and Simulation
repository that can comply with the required level of
fidelity needed for a specific purpose. This requires that
its creators, using a similar fidelity description, properly
define the available levels of fidelity of existing
simulations or models. The approach described next can
be used for defining both the required and available level
of fidelity for a simulation or model and selecting
suitable simulations for a given purpose

3.1.1 Conceptual Framework

The premise of this fidelity measurement approach is
that a simulation is first decomposed down to a level of
detail that allows the performance of the simulation
components to be compared to the equivalent aspects of
the real world. Next the actual comparison of these
performance characteristics is performed. Therefore, the
proposed approach for defining the required and
available level of fidelity is based on a fidelity
description consisting of two major parts:

Resolution, the extent to which the simulation
models each aspect of the real world. Warning:

these definitions are not necessarily consistent
with the current Fidelity Glossary.

Accuracy, the agreement between the
performance of these models of each aspect and
the real world performance. Warning: these
definitions are not necessarily consistent with
the current Fidelity Glossary.

A very low-level of decomposition is necessary to
determine whether the simulation fidelity supports the
simulation exercise goals or purpose. Creating such a
low-level decomposition is of course an expensive and
time-consuming job, and therefore a tool is necessary to
help simulation developers defining the level of fidelity
for asimulation.

3.1.1.1 A Processfor Defining the Available Fidelity

The simulation owner is the person that conducts the
description of the available level of fidelity of a
simulation. This goal is achieved by creating a tool,
which asks the simulation owner a series of questions
that delineate the level of fidelity in terms of resolution
and accuracy. The intent of these questions is to walk
the owner of the simulation through various aspects of
the real world and ask the owner if their smulation has
components and sub-components that model that real
world aspect. When a question is answered with a yes,
the tool would ask progressively more detailed questions
to determine the fitness of resolution with which a
simulation component models the rea world aspect.
Finally, it would ask to provide measures of model
accuracy for that represented real world aspect. It is
assumed that a fidelity or real world referent in a MSRR
will describe these measures of accuracy.

3.1.1.2 A Processfor Defining the Required Fidelity

To be able to determine the required fidelity it is
necessary to obtain the operational definition of the
simulation exercise goals. This operational definition
consist of the exercise measurements of performance
(MOPs) and their derived measurement of effectiveness
(MOEs). The focus of a simulation exercise is thus
primarily defined by the MOPs, which serve as
surrogates for the real world measures of mission
success. The premise is Thus to identify those real world
aspects that have the greatest impact on the mission
success and those having lessimpact. In order to achieve
affordability or performance goas, the aspects with the
greatest impact on the MOPs will be represented with
higher resolution and accuracy models than those aspects
with lesser impact. This goal is achieved by creating a
tool, which asks the ssimulation developer and subject
matter experts (SMEs) a series of questions that
determine to what extent the real world aspects have



impact on the MOPs. The questions are designed to lead
the simulation developer and SMEs through the various
aspects of the real world and it is the job of the SME to
rate the impact of each real world aspect on the MOP.
For this rating a well-defined rating-scale should be used.

3.1.2 Fidelity Metrics

The proposed approach uses a two-staged quantitative
index for describing fidelity. The first one is the
resolution data to indicate whether the simulation fidelity
of a given aspect of the real world is zero (false) or
greater than zero (true). A real world aspect with a
resolution data value of zero (false) implies that this real
world aspect is not taken into account by the simulation.
A resolution data value greater than zero (true), implies
that the real world aspect is taken into account by the
simulation. In that case, the second fidelity index is used
to describe how far above zero the smulation fidelity for
that real world aspect resides in terms of accuracy data.
The second fidelity index may contain various types of
accuracy measures depending on what kind of real world
aspect it addresses.

For judging the impact of a rea world aspect on the
simulation MOPs a five point rating scale is proposed:
None, Minimal, Significant, Substantial and Critical.

3.1.3 Sample Application(s)

Suppose that the goal of a simulation exercise is to
determine the relative cost effectiveness against a next
generation threat aircraft of a larger number of less
expensive A/A missiles with limited countermeasure
capabilities versus a smaller number of more expensive
A/A missiles with more sophisticated countermeasures
defeating capabilities. As a simulation developer we
want to know if there aready exist a simulation in our
M& S repository that can support this simulation exercise
goa. Stated differently search a simulation that fits our
purpose.

The first thing that should be done is to define the MOPs
for this exercise. A suitable MOPs is the ‘Missiles per
Red kill for each countermeasures defeating alternative’.

This MOP is entered, along with others, into the fidelity
requirements tool. Based on the scenario, the simulation
developer determines the entities and their tasks to be
simulated, and enters them into the tool. In this case
these entities could be a Red and Blue aircraft. Next the
simulation developer should ask SME to join him. The
tool will present the previousy entered MOP, the
involved entities and their tasks to the SME, who should
determine whether the performance of that entity affects
the MOP. For the Red aircraft the SME enters a yes.
Then the tool will represent al kinds of aspects of this
real world entity that may impact the MOP. In this
example, ‘Impact of countermeasures on probability of
hit in real world’ and ‘Impact of re-supply of resources’,
which are rated by the SME as having, respectively,
Critical and Minimal effect on the MOP. When the
rating for an aspect is other than None the tool will
continue asking increasingly more detailed questions
about sub-aspects of this aspect. In the end the tool
would provide a table for each entity that documents the
impact for each real world aspect on the MOP. The next
step is to search the M&S repository for matching
simulations using the just derived required level of
fidelity and the available level of fidelity of the existing
simulations. In this case, ‘a Red aircraft simulation that
has a countermeasure component’ is entered in the tool.
The tool will present al simulations, which fulfil this
fidelity requirement along with their fidelity description.
To make the final decision the SME must look at the
presented accuracy data. Only an intelligent SME and
simulation developer can make this fina choose.
However the presented approach and tool can help
defining the level of fidelity for smulations and to
quickly make a good first selection of possible
candidates.

Figure 3.1.3-1 illustrates a preliminary notationa list of
guestions to be answered to define resolution and
accuracy of platform level simulations. Figure 3.1.3-2
shows a similar notational list of questions to be
answered to define the required resolution and accuracy
of federation simulations is presented



Does simulation model platform motion?
1.1. Position?

