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ABSTRACT

There are few tools available for military and civilian simulation developers to
quickly and efficiently develop high-fidelity digital environments capable of supporting
high-resolution, agent-based simulation. In this work, the author has tried to lay a solid
foundation for further understanding the digital terrain support available to simulation
developers.

This thesis explores numerous digital terrain data representations and tools
available to create digital environments. The work explores the specific problem of
terrain database generation for agent-based ground combat simulation. To accomplish
this, the author explores the more general problem of where to find the data, what tools
are available, and how to put the pieces together to create a registered digital environment
on a state-of-the-art computer. The author envisions this methodology to be the first step
in the design of an automated planning tool capable of importing real world digital terrain
data and quickly generating agent-based military combat scenarios for any location on
earth.

This work provides a logical construct and design methodology for an analyst to
create high fidelity terrain data sets. It functions as a “how to” manual to help analysts
understand which information and tools are available to use for different types of

simulation projects.
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DEFINITION OF KEY TERMS

Aggregation
A relationship between objects in the data representation model where one object
contains other objects.

Aggregator

An object that is comprised of other objects (components). A 'has-a' relationship
exists between the aggregator object and its component (see component) objects. For
example, a polygon is an aggregator for its vertex objects (components). Synonym:
container.

Application Programmer's Interface (API)

An encapsulation of functionalities common to many applications into reusable
modules. This encapsulation provides consistency among applications, as well as a
reduction in complexity for access of data.

Areal Feature
A geographic entity that encloses a region. For example, a lake, administrative
area, or state.

Association

A relationship between two or more objects in a data representation model. This
is the weakest relationship, and can include multiplicity of objects at either end of the
relationship.

Atmospheric Representation

The depiction of the atmosphere environment which includes data on the location
and characteristics of the zone from the earth's surface to the upper boundary of the
troposphere, and includes: (a) particulate and aerosol data on haze, dust, and smoke (to
include nuclear, biological, and chemical effects), and (b) data on fog, clouds,
precipitation, wind, condensation (humidity), obscurants, contaminants, radiated energy,
temperature, and illumination.

Attribute
A quantifiable property of an object. For example, the color of a building or the
width of a road.

Base

1: the 'world' encompassed by an environment. Boundaries are specified to define
the extent of the Base. 2: the root of an environment object hierarchy of objects with
fixed positions in the world.
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Component
An object that is a part of an aggregator object. For example, vertex objects are
components of their aggregator polygon. See aggregator.

Computer Generated Forces (CGF)

A generic term used to refer to computer representations of forces in simulations
that attempt to model human behavior sufficiently, so that the forces will take some
actions automatically (without requiring man-in-the-loop interaction). Also referred to as
semi-automated forces (SAF).

Constructive Simulation

Models and simulations that involve simulated people operating simulated
systems. Real people stimulate (make inputs to) such simulations, but are not involved in
determining the outcomes.

Coordinate System
An organized system for describing 2- or 3-dimensional locations.

Correlated Initial Environment
The convergent representation of the same physical environment in two or more
separate environments prior to their use in a combined exercise.

Correlated Levels of Detail (LOD)
The equal representation of environmental objects at comparable levels of
presentation (i.e., the same object seen or detected at a distance of 10 meters).

Correlation
A convergent relationship between parallel representations of the same data.

Datum

A mathematical approximation to all or part of the earth's surface. Defining a
datum requires the definition of an ellipsoid, its location and orientation, as well as the
area for which the datum is valid.

Data Derivation
The calculation or interpolation of information not present in the original data.

Data Dictionary
A table or set of records whose values define the allowable content and meaning
of attributes.

Data Loss

The loss of original information through multiple conversions or transformations
of data.

xXviil



Data Representation Model

1: a description of the organization of data in a manner that reflects the
information structure of an enterprise. 2: a description of the logical relationships
between data elements. Each major data element with important or explicit relationships
is captured to show its logical relationship to other data elements.

Data Pre-distribution Interchange
The complete exchange of environmental data prior to the start of an exercise.

Data Representation

A variety of forms used to describe the terrain surface itself, the features placed
on the terrain, the dynamic objects with special 3-D model attributes and characteristics,
the atmospheric and oceanographic features, and many other forms of data.

Edge
A one dimensional primitive used to represent the location of a linear feature
and/or the border of faces.