1.2. Velocity?

1.3. Acceleration?

14. Orientation?

15. Other?
Does simulation model individual entity components?
2.1. Does simulation model sensors?

2.1.1. For each sensor modeled
2111, Sensor type?

21111 Human eye?
21112 Radar?
21113 Infrared?
21114 Acoustic?
21.1.15. Magnetic?
211.16. Other?
21.1.2. Is sensor effectiveness impacted by target type?
21121 Physics-based?
21122 Monte Carlo?
21123 Other?
2113 Is sensor effectiveness impacted by target orientation?
21131 Physics-based?
21129 N AntA CAavlAD

Figure 3.1.3-1: Inquiry into Resolution & Accuracy of Platform Smulations
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Enter exercise MOEs
Enter exercise MOPs
Enter entities to be simulated
3.1. For entity No. 1, enter tasks to be performed (extracted from CMMS based on scenario)
3.2 Continue
3.3. For entity No. n, enter tasks to be performed
3.4. For MOP No. 1
3.5. Tool displays MOP No. 1
3.6. Tool lists entity No. 1 tasks
3.7. Does performance of entity No. 1 impact MOP No. 1?
3.7.1. Rate the extent to which each of the following aspects of the real world entity impact MOP
No. 1linthereal world. None, Minimal, Significant, Substantial, Critical.
3.7.1.1 Platform motion
3.7.1.2 Position
3.7.1.3. Velocity
3.7.14. Acceleration
3.7.15. Orientation
3.7.1.6. Other
3.7.2. Individual entity components
3.7.2.1. Sensors
3.7.2.2 For real world sensor No. 1
3.7.2.2.1. Sensor type

27999

Figure 3.1.2-2: Inquiry into Resolution & Accuracy of Platform Smulations




3.2 Cascading Accuracy
Thiswork is elaborated in references [19].

Currently the smulation fidelity is mostly judged using
face validation of the end product by Subject Matter
Experts (SMEs). Because the SME is unfamiliar with
the complex interna structure or architecture of the
simulation, the face validation will result in observations
that do not correlate to facts. It is asubjective rather than
a quantitative judgement, which can lead to wrong
conclusions. The only way to ensure successful
validation is to have a procedure that determines the
fidelity limits of the simulation and models in a
guantifiable manner. Fidelity is a measure of realism of
model or simulation and is described here in terms of
accuracy. Accuracy is defined to be inversey
proportional to the error measurements of parameters and
variables associated with the components and their
interactions in the simulation. Warning: these
definitions are not necessarily consistent with the current
Fidelity Glossary. In short, the less error, the more
accuracy and thus aso more fidelity. The presented
approach consists of error estimation techniques that can
be used during conceptual modelling or simulation
design to determine and validate the fidelity levels of
models or simulations.

3.2.1 Conceptual Framework

In order to assess fiddlity, the federation development
and execution process needs to be abstracted into three
levels, as shown in Figure 3.2.1-1. The first level of
abstraction is the reality to be modelled and simulated
and is described as a set F. F consists of data gathered
from the real world measurements. The second level is

the conceptual model, which contains a description of a
part of reality deemed essential for achieving the
simulation objectives. In this stage the fiddlity
requirements, in terms of the maximum allowable error
with respect to F, to ensure a valid smulation should be
defined. The conceptual model, G, defines in this sense
the requirements for the last level of abstraction, the
simulation implementation, H, of the conceptual model
or federation

Each transition between the levels of abstraction will
induce errors. The determination of the conceptual
model is based upon the observations of the states of the
reality F. Observations of reality are always imperfect
and therefore the conceptual model description will
differ from reality. Determination of the conceptual
model accuracy is thus necessary. Eventually, the
conceptual model is implemented in a software and
hardware environment. This implementation H will
introduce errors due to simulation software design and
performance variations of the computer environment. So
the tota error between reality and the simulation
implementation, which represents the fidelity of the
federation, is influenced by the two successive
abstraction errors.  The third abstraction can be
decomposed into different layers (see Figure 3.2.1-1).
The highest layers are the Behavior models consisting of
the high level cognitive behavior and the low-level
reactive behavior models. Underneath this layer comes
the physical models level which include the sensor,
platform and environment models. Below this layer is
the infrastructure layer. This layer is composed of the
ground truth database, and the software and hardware
architecture.

REALITY

CONCEPTUAL MODEL

SIMULATION IMPLEMENTATION
OR
FEDERATION

Federation Development
and Becution Process
Levelsof Abstraction

High Level Cognitive ]
| & .| Behavior
Low Level Reactive Models
Sensors and Platforms .
Physical
Environment Models
Ground Truth Database
| Infra-
Software and Hardware Structure
Architectures

Figure 3.2.1-:1 Federation Levels of Abstraction and Decomposition

Federation Decompostion
into Layers




As showed in Figure 3.2.1-2, afederation is composed of
a number of model layers and associated sub-model
layers.  The required federation accuracy, fidelity,
depends upon the highest level model. The greater the
number of models layers that data must pass through to
reach it, the larger the potential error is for that model.
Since each sequential model layer that manipulates a
simulation state can cause additional deterioration in

accuracy, the error can be compounded as it passes
through all the models along a data flow path. A data
flow path is a concept describing a path along which
models exchange data with each other, in terms of model
data input and output. The next figure shows a
sequentia data flow path.

MOdeI MN_l >

—_—

Input Xy.1

Output Hy; = Input Xy

Model My

v

Output Hy

Figure 3.2.1-2 A sequential data flow path

The higher model My uses the output Hy-1 of the lower
model My -1 asitsinput state, Xy. The accuracy of the
output from model My is dependent on both the accuracy
of input Xy and the model’s sensitivity to the input error
of Xy. Model sensitivity error is a concept that defines
how error variations in input data affect the accuracy
capabilities of the model’s output data. Because each
model has an eror, each sequential model will
compound the error as data flows from one model to the
next. Top level fidelity is therefore dependent on a path
that is opposite to the direction in which the data flows.
Consequently, the accuracy requirements of these high
level models define the accuracy requirements of all
other models that are along the path to provide input to
the top models. To maintain accuracy or fiddlity, the
recipient of data must receive data that is within the
maximum error bounds determined for each of the
models. By moving top-down, one can assign accuracy
requirements for each model along the path depending
on the expected error and the model’s sensitivity to
errors.  Working bottom-up, the top layer accuracy or
fidelity can be determined and compared to the required
fidelity. To achieve the required level of fidelity for a
federation, fidelity must be maintained along each data
paths during execution. If the top layer models are
always outputting data within their maximum error
bounds, the achieved level of fidelity will meet the
required level of fidelity. This means that the achieved
level of accuracy of the top-layer models remains
between the maximum allowable error bounds as defined
by the required fidelity. The premise of this approach is
that the occurring model errors and error sensitivities are
known or at least that they can be estimated in some
manner.

3.2.2 Fidelity Metrics

For both the ssimulation development abstraction layers
and the federation model layers it is possible to quantify
fidelity in a mathematical manner, in terms of accuracy.