Elevation
The vertical component in a 3-dimensional measurement system. Elevation is
measured in reference to a fixed datum.

Environmental Database
An integrated set of data elements, each describing some aspect of the same
geographical region and the elements or events expected there.

Environmental Domain

The physical or abstract space in which the entities and processes operate. The
domain can be land, sea, air, space, undersea, a combination of any of the above
(including permanent or semi-permanent man-made features), or an abstract domain,
such as an n-dimensional mathematics space, or economic or psychological domains.

Environmental Representation
An authoritative representation of all or part of the natural environment, including
permanent or semi-permanent man-made features.

Face

A region enclosed by an edge or set of edges. Faces are topologically linked to
their surrounding edges, as well as to the other faces that surround them. Faces are
always non-overlapping, exhausting the area of a plane.

Fair Fight

A simulation or exercise conducted such that differences in the simulator or
training system technology do not unduly result in one force or entity having an
advantage over another.
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Feature
1: a model of a real world entity. 2: a static element of the environment which
exists but does not actively participate in environmental interactions.

Fidelity

1: the accuracy of the representation when compared to the real world. 2: (a) the
similarity, both physical and functional, between the simulation and that which it
simulates, (b) a measure of the realism of a simulation, or (c) the degree to which the
representation within a simulation is similar to a real world object, feature, or condition in
a measurable or perceivable manner.

Geocoding
An image is geocoded if a precise algorithm for determining the earth-location of
each point in the image is defined.

GeoDetic Coordinate System (GDC)
A measurement system that relates earth-centered angular latitude and longitude
(and optionally height) to an actual point near or on the earth’s surface.

GeoKey
In GeoTIFF, a GeoKey is equivalent in function to a TIFF tag, but uses a different
storage mechanism.

Geographic Coordinate System

A Geographic CS consists of a well-defined ellipsoidal datum, a Prime Meridian,
and an angular unit, allowing the assignment of a Latitude-Longitude (and optionally,
geodetic height) vector to a location on earth.

GCS Cell
Each cell covers one degree of latitude by one degree of longitude.

Geometry

A very abstract class, encapsulating both the concepts of traditional geometry as
well as other classes containing measured data, and organizational methods used to
organize these traditional geometry and other 'real' data classes within an environment.

Georeferencing
An image is georeferenced if the location of its pixels in some model space is
defined, but the transformation tying model space to the earth is not known.

GeoTIFF
A standard for storing georeference and geocoding information in a TIFF 6.0
compliant raster file.

Grid
A coordinate mesh upon which pixels are placed.
XX



Ground Truth

The actual facts of a situation, without errors introduced by sensors or human
perception and judgment. For example, the actual location, orientation, and engine and
gun state of an M1 tank in a live simulation at a certain point in time is the ground truth
that could be used to check the same quantities in a corresponding virtual simulation. Or
the actual direct and diffuse solar irradiance at a terrain point is the ground truth that
could be used to check the same quantity in a corresponding virtual simulation.

Inheritance

An object-oriented programming concept where a child class also has the features
(attributes and methods) of its parent class. One of the types of relationships between
objects in the data representation model.

Interoperability

1: enables distributed heterogeneous simulation systems to be interactive so that a
meaningful exercise may be conducted. 2: the ability of a model or simulation to provide
services to and accept services from other models and simulations, and to use the services
so exchanged to enable them to operate effectively together. 3: two training systems
interoperating to present a single training exercise in the same simulated space to a
geographically dispersed audience.

Library
A complete list of unique item(s) of a certain type (whatever type the library
contains) which can be referenced within the environment.

Linear Network
A geographic entity that defines a linear (one-dimensional) structure. For
example, a river, a road, or a state boundary.

Littoral Region

1: defined as (a) seaward - the area from the open oceans to the shore that must be
controlled to support operations ashore, and (b) landward - the area inland from the shore
that can be supported and defended directly from the sea. 2: the area from the ten-fathom
curve shoreward to the most inland point of the shoreline.

Live Simulation
A simulation involving real personnel operating real systems.

Location 3-D Vertex
A coordinate in 3-dimensional space.

Meridian
Arc of constant longitude, passing through the poles.
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Model
A physical, mathematical, or otherwise logical representation of a system, entity,
phenomenon, or process.

Model Space
A flat geometrical space used to model a portion of the earth.

Natural Environment
An earth-based environment modeled by an environment.

Node
A zero-dimensional primitive used to store a significant location.

Oceanographic Representation

The depiction of the ocean environment which includes data on the location and
characteristics of the ocean bottom (e.g., depth curves, bottom contours, sediment types),
as well as the representation of processes required to describe the natural and man-made
static and dynamic surface and sub-surface ocean conditions (e.g., temperature, salinity
gradients, acoustic phenomena).

Original Data
The source data utilized by a resource provider to construct their initial
environmental representation.

Parallel
Lines of constant latitude, parallel to the equator.

Pixel
A dimensionless point-measurement, stored in a raster file.

Point Feature
A geographic entity that defines a zero-dimensional location. For example, a well
or a building.

Polygon
Thematically homogenous areas composed of one or more faces.

Positional Accuracy

Positional accuracy refers to the root mean square error (RMSE) of the
coordinates relative to the position of the real world entity being modeled. Positional
accuracy shall be specified without relation to scale and shall contain all errors
introduced by source documents, data capture, and data processing.
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Projected Coordinate System (PCS)

An instantiation of a coordinate transformation. A planar, right-handed cartesian
coordinate set which, for a specific map projection, has a single and unambiguous
transformation to a geodetic coordinate system.

Property
A characteristic of an object.

Projected Coordinate System
The result of the application of a projection transformation of a Geographic
coordinate system

Raster Space
A continuous planar space in which pixel values are visually realized.

Rational
In TIFF format, a Rational value is a fractional value represented by the ratio of
two unsigned 4-byte integers.

Representational Polymorphism
Multiple representations of the same data to serve the needs of different users.

Resolution
The degree of detail and precision used in the representation of real-world aspects
in a model or simulation. Granularity.

SDTS
The USGS Spatial Data Transmission Standard.

Scalability
The ability of a distributed simulation to maintain time and spatial consistency, as
the number of entities and accompanying interactions increase.

SEDRIS
An infrastructure technology that enables information technology applications to
express, understand, share, and reuse environmental data.

SEDRIS Transmittal Format (STF)

Provides users of SEDRIS, both data consumers and data providers, with a means
of cross-platform interchange by supplying a universally specified external storage
format.

Semantics
The implied meaning of data. Used to define what entities mean with respect to

their roles in a system.
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Sensor Model

A model of a sensing system (sensor) other than a direct human eye visual model.
It may and usually does include a sensor signature model, a sensor atmospheric model,
and a sensor effects model. Examples of sensor models include radar system models,
sonar system models, and FLIR (forward looking infrared) imager models.

Space Representation (including ionosphere)

The depiction of the space environment which includes data on the location and
characteristics of regions beyond the upper boundary of the troposphere, and including
neutral and charged atomic and molecular particles and their optical properties.

Terrain Representation

The depiction of the terrain environment, which includes data on the location and
characteristics of the configuration and composition of the surface of the earth, including
its relief, natural features, permanent or semi-permanent man-made features, and related
processes. It includes seasonal and diurnal variation, such as grasses and snow, foliage
coverage, tree type, and shadow.

Tag
In TIFF format, a tag is packet of numerical or ASCII values, which have a
numerical "Tag" ID indicating the information content.

Textures
Application of surface detail to a polygon by mapping an image to the polygon
(i.e., to show foliage on a polygon to represent a tree).

Tile
A spatial partition of a coverage that shares the same set of feature classes with
the same definitions as the coverage.

Topology
Any relationship between connected geometric primitives that is not altered by
continuous transformation.

Tagged Image File Format (TIFF)
A platform-independent, extensive specification for storing raster data and
ancillary information in a single file.

Universal Transverse Mercator (UTM)

An ellipsoidal transverse mercator projection to which specific parameters, such
as central meridians, have been applied. The earth, between latitudes 84.0 degrees North
and 80.0 degrees South, is divided into 60 zones, each generally 6 degrees wide in
longitude.
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Vertical Positional Accuracy

Vertical positional accuracy is based upon the use of USGS source quadrangles
which are compiled to meet National Map Accuracy Standards (NMAS). NMAS vertical
accuracy requires that at least 90 percent of well defined points tested be within one half
contour interval of the correct value. Comparison to the graphic source is used as control
to assess digital positional accuracy.