3.2.2.1 Accuracy Metrics for Simulation Abstractions

A mathematical expression of fidelity for the abstraction
layers is obtained by calculating the difference between
these layers. For generdity al three errors are
multidimensional and may be assessed over a domain of
states, events and time. The fidelity or accuracy can be
assessed from the error by taking the norm of the errors.
The norm of the error between the conceptual model and
the redlity representation determines the fidelity of the
conceptua model:

ey =|Ee| =[G~ Fl o

Similarly, the error measure between the conceptual
model and the simulation implementation is:

€ = Eel =[H - 6] o

Finally, the norm of the error between the simulation
implementation and the reality determines the fidelity of
the simulation implementation:

e =|Ewl=[H - 7| o

To find the upper bound on the smulation
implementation, equation (3) can be written as follows
using equations (1) and (2):



”EHF ” = ”EHG +Eqe ”

2
ehf ehg +egf (4)

Equation (4) shows that the error of a simulation is
bounded by the error of the conceptual model and the
error increase due to implementation. Federation fidelity
is defined here as the inverse of the simulation
implementation error norm:

Fidelity raion = |Eve | (5)

3.2.2.2 Accuracy Metrics for Compounding Errors

There are two types of errors to be considered to
calculate the model error. The first types of errors are
the errors associated with the algorithm, A, used in the
simulation itself. Assuming one has perfect data, the
algorithmic error, EAF, describes the variations from
ground truth of reality one expects as of using the
algorithm. The second type of error is the previously
described model sensitivity error, EMS. The model
sensitivity error determines how the model error is
magnified by an error in interna and external model
variables and parameters. Stated differently, the error
caused by not using perfect data in the model algorithm.
The difference or error between a model, M, compared to
reality, F, can Thus be expressed as follows:

Eye =M - F=(A+E,q)- F =(A- F)+E,q
Eve = Ex +Eus (6)

The algorithm is described here as a continuous function
of theinternal and external state variablesxi :

A= F (X, Xg e ,x,) = f(x) ™
Next the model sensitivity error can be represented by
the variation of A with respect to some operational set of

states

(8)

where the partial derivative matrix of A with each state
variable is the Jacobian of A. This Jacobian describes
the model’ s sensitivity to datainput errors. In practice
and in case amodel is used without continues derivatives
the model sensitivity error is approximated as follows:

- bx

= ©
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Using equations (6 and 9) the total model error of the
Nth model in a data flow path can now be approximated

by:
+JA

DX
X N

% (10)

(EMF )N » (EAF )N

3.2.2.3 Sample Application(s)

To demonstrate how error compounds, the sequence
model of <<figure 0-2>> isused. The output of model
MN-1 feeds the input of model MN-1. This means,

Dxy = (EMF )N-l (11)

Substituting the output error of the N-1th model for the
Nth model input and using relationship (10) to describe
the error of the models gives the following expression for
the error of the Nth model along a data flow path:

TI' a’l’ i _ "
(EMF )N » (EAF )N +%8%DXN_1 +(EAF )N_lg )

This expression of error shows three types of terms. The
first term is the algorithmic error of the N model. The
second an third term are the compounding errors caused
by respectively the system data errors and algorithmic
errors of prior models. Evenif all models have no
algorithmic errors, the data errors will creep into the
system and will be modified by the model’ s sensitivity to
input errors. The modifications to errors are afunction
of the norm of the algorithm Jacobian matrix. If the
norm of the Jacobian isless than one, the model diminish
errors, otherwise errors can grow. Another factor to
consider isthat recipients of data usually receive data
from more than one source. These multiple source
dependencies create a tree structure of data flow paths.
The recipient model error analysis must be
accommodated for all these error inputsin X . The
fidelity of the N"" model can now be calculate from
expressions (5) and (12):
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3.3 Sources of Uncertainty

3.3.1 Conceptual Framework

Simulation fidelity descriptions assume a construct
tacitly, even if they do not describe such explicitly. This
framework presents a context which should
accommodate a wide variety of such constructs (and
possibly may even accommodate al of them). This
context for simulation fidelity, illustrated by Figure
3.3.1-1, will facilitate comparison of underlying
theoretical structures as well as comparisons on the
contexts for descriptions of simulation fidelity. This
context is aso the logical basis for identification of
simulation fidelity issues in the next section. The
material below identifies the elements of this context and
discusses critical considerations related to them. Note:
Figure 3.3.1-1 addresses both modeling and simulation
(M&S). This discussion focuses upon simulation.

The “Real World.” Simulation development starts with
the “real world,” but the real world contains imagined
reality as well as material reality. Material reality is
defined as the material universe (or those parts of it)
which are pertinent to the application domain. Imagined
reality is a concept that has no specific counterpart in the
material universe, such as a unicorn. For example, a
horse would be part of the material reality -- a unicorn is
imagined reality. Note that parts of the concept may
have counterparts in the material universe (as in the case
of the unicorn, only the horn is not part of material
reality). It should be noted that while imagined reality
may overlap material reality, imagined reality cannot be
contained completely within material reality (otherwise,
the imagined reality would merely be part of the material
reality). Some may quibble with inclusion of imagined
reality in the “real world,” but that inclusion is simply a
appropriate convenience, since elements of an imagined
reality frequently become part of material readlity.
Consider for example the simulation of a Perceived
Reality. Perceived reality may not be identical with the
real world because of limited and imperfect observations
of material reality and because of articulation limitations
related to imagined reality. Practically speaking this
perceived redlity is the ultimate referent for simulation
fidelity when simulation results are compared with it.
This perceived redlity can aso be a basis for
standardized data and descriptions, whether these data
are contained in data bases such as the master
environmental data base or these descriptions are
encapsulated in Conceptual Models of the Mission Space
(CMMSs). Simulation Object Models (SOMs) and
Federation Object Models (FOMs) may aso be

contained in the standardized data and descriptions.
Perceived redlity is also the basis for description of an
application domain. Both perceived reality and standard
data and descriptions influence the application domain.
Perceived material redity forms the basis for both
standardized databases and descriptions as well as the
referent for simulation results. A referent is the standard
for comparison. The three referents identified in Figure
3.3.1-2 are standards like the meter-long bar maintained
in Paris as the reference for the length specified as a
meter-planned weapon system.

Application Domain. The application domain
provides a context for simulation requirements that
lead to a simulation development. The application
domain is derived from the perceptions and
descriptions of (imagined and material) reality and is
influenced by sandardized databases and
descriptions — such as would be contained in the
DMSO CMMS vision. The application domain
defines the fidelity referent.

Fidelity Referent. The fidelity referent is the
standard against which simulation fidelity is
measured, both in conceptual validation -- which
addresses the simulation concept -- and in results
validation -- which addresses performance of the
simulation implementation. In this perspective,
simulation fidelity is an absolute — it provides an
objective measure of how close the simulation
comes to the perception of reality described by the
application domain.

Simulation Requirements. Simulation requirements
specify characteristics that should be possessed by a
particular simulation. These provide guidance for
simulation development. Simulation requirements
are related to the intended simulation application
domain. A subset of these requirements (or derived
parameters) forms the acceptability criteria for the
simulation.

Acceptability Criteria.  Acceptability criteria are
specific test points for simulation validation
evaluations. Conceptual models provide the linkage
between simulation regquirements and specifications.
The conceptual models coupled with the
acceptability criteria define the validation referent.
Vadlidation is a relative concept, being application
dependent — in contrast to fidelity which is an
objective measurement (i. e, fiddity is not
application dependent).

Validation Referent. The validation referent is the
basis for judging whether a simulation development
satisfies its intended function. It should be used for
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Figure 3.3.1-1: Categories of Fidelity and Reduction Processes

both conceptual validation review and for
comparison with simulation performance in results
validation.

Results from simulation test cases and from use of the
simulation can be used for comparison with the three
(validation, fidelity, and simulation results) referents.

It should be noted that this context for simulation
development does not promote a particular modeling and

simulation theory. In fact, this context should be
compatible with the variety of such theories that have
been articulated to date. For example, this context above
does not specify how one organizes a description of
reality’s abstractions, which is an important
consideration for theories that derive from Casti [5]. Nor
does the context above identify how one approaches the
frame of reference used with the simulation, whether the
Klir-based system science approach [5A] that Zeigler
[28] and others prefer, or some alternative approach.
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Nor does the context identified here address the details of Basic elements needed for a theory of simulation
measurement that lies at the heart of statistical development have been identified [29], but such a theory
approaches to simulation theory, such as espoused by of simulation has not yet been fully articulated.
Oberkampt et a [23] or by Morrison and McKay [22].



3.3.1.1 Key Issues

Determination and specification of referents used is a
key issue for simulation fidelity. The context provided
by Figure 3.3.1-1 and the discussion above should
facilitate more meaningful interchanges about this issue
since use of this context provides a way to relate one
approach to another approach more directly than would
be possible without such a context.

Descriptive formats used for elements related to
simulation fidelity is an important issue. The simulation
items for which there may be different descriptive
formatsinclude:

1) real world,

2) perceived redity,

3) application domain,
4) standardized data and descriptions,
5) requirements,

6) acceptability criteria,
7) conceptua model(s),
8) gpecifications,

9) design,

10) implementation,

11) results,

12) review reports (including VV&A products),
and

13) referents (real world, fidelity, validation).

Every transformation from one descriptive format to
another introduces the potential for additiona errors in
the simulation. The current conclusion of the group
within one of the International Standards Organization
Technical Committees addressing semantic unification of
static modelsis:

“there are no universally recognized techniques
for unambiguoudy translating a model from one
formal language to another, or even for
determining whether two models in different
languages were making equivalent statements’

[17]

The practicality of simulation fidelity descriptions and
computation is a pragmatic simulation fidelity issue that
will depend upon the fidelity construct employed.

This framework takes a systems engineering approach to
a construct for simulation fidelity. This construct
decomposes simulation fidelity into dimensions and
attributes.  Dimensions of simulation fidelity are
concerned with the portion of pertinent entities, factors,
and relationships represented within the simulation. In
other words, dimensions of simulation fidelity address
the extent to which pertinent elements of the problem
space (subject domain, mission space, etc. — choose a
term) are represented within the simulation. Warning:
this definition is not necessarily consistent with the
Fidelity glossary.  Attributes of smulation fidelity, on
the other hand, are concerned with the quality of
parameter treatment within the dimensions of simulation
fidelity and address such characteristics as accuracy,
precision, timeliness (especially in  distributed
simulation), potential error sources, consistency, and
repeatability.

3.3.1.2 Dimensions of Simulation Fidelity

Dimensions of simulation fidelity are concerned with the
portion of pertinent entities, factors, and relationships
represented within the simulation. In order to pursue
this concept of fidelity dimensions, there must be an
articulation of the characteristics of the reality which the
simulation represents. For many simulations (probably
for most smulations), no formal (i.e., comprehensive and
documented) description of the characteristics of the
reality exists. Thiskind of formal description defines the
application domain of the simulation development
construct presented in the previous section.

Articulation of the redlity to be represented by the
simulation (i. e., description of Figure 2's application
domain) begins with an enumeration of the critical
aspects of the problem being addressed. Who prepares
this enumeration? Normally enumeration of the critical
aspects of the problem will be done by the one
attempting to assess the fidelity of the simulation if an
accepted enumeration does not exist within the
community. If that party (person/team/agency/etc.) is
different than the one that developed the simulation, the
aspects identified for enumeration may not be the same
as those used to design the simulation. The upshot of
this situation is that the dimensions of simulation fidelity
will be potentially in the eye of the beholder, at least
until  the community develops standards for how
significant aspects of a problem are identified (and
described) an accepted enumeration of the significant
aspects of the application domain.



Comprehensive articulation of critical aspects of the
application domain (“mission space” in Defense
terminology) is the foundation for identifying the
dimensions of simulation fidelity. For the remainder of
this discussion, assume that such an articulation exists or
that one can be created as the basis for describing
simulation fidelity. If the subject is not well enough
understood to support such an articulation, then
discussion of simulation fidelity can have little or no
meaning as for technical usefulness in determining a
simulations appropriateness for an intended application
or suitability for combined use with other simulations.

Enumeration of the entities involved is the first
dimension of simulation fidelity. The entities must be
addressed in both scope and depth:

Scope addresses the spectrum of entities represented
by the simulation. For example, if fluid flow in a
pump is the subject of the simulation, the scope
considers the entities represented in the simulation.
Such entities include input and output pipes, any
chambers in the pump, pistons or other moving
parts, the fluid flowing through the pump, etc. The
scope dimension of simulation fidelity can be
described as a number (m entity types of n possible
types represented) or as a percentage (x% of entity
types are represented).

Depth addresses the level a which entities
represented in a simulation can be individualy (and
digtinctly) identified. This quantification of the
simulation can extend in either direction:
aggregation or de-aggregation. Simulation depth in
this sense is sometimes called the “level of detail” or
“resolution.” Again, the pump simulation will be
used to illustrate this fidelity dimension. Entities
may be represented at a component level, at parts of
the components, at molecular levels, at atomic
levels, etc. Thus far, we have addressed depth as it
moved down from some level of representation to
more elemental levels of the physical entities.
However, depth also extends in the other direction.
Some entities of the pump simulation, such as the
control mechanisms for pumping speed, may be
represented in an aggregated fashion with a single
algorithm combining inputs of several sensors and
control  processes. The depth dimension of
simulation fidelity can be described as a number (m
of n, relative to the number of levels from the lowest
to highest possible entity consideration) or as a
percentage (x% of entity levels are represented).

The second dimension of simulation fidelity is
identification of factors involved. The factors involved
in a simulation relate to processes that influence, impact,

or describe (characterize) entity states and behavior.
Thus, factors include such considerations as components
and materials, parameters internal to entities that effect
behavior, algorithms that define possible entity states and
behavior, and parameters related to measures of
performance/effectiveness/merit (MOPY MOEY/
MOMSs). Asin the enumeration dimension of simulation
fidelity, this dimension of fidelity is either a number of
the possibilities (n of m factors represented) or a
percentage of those factors.

The third dimenson of smulation fidelity is
specification of the significant relationships among
entities involved. For simplicity in simulations (or
because it's easier), or in some cases because of
ignorance, too often independence is erroneously
assumed to characterize relationships among entities and
factors (including processes within an entity when such
interact). At the very least, such assumptions about
dependencies or independence should be made explicit
and not left in the tacit domain. Such specification of
relationships can describe them as independent,
dependent of a specific sort, or otherwise — the otherwise
description is a catchall for dependent relationships
which can not be described more precisely.