Vertices

Vertices are the intersecting points of lines. These points define either unique
locations which represent end points of a line feature, or corners of a polygon or area
feature.

Virtual Simulation
A simulation involving real personnel operating simulated systems.

World Geodetic System 1972 (WGS 72)

The definition of DMA DEMs, as presently stored in the USGS database,
references the WGS 72 datum. WGS 72 is an Earth-centered datum. The WGS 72
datum was the result of an extensive three-year effort to collect selected satellite, surface
gravity, and astrogeodetic data available throughout 1972. These data were combined
using a unified WGS solution (a large-scale least squares adjustment).

World Geodetic System 1984 (WGS 84)

Defines the current U.S. DoD standard horizontal and vertical reference datums
for a geodetic coordinate system, collected and standardized in 1984. The WGS 84
datum was developed as a replacement for WGS 72 by the military mapping community
as a result of new and more accurate instrumentation and a more comprehensive control
network of ground stations. The newly developed satellite radar altimeter was used to
deduce geoid heights from oceanic regions between 70 degrees north and south latitude.

Worldwide Reference System (WRS)
The WRS is a global indexing scheme designed for the Landsat program based on
nominal scene centers defined by path and row coordinates.

Zenith
The point on the celestial sphere vertically above a given position or observer.
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I. INTRODUCTION

A. THESIS STATEMENT

My thesis requirement is to conduct a survey of the digital terrain data
representations and tools available to create a digital environment capable of supporting

multi-agent simulation using a state-of-the-art desktop personal computer.

B. MOTIVATION

There are few tools available to quickly and efficiently develop a digital
environment capable of supporting a high-resolution, agent-based simulation. An
accurate model of any location on earth can take up to six months to develop. The author
believes it is possible to create an accurate terrain representation on a state-of-the-art
personal computer (PC) or laptop in half a day. The author’s far-reaching goal is to build
a tool to quickly and efficiently create a situated military simulation allowing planners to
emplace any collection of weapons systems onto any terrain on earth. To do this a user
must be able to create an accurate terrain representation derived from numerous terrain
data sources. The sources may include but are not limited to Digital Terrain Elevation

Data (DTED), Digital Feature Analysis Data (DFAD), digitized raster graphics and
imagery.

C. GOALS

The author will explore the specific problem of terrain database generation for a
Java-written, agent-based ground combat simulation similar to Ilachinski’s Irreducible
Semi-Autonomous Adaptive Combat (ISAAC) model (See Chapter 2). To accomplish
this, the author will review the more general problem of where to find the data, what tools
are available, and how to put the pieces together to create a registered digital environment
on a state-of-the-art computer. The author envisions this methodology to be the first step
in the design of an automated planning tool capable of importing real world digital terrain
data and quickly generating agent-based military combat scenarios for any place on earth.
The author will execute this research by analyzing alternatives of the most commonly

used digital terrain manipulation and visualization packages.
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The author will leverage current commercial off-the-shelf (COTS) techniques in
this effort. The author’s long-term vision is to be able to create a complete high-fidelity
simulation in less than four hours. The digital environment is the most difficult and
complex aspect of this effort. An automated planning tool could be developed to
leverage existing technologies and research and integrate these tools into a unique model
capable of running on a desktop PC.

The process would include dynamically integrating gridded data and raster
graphics to create both a graphically and physically correct model of elevation,
vegetation, trafficability, and man-made features. This will create a baseline from which
we can develop a finished product. From this point, the analyst takes real-time imagery
and manually updates the model. Two tools are implied: the first is a tool to
automatically read gridded data and lay raster graphics over the top. The second is an
authoring tool allowing us to quickly update an area based on digital imagery. The good
news is that both tools exist today. The bad news is that they are not powerful or fast
enough to provide the fidelity needed to make military decisions that may risk U.S.
soldiers’ lives.

In summary, this work will provide both a tool and design methodology for an
analyst to create high fidelity terrain data sets. It will function as a “how to”” manual to
help analysts understand which information and tools are available to use for different
types of projects. This work will directly contribute to the further development of high-
resolution terrain generation for simulation analysis and the integration of real terrain into

on-going agent-based MOVES simulation research.
D. ORGANIZATION

This thesis is organized into the following chapters:

- Chapter I: Introduction. Identifies the purpose and motivation for conducting
this research. Establishes the goals and objectives for this thesis.

- Chapter II: Background and Related Work. Discusses basic digital topology
concepts, describes the parts of basic ground combat simulation and describes previous

research in the field of adaptive multi-agent systems and agent-based modeling.



- Chapter III: Data Representations. Describes the mainstream data
representations and formats available to the military and civilian developer. Discusses
ease of use and availability of each data representation. Describes the organizations
involved in developing common terrain data formats. Recommends the best data
representations for developing agent-based simulation tools.

- Chapter IV: Terrain Manipulation Tools. Discusses and analyzes the different
terrain manipulation tools available to the developer. This includes cost, system
requirements, data inputs and outputs, and potential uses of the product. Recommends
the tools best suited to for creating digital terrain representations for agent-based ground
combat simulation tools.

- Chapter V. Applied Summary. Summarizes the work completed in Chapters I-
IV and offers a step-by-step approach to assist in defining and refining terrain space for
use in multi-agent system simulation tools.

- Chapter VI: Future Work. Discusses follow on work and more advanced topics
in the field of multi-agent system simulation applications.

- Chapter VII: Conclusion.
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II. BACKGROUND AND RELATED WORK

A. PARTS OF A GROUND COMBAT SIMULATION

Simulation modeling techniques have come a long way in the last three decades,
however, the ability to quickly create accurate, high fidelity digital environments to
support simulation and Command, Control, Communications, Computers and
Intelligence (C4I) activities is still a very difficult problem. High fidelity synthetic
natural environment data is often hard to come by and difficult to use once the data is
correctly formatted. Environmental data sets are extremely large and complex processes
are often necessary to change and manipulate the data. Computing power was once a
major problem in managing and storing environmental data sets. In the past decade, CPU
speeds, hard drive space and RAM have reached a point where the creation of large
environmental data sets are no longer a problem for a normal desktop PC or laptop.
Unfortunately, the environment is only the first step in the creation of a high fidelity
combat simulation.

Three critical components of accurate military simulations include the
environment, interactions, and physics. The environment may be the most challenging of
the three conjoined parts. The digital environment is the area in which all agent
interactions and physics take place. Numerous theories and methods exist to define and
register a digital environment. If the terrain and physical objects are not accurately
registered within the environment, the physical interactions between agents (and their
environment) will be inaccurate. Critical aspects of combat simulation such as line of
sight and ballistics will return erroneous results if the environment is not properly

constructed.

It is key to understand that a computer tracks the digital environment in three
separate coordinate systems. These coordinate systems are the world (user) coordinate
system, the database coordinate system, and the pixel coordinate system. The world
coordinate system is the area in which the user and human interface will interact. This
could include tracking entities via Universal Transverse Mercator (UTM) and latitude-

longitude coordinate systems. A database coordinate system uses a local x-y-z (0,0,0)



scale to track local situated objects. The computer uses the image coordinate system to
make physics calculations for physical interactions within the simulation. The computer
uses the pixel coordinate system to actually draw the entities and synthetic environment

on the screen for the human eye to process.

When developing Synthetic Natural Environments (SNE), it is important to
integrate different data representations to create graphically and physically correct
models of elevation, vegetation, trafficability, and man-made features. Real-time
imagery could be used to further update the model. Two tools are implied. The first is a
tool to automatically read terrain representations into our tool. The second is an
authoring tool allowing us to quickly fill in or change features based on updated digital
imagery. The author proposes Commercial Off the Shelf (COTS) techniques be modified

and/or leveraged wherever possible.

The author envisions this work created in three steps. First, identify and explore
the availability, ease of use, and flexibility of various data representations. Second,
conduct an analysis of alternatives of the COTS tools available to create a situated
registered environment. Finally, conduct a proof of concept for this methodology by
creating a situated digital environment capable of being registered into multi-agent

applications. This thesis will specifically focus on the first two steps (See Figure 2-1).
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Figure 2-1. Thesis Focus

B. DATA INTEROPERABILITY

To obtain a basic understanding of this subject, one must understand the uses of
digital terrain, the available types of terrain data, and where to find this data. Digital
terrain models (DTM) are used in many applications including earth sciences,
environmental studies, engineering and modeling & simulation. The U.S. military is the
leading consumer of digital terrain models, and was once the leading producer of digital
terrain products. Military operation planning greatly depends on having a reliable and
accurate understanding of the terrain. This includes detailed modeling of elevation,
slope, and aspect, as well as the minute features contained therein. The military uses
DTMs for visualization, inter-visibility analysis, virtual displays and line of site analysis.