Technically meaningful fidelity descriptions help one to
decide if a particular simulation is appropriate for a
particular application or suitable for use with another
simulation. The enumeration and identification
dimensions of fidelity can not be assessed with
articulation of the application domain — this is the
starting point for a community that has serious concern
about simulation fidelity: development of the fidelity
taxonomy that alows articulation of the application
domain.

3.3.1.3 Attributes of Simulation Fidelity

Attributes of simulation fidelity are concerned with the
quality of parameter treatment within the dimensions of
simulation fidelity and address such characteristics as
factor order, accuracy, precision, timeliness (especialy
in distributed simulation), potential error sources,
consistency, and repeatability.

Factor Order. The quality of parameter treatment
within a simulation begins with the order of the
parameter’s description for a factor in the simulation.
Order is similar to a degree of freedom (DOF) as that
term is used about an entity’s spatial location and
orientation (attitude). Another example of factor order is
treatment of the radar cross-section (RCS) or other kind
of signature of an entity within a simulation. The zero
order description of this parameter would be a constant
value, the same from any aspect angle and for all
frequencies. A first order description would make the



RCS vary in one way (stochastically according to some
statistical distribution, by frequency with different values
for different frequencies, by aspect, etc). A second
order description of RCS would make RCS vary in two
ways. A third order in three ways, and so on. In
addition to the three ways for RCS variation indicated
already, RCS can aso vary with whether the signa is
treated monostatically or bi-statically, with the waveform
of the radar signal, etc. The importance of the order of
treatment of this parameter depends upon the intended
simulation application. In comparison of simulations to
determine their suitability for combined use in a
distributed simulation, different orders for treatment of a
particular factor should be an easy way to identify factors
which need careful consideration.

In general, the higher the order, the greater the fiddlity.
A simulation can have a high order for some factors
(such as entity location), but alow order for other factors
(such as entity RCS) that will cause simulation fidelity to
be “high” or ‘low”, depending upon the application.
This is why simulation fidelity must be addressed in
terms of factors (decomposition of the problem), not
simplistically in some aggregated fashion.

Accuracy, precision (which is functionally equivalent to
resolution and granularity), and timeliness are
characteristics that describe how close the representation
of an individual parameter is to reality. Warning: this
definition is not necessarily consistent with the Fidelity
glossary. Accuracy is always limited by precision.
Precision, the level of resolution or granularity with
which a parameter can be determined, places
fundamental limits on accuracy. As is well known, one
can be very precise but inaccurate, but one can not be
very accurate and very imprecise at the same time.
Accuracy is determined by how well simulation
algorithms represent the subject simulated. Accuracy
can be measured against redlity (when such material
reality data exists) or against the articulation of the
application domain (mission space) for the simulation.
In the first of these two possibilities, accuracy is a
function both of the correctness of the abstraction and of
the simulation’s representation. In the second
possibility, accuracy is only a function of the
simulation’s representation of the abstraction. It is
possible to distinguish these two kinds of accuracy with
descriptive labels: real accuracy and abstraction
accuracy. Accuracy hasto relate to a single parameter or
set of parameters (accuracy can be construed as a multi-
dimensiona vector with a dimension for each parameter
in the set). Simulation accuracy is difficult to determine
if material reality data are sparse or do not exist.

Precision, on the other hand, is much more amenable to
quantification than accuracy. Warning: this definition is

not necessarily consistent with the Fidelity glossary.
Typically precision (resolution, granularity) in a
simulation can be determined by examination of
computational processes used in the ssimulation (number
of significant digits, round-off procedures, interpolation
intervals, minimum step sizes, update/refresh rates,
number of pixels for displays, etc.), and quality of the
real world data However, in hardware in the loop
(HWIL) smulation, precision of the simulation may also
be limited by facility considerations -- such has how well
alignment of physical elements of the simulation (such as
antennas and receivers) can be maintained.  Such
alignment may also be dependent upon other physical
aspects of the facility, such as control of temperature and
humidity in an anechoic chamber used in the simulation.

Timeliness must be given specia attention in distributed
simulations, in unitary simulations employing distributed
processing, in discrete event simulations, and in other
kinds of simulations in which some parts of the
simulation may advance more rapidly or more slowly
than other parts. Manifestation of timeliness impact on
simulation fidelity depends upon how time is managed in
the simulation: continuous, time step, discrete event
with complex roll-back capabilities, etc. In the most
simple situations, a parameter update may be missed for
a time cycle or two in a particular simulation
implementation — because it took too long to compute the
update, because there was a delay in communications
between parts of a distributed simulation, etc. The
maximum magnitude of error between the parameter
value with and without the missed updates quantifies the
potential impact of timeliness on that parameter.
However time is managed (simplisticaly or in a
sophisticated manner in such a simulation), timeliness
issues create fuzziness for parameter accuracy and
precison which must be addressed in considering
simulation fiddlity.

Errors. Pace, Oberkampf et al, and others have
identified a variety of simulation errors that must be
considered in a comprehensive and workable treatment
of simulation fidelity. Simulation errors include:

Imperfect observation/measurement of input data,
Deviation from correct input data,

Less than perfect algorithms for description of entity
state, behavior, and performance, and

Finite limitations in computational and logical
processes.

It is possible in some cases to define simulation accuracy
in terms of such errors. Sometimes it is possible to
identify and quantify some errors even when total



simulation accuracy can not be determined completely
because other errors have not proven amenable to
guantification.  For example, errors introduced by
interpolation between values in a table lookup process
can be quantified rather easily even if the errors in the
values of the table itself can not be quantified. Thus,
errors provide a partial way to address accuracy when
accuracy of a parameter can not be fully determined.

When such errors are independent of one another,
standard statistical processes may be employed to
estimate their combined impact. Foster has described the
way that independent errors (inaccuracy) propagate
through a distributed simulation. When errors are not
independent, it becomes very difficult to estimate the
impact of error combinations since the combined error
may be greater or less than individual errors — and in
many situations, simulation errors are not independent.

Consistency is also an attribute of simulation fidelity. It
addresses whether simulation results are biased
(consistent error direction) and stable in terms of the
dispersion of results induced by simulation processes.
Quantification of some consistency parameters can be
estimated by test cases that use boundary conditions
values (such as values of 0 or 1 for probabilities within
the simulation) and by sensitivity analysis.

Repeatability is a simulation fidelity attribute that many
assume whether it has been demonstrated or not.
Repeatability simply means that the ssimulation should
produce the same results/responses given the same
stimuli (inputs, decisions, operator actions, etc.). This
requires potential for complete control of stochastic
processes within a simulation (such as pseudo-random
seed draws) if repeatability is to be ensured. Dewar et d
document a case of major changes in ssimulation results
caused simply by running the same simulation with the
same inputs on two different computers. Likewise,
variation in communication delays among parts of a
distributed simulation can make it impossible to replicate
simulation results exactly at times. Quantification of
such potential variability in resultsis an important aspect
of simulation fidelity.

People Issues. There are specia fidelity concerns when
a simulation involves people. This is true whether the
people are operators, “players’, or anaysts. The key is
that the people can impact smulation results. Pace
[19984] identified a variety of validation issues that must
be addressed when people are involved in a simulation,
there are aso a number of simulation fidelity
considerations.  People impact accuracy, precision,
consistency, and repeatability — both as stochastic
processes of the reality represented in the simulation and

as aspects of simulation implementation. Often this
human aspect of simulation fidelity is totally ignored.

Ideally it would be desirable to develop a genera
simulation fidelity taxonomy top-down, but there is little
likelihood that such will happen — at least it appears
unlikely that such will happen in the near future.
However, it may be possible for specific simulation
communities to come to agreement about a taxonomy for
simulation fidelity within their restricted application
domain within a reasonable amount of time (and
resources). This will alow them to make meaningful
assessments of simulation fidelity, i.e., assessments
which facilitate more objective determination of the
technical appropriateness of simulation use for a
particular application. When a number of simulation
fidelity taxonomies exist, it will then be possible to
determine if a generic simulation fidelity taxonomy can
be developed. This bottom-up approach is the only one
which appears viable at present.

3.3.2 Fidelity Metrics

There are many simulation fidelity issues. This section
will only address issues directly related to CFD
simulations and computational mechanics codes. It will
not include issues that are outside this domain. This
discussion will take the perspective that the taxonomy
for smulation fidelity is a matter of concern to a
particular group, that group consists of the simulation
developer(s) and user(s) — both defined in the broadest
sense possible.  The “developer(s)” include the one(s)
providing authorization to create the simulation, the
one(s) funding its development, and the ones who
actually design and build the simulation. The “user(s)”
include those who operate the simulation, those who
analyze its responses, and those who use (make
decisions, etc.) information derived from simulation
results. Possibly there may be others who are aso
concerned with the fidelity of the simulation, but the
developer(s) and user(s) are the primary players. They
are the ones who must develop a consensus about
simulation fiddlity.

Thefirst issueisarticulation of the referent to be used as
the basis for comparison (the “standard”) to evaluate
simulation fidelity. Figure 2 has two possibilities: the
“fidelity referent” and the “simulation results referent.”
Reasons were presented early for why the fiddlity
referent is essentia (i. e., why the real world referent for
simulation results is not the only thing needed). It is
easy to map other paradigms to these referents,
paradigms such as the “Proposed Phases for
Computational Modeling and Simulation” suggested by
Oberkampf et a. Which ever approach is chosen, it
should be defined in an explicit and distinct fashion.



Lack of such an explicitly defined standard is a common
problem in simulation fidelity. If a small community
(such as the simulation’s developers and uses) can not
come to agreement about (and articulate) such a
standard, there is little likelihood of that community
coming to agreement about the technical meaning of
simulation fidelity. The Defense community has been
working for several years on its approach to the
Conceptua Model of the Mission Space (CMMYS), which
Gross et a proposed as a candidate for this kind of
referent for simulation fidelity. CMMS insights should
be of interest to those who have not progressed as far in
how to describe an application domain. Other efforts to
articulate application domain characteristics have not
made as much progress in determining how such fidelity
referents should be described. This issue concerns both
what the content of the fidelity referent should be and
how its content should be described.

The second issue in simulation fidelity is identification
of the simulation fidelity taxonomy that should be
employed: What dimensions and attributes of simulation
fidelity should be specified? No standard way to identify
or describe these yet exists. In one sense, this is good
since it allows a particular community of simulation
developers and users to create a structure that works for
them exactly without having to include extraneous parts
of a“standard” approach.

The HLA community has developed a series of templates
that guide how an individual simulation (i. e., afederate)
in adistributed smulation (i. e., afederation) is defined
and described. These templates prescribe how the
federate interacts with the services of the HLA
environment provided by its Run-time Infrastructure
(RTI) and with other federates in the federation. These
templates play an essentia role in making HLA work.
Comparable templates are required for articulation of the
dimensions and attributes of fidelity referents. As
narrowly focused application communities within the
larger simulation world develop, test, and improve such
templates for their particular kinds of applications, a
collection of usable templates for fidelity referents can
come into existence which can become the basis for
generalization about templates suitable for fidelity
referents.  Proven and widely accepted application
specific templates do not yet exist.

The third issue is how to measure the dimensions and
atributes of simulation fidelity which have been
identified. Some measurements will be easy. They will
simply enumerate factors considered. Other
measurements will be difficult — such as assessing the
impact on a parameter or factor accuracy when errors
may exist in data about that parameter as well as errors
may exist in the algorithms related to the factor, and

more than one agorithm may be involved with complex
relationships among the algorithms. No viable general
methods currently exist for establishing parameter
representation accuracy in such complex situations.
Titles of papers for Catech’s December 1998 V&V
Symposium imply that approaches to this issue will be
discussed. An important issue is the available of data
with which to compare the simulation and its results.
When there is an abundance of data (a datarich
environment), the normal techniques of measurement
and comparison, with its use of standard dtatistical
techniques, can be employed. When data are limited (a
data-sparse environment), it may be necessary to use a
variety of techniques to alow fidelity assessments to be
made -- techniques such as combining expert opinion
with data to create a larger amount of “data” In any
case, it is desirable to try to generate as much data as
possible so that fidelity assessments can be based as
solidly in reality as possible.

A fourth issue is how to determine the level of fidelity
required for a simulation application to be valid for its
intended purpose. It is desirable to have a meaningful
way to describe a simulation’s fidelity, but if the fidelity
required by the intended application of the simulation
can not be specified, then it will be impossible to answer
the validity question. As simulations are used in
development of systems with stringent performance
requirements and in support of safety-critical systems,
ability to articulate fidelity requirements as well as
estimate and measure simulation fidelity will become
increasingly important.

3.3.3 Application

There are not yet published applications of this fidelity
framework.

3.4 Fiddlity Differentials Framework
Thiswork is elaborated in references [12] and [13].

We need the ability to quantify simulation “goodness’,
but there is no generally accepted method for doing so.
This is evidenced in the lack of agreement on even a
definition for fidelity. A variety of concepts [3] have
been advanced such as:

1) The similarity, both physical and functional,
between the ssimulation and the referent.

2) A measure of the realism of asimulation.

3) The degree to which the representation within a
simulation is similar to a real world object, feature,
or condition in ameasurable or perceivable manner.



These ideas might be captured as the following:

Fidelity is the extent to which the model
reproduces the referent, along one or more
aspects of interest. Warning: this definitions are
not necessarily consistent with the current
Fidelity Glossary.

This suggests that the crucial issue in fidelity is the
differential between a simulation model and its referent.
The framework outlined here provides a way that might
be used to understand and measure that differential.

3.4.1 Conceptual Framework

Any consideration of the fidelity problem immediately
suggests two problems: (1) how to define the referent,
and (2) how to measure the difference between the
referent and the simulation. Leaving aside the first
problem for the moment, we note that the definition itself
provides some assistance to measuring differences.
Namely, it recognizes that there are different aspects, or
dimensions to fidelity — which immediately suggests that
differences in some aspects may be measured differently
than others.

Many authors have recognized this attribute of fidelity.
For example, Schow et al, suggest fidelity dimensions
including: “attributes, and interactions of the objects to
be inter-operating; and simulation components: local and
global (visua displays, computer system, local area and
wide area networks)” [3]. This references aso notes that
“each of the ... dimensions are ... measurements subject
to differences in the subjects’. This is self-evidently
true, but what are the aspects or dimensions of fidelity?
Different sources have suggested various lists, such as

[3I:

1) Visua system fidelity

2) Synthetic environment fidelity

3) Physical hardware

4) Interactions

5) Dynamics
While the specific of the different fidelity aspects vary
from subject to subject, we argue that any aspect of
fidelity can be classified as one of three kinds:

1) Existence

2) Attributes

3) Behavior

Figure 3.4.1-1 illustrates these three aspects of fidelity
categories, and the process by which the referent is
reduced to the model. It may be comforting to note that
these three categories paralel closely the theoretica
foundation for object oriented design.

It may be useful to think through the implications of this
figure. First, for entities which exist in the referent, the
model is built through a process of aggregation, Thus
reducing the model’s fidelity in this category. For
example, a battlefield model may aggregate individual
soldiers into a platoon.

Second, for attributes in the referent, the model is built
through a process of clarification, Thus reducing the
model’s fidelity in this category. For example, a
battlefield model may clarify by eliminating irrelevant
attributes such as commissioning date.

Finally, for behavior in the referent, the moddl is built
through a process of simplification, Thus reducing the
model’s fidelity in this category. For example, a
battlefield model may simply by reducing the details of a
platoon’ s marching behaviors to simple movement.

¢ Aggregation ¢

Clarification Simplication

Figure 3.4.1-1: Categories of Fidelity

Within this framework, fidelity is a characteristic
function of simulation models which exhibits certain
properties. We assert these properties as a set of four
theorems.

Theorems:
L 0OEF(A)£1
n:if F(A)=1 then A°R

l: F(A) 3 F(MetaA)




IvV: F(A) + F(B) =min(F(A), F(B))
where:

1) A, and B are models of interest.

2) F(A) isthefidelity of model A.

3) MetaAisamodel of areferent including A.

4) Risthereferent of model A.

Figure 3.4.1-2: Properties of Fidelity

Theorem | defines the mathematical range of fidelity isO
to 1 — note the similar to probability. As an aside, we
note that in this context a higher fidelity value is “ better”
than alower value. Theorem |l states that if model has
perfect fidelity, then it is no longer a model but is the
referent, for the aspect being measuring. Theorem 11
states that the fidelity an entity incorporating another
entity, is limited by what it incorporated. Theorem IV
states that the fidelity of two objects working in
corporation is limited by the lower fidelity one.
Therefore, the fidelity of the combination can not be
greater than the fidelity of the individual incorporated
models. Theorem IV has the most serious implications
for interoperable simulations.

We should clarify our earlier paper by pointing out that
this means we see fidelity is a n-tuple, where n = 3. By
this, we mean that there is no meaningful way to
combine these three different aspects of fidelity into a
single measure. In our approach, we measure fidelity
along each of these aspects, and report the three scores as
“the” model fidelity. Of course, with it a specific aspect
(such as attributes), it is possible to make a composite
number representing the fidelity of the system.
Therefore, the fidelity of amodel F(A) means:

F(A) =1- f (Aggregation, Smplification,Clarification)

where f(x) is a function that measures the degree to
which model “A” is aggregated, smplified, and clarified
from reality. We might call f(x) the “infidelity” function.
We see from this that it may be easier to measure fidelity
indirectly (i.e,, as the complement of infidelity) than
directly

The foregoing discussion is a useful theoretica
foundation for fidelity, however it does not address the
first of the two problems raised in our definition: how to
define the referent. This problem has been the prime
deterrent to creating useful definitions of fidelity.
Without a useful definition of the referent, it is not

possible to precisely measure fidelity. However, as soon
as we define the referent, we have created a new model
with its own fidelity problems. This vicious circle has
meant that fidelity remained an abstract concept rather
than a usable measure of simulations.

However, the High Level Architecture (HLA) offers a
way to break out of this vicious circle through its
differentiation between the Conceptual Model of the
Mission Space (CMMS), Federation Object Model
(FOM), and Simulation Object Model (SOM). The SOM
defines what an actual simulation can do; the FOM
defines what is desred. FOMs are refined by
comparison with the SOMs in a process fondly known as
a “FOM-o-rama’. Prior to the FOM-o-rama, the FOM
represents a requirement specification, afterwards it
becomes the design for the simulation. The SOMs
represent an implementation.

The CMMS by contrast, although it is not a smulation
element, defines the context within the FOMs and SOMs
create a simulation for exercise. The CMMSisDMSO'’s
response to DoD Modeling and Simulation Master Plan
Sub-Objective 1-2, “Develop a conceptual model of the
mission space for each DoD mission area to provide a
common basis for development of consistent and
authoritative M&S representations.”  As such, the
CMMS should not be a simulation — instead, it is focused
on describing the battlespace of real mission areas, such
as military operations, operations other than war,
training, etc. We believe that one way the CMMS could
fulfill its objective is by including sufficient information
to serve as a referent for fidelity measures. There will be
several CMMS corresponding to broad mission areas
such as conventional combat operations, other military
operations, training, acquisition and anaysis). The
mission space structure, tools and resources will provide
both an overarching framework and access to the
necessary data and detail to permit development of
consistent, interoperable, and authoritative
representations of the environment, systems, and human
behavior in DoD simulation systems. [11]

Therefore, the CMMS becomes a usable definition of the
referent. The CMMS along with atheory of fidelity such
as presented enable us to make meaningful use of fidelity
for thefirst time.

Some authors have pointed out that the CMMS is a
model in and of itself, and therefore it too has a fidelity
[12]. Thisargument leadsto a dead-end. Any attempt to
define redlity is inevitability a model, and reduces
fidelity to a circular argument. Furthermore, it is not
meaningful to discuss the fidelity of the CMMS for the
following reasons:



1) CMMS *“is’ redity in the context of HLA, and
violating this assumption unhinges the fidelity
mesasure,

2) Since they are different in form, fit, and function,
there is no direct comparison of the CMMS and the
FOM,

3) By definition, Fidelity is not a consideration in
building the CMMS [27], the only consideration is
capturing reality

4) Findly, arguing that F(CMMS) is significant is
really arguing that there is a 1:1 ratio between the
CMMS and FOMSs, which it is clearly not the case.

Therefore, we assert that for HLA simulations, fidelity is
the difference between the CMMS and FOMs/SOMs.

We believe that HLA offers a way around these obstacles
through the Conceptual Model of the Mission Space
(CMMYS), the Federation Object Model (FOM), and
Simulation Object Moddl (SOM).  We understand that
this position is controversial. We simply argue that the
CMMS is our best hope in finding a universal referent
descriptor, and that attempts to use fidelity will
inevitably flounder unless some such descriptor is found.

FOMs and SOMs provide definitions of simulation
models. If we can arrive at a consensus as to a referent,
via the CMMS or some other approach, then one
measure of fidelity is the difference between the FOM or
SOM and the referent. Since FOM development
precedes searches for existing SOMs, or development of
new SOMs in most Federation Development and
Execution lifecycles, it will be useful to consider the
fidelity of the Federation — the delta between the referent
and the FOM — and the fidelity of the Federate — the
delta between the referent and the SOM. Since FOMs
and SOMs are described in the same formal notation,
once we have determined a way to measure the delta
between the reference and any object model, we have
doneit for both.

Not only would this give us away to objectively measure
fidelity, but it immediately suggests uses for the resulting
fidelity measurement. For example, one might design a
Federation, measure its fidelity from its FOM, and then
seek suitable Federates to participate based among other
factors on the fidelity of the proposed Federate from its
SOM. In another example, such a fidelity measure help
us verify that a Federate would be able to participate in a
Federation on a level playing field by comparing fidelity
levels.

Before leaving this topic, we should point out that HLA
is not a panacea on the issue of fidelity. For example,

HLA offers nothing on the physical fidelity of human-in-
the-loop simulators. Furthermore, the approach we have
outlined does not look inside of the simulations to
measure the fidelity of its internal models. However, we
do believe that we have outlined a viable starting point.

3.4.2 Fidelity Metrics

We come now to the problem of measuring fidelity,

specifically the difference between CMMS and
FOMS/'SOMs. It is necessary to define two additional
terms:

Accuracy is absolute maximum deviation allowed
from referent to model. Warning: this definition
is not necessarily consistent with the current
Fidelity Glossary.

Tolerance is the relative accuracy. Warning: this
definition is not necessarily consistent with the
current Fidelity Glossary.

In specifying fidelity, we will be occasionally interested
in the accuracy, but more generally in the tolerance for
the fidelity issue in question. The following addresses
the various techniques available for measuring fidelity
differentials.

3.4.2.1 Counting/Checking

The most obvious technique for measuring fidelity is
brute force counting and checking of required attributes.
This is relatively straightforward in HLA simulations,
since it is certainly possible to, for example, confirm or
deny the existence in the FOM or SOM every entity
defined in the CMMS. The difficulty is that thisis not a
particularly powerful tool, since it considers only one
fidelity category (existence).

3.4.2.2 Tolerance Bands

The most typical way of measuring fidelity isto compare
the numeric output of a model against the same output
for the referent. Figure 3.4.2-1 illustrates a data sample
from areferent and amodel.

Fidelity here would be defined as:
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where:
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Figure 3.4.2-1: Sample Data for Fidelity Computations

R; : Referent Data Point

One would verify the fidelity by comparing the resulting
fidelity to one minus the required tolerance. Notice this
measure conforms to the fidelity properties discussed
before. This technique is widely used and powerful,
however it has the significant limitation of requiring
repetition for each aspect of fidelity. Thistechniqueisas
useful for HLA simulations as for any simulation, but it
is a very single dimensional view of the system,
generally considering the behavior of a single attribute of
asingle entity.

3.4.2.3 Expert Opinion

A second method for measuring fidelity is expert
opinion. Of course, this technique is more properly an
estimate than a measurement unless more than one
expert opinion is combined to produce the fidelity
measure. This technique is widely used, despite its
obvious limitations as to  subjectivity and
misinformation.  Expert opinion is most useful in
considering the integrated behavior of entities.

This technique is useful for HLA simulations, however
as other authors have noted [27], the complexity of large
numbers of abjects interacting is generally beyond the
comprehensive of any one mind.

3.4.2.4 Soft Computing

Given the important advances in artificial intelligence
techniques loosely grouped under the heading “soft
computing” (expert systems, fuzzy logic, neural
networks), it would be possible to build a black box to

measure fidelity. Imagine feeding such a device a
CMMS and a FOM, and creating a statistic, like a fuzzy
set membership value, which states the degree of match
between the CMMS and the FOM. Since the CMMS is
captured in English, and the FOM isin a more structured
template, this should be doable. This technique is more
theoretic than practical, although it would be an
interesting line of research. It offers a real chance to
increase our ability to meaningfully measure fidelity.

Measurement of individua fidelity aspects continues to
be a problem however these four techniques describe
ways to deal with al three categories of fidelity aspects.

The real value of fidelity is in its use as verifying and
validating the ssimulation. We use these terms here in the
sense of DMSO's  Verification, Validation, &
Accreditation document [10]. Namely, verification isthe
determination that the system was built right, and
validation is the determination that the right system was
built. In the context of this paper, it should be clear that
the fidelity of the FOM is a validation question, and the
fidelity of the SOMs are verification questions.

Measurement of individua fidelity aspects continues to
be a problem, but just as important is the capability to
combine fidelity measures into a single statement of
fitness. Schow et a [27] laid the foundation of a fidelity
differential calculus which is available technique
describing system fidelity.

Thetotal fidelity of a system may be represented as:

Fs=a AW



over therange i = 1 to n, where n is the total number of
relevant system capabilities (i.e, visual system, user
interface, etc.), F; isthe fidelity measure of each relevant
characteristic and is a function of the simulation, F; =
| (smulation), and where W is a weighting factor based
on the importance of this characteristic in the
performance of a particular task, and is a function of
task, W = | (task). As can be seen, the total fidelity of a
simulator can and will change depending on the task or
exercise at hand. Therefore, in general for two different
tasksi and j we see that:

& RW AW,

Due to the differing requirements of each application, the
fidelity metric of the same simulation for different
applications will seldom beidentical. [27]

The question arises, “Is it necessary that al fidelity
aspects be measured in the same way? No, only that
they be done in a defined way the results conform to the
fidelity properties detailed herein.

It is this “defined way” that requires addressing by the
SISO community at large. The time is ripe for the
community to put its collective heads together and
“standardize” a method or methods to define and
measure fidelity in an objective manner. The
measurement and understanding of fidelity measurement
is a critical issue for the various user communities and
demands the attention of the SISO SAC.

Thus we have a viable method for combining the
different fidelity measures into a single system fidelity.
How can this be used? We assert that if the simulation
specification includes a required fidelity level, then
comparing the fidelity captured in the FOM to the
SOMs, on a system by system basis is a direct
verification of the system. Validation is considering the
guestion of whether the abstract fidelity level captured in
the FOMs is sufficient.

But how will we conduct this verification? To answer
this question, we will borrow from regression analysis.

Regression analysis is a well known technique for
developing a mathematical function describing a
collection of points. Regression anaysisis at the root of
many behavior models embedded in simulations. Figure
3.4.2-2illustrates aregression analysis.

Without discussing the mechanics involved, the process
for regresson anaysis is first proposing a model
equation for the function, and then calculating a statistic
indicating whether the function is sufficient to describe

the data. If not, a new model is proposed and a new
statistic calculated. Each model increases in complexity
in terms of the number of dependent variables, the
number of terms of each, or the powers of each.

The dtatistic for model sufficiency arises from a direct
application of the Central Limit Theorem, namely that
over a reasonably large sample the residuals (s