A major challenge in the civilian and Department of Defense (DoD) simulation
community’s is the definition of a common environmental format. This includes
activities like interoperability, data interchange, common formats and common data
representations. There are numerous activities and organizations in DoD addressing

these problems. Interoperability and interchange are often assumed to be synonymous
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concepts. People often inaccurately equate the ability to share data between two systems
to interoperability between those systems. This is analogous to expecting French and
Russian speakers to understand each other based solely on the premise that they possess
the capability for speech. Robust interchange mechanisms are critical to system
interoperability. Good interchange means using a mechanism that minimizes noise in the
medium, employs clear, unambiguous syntax and semantics, and does not resort to
cumbersome or unwieldy formats.

Clear and robust interchange does not guarantee interoperability. If two people
speak the same language, are not impeded by noisy mediums, and use understandable
words and phrases to form clear sentences, they still may not understand each other. One
may be speaking about a subject that requires considerable background and context to be
understood by the other. We recognize that with poor interchange mechanisms such
exchanges would be even more difficult to comprehend. Good interchange is about
clearly understanding data. Interoperability is about understanding the information that
such data carries, and being able to act on it. Therefore, a good interchange mechanism
becomes a pre-condition and a critical step to interoperability. We will discuss common

data representations and data formats in Chapter III.

C. ADAPTIVE AND AUTONOMOUS MULTI-AGENT SYSTEMS

If patterns of ones and zeroes were ‘like’ patterns of human lives and
deaths, if everything about an individual could be represented in a
computer record by a long string of ones and zeroes, then what kind of
creature could be represented by a long string of lives and deaths?

Thomas Pynchon, Vineland

Previous work in the extension of Irreducible Semi-Autonomous Adaptive
Combat (ISAAC) was one of the driving factors in leading the author to choose this
thesis topic. Multi-Agent Systems (MAS) distinguish themselves from traditional
modeling techniques by emphasizing communications, interactions and adaptability
between system elements [Ferber, 1999]. Agents are the primary elements used to

represent a digital MAS world. Ferber provides the following set of descriptive



characteristics that make up interactive agents [Ferber, 1999]: agents act within an
environment given a set of resources; agent actions are driven by a function of their
propensities; agents sense their environment within a prescribed set of limitations; agents
behave in a way that best satisfies their objectives while self-monitoring resources and
adjusting their goals and intentions based on how they perceive their environment. The
author considers the last characteristic to be autonomous behavior. Agent parameters and
characteristics drive the agent to conduct autonomous behaviors.

Ferber describes two methodologies for assigning agent intelligence: cognitive
and reactive [Ferber, 1999]. Cognitive agents possess pre-coded goals and intentions that
drive them to act in concert with their objectives. They possess the necessary rules to
deal with any situation they may confront within their environment. Reactive agents
display behavior by assimilating sensed environmental information. They do not react
based upon pre-conceptions or a set of personal objectives. A well-designed MAS
integrates both reactive and cognitive characteristics.

According to Ferber, agents are but one of the six elements that make up a MAS.
Other MAS elements include: the environment, objects, relations, operations, and laws
[Ferber, 1999]. The author will focus most of his effort on the concept of environment.

Environmental objects are situated and passive. The inability to dynamically
interact separates the environment from agents. Agents are always objects, but objects
are not always agents. Relations serve to describe the synergistic group effects and
describe group interactions. Operations are rules that define agents’ ability to manipulate
objects and other agents. Laws are what Ferber defines as the portrayal of the MAS
world reactions to attempted modifications of the overall system. Ferber’s explicit and
concise definitions of these elements clarify the process by which a MAS and adaptive,
agent-based simulation could be used as a baseline to create a flexible, situated ground

combat simulation.

D. IRREDUCIBLE SEMI-AUTONOMOUS ADAPTIVE COMBAT (ISAAC)

ISAAC is an agent-driven model developed to explore individual ground combat

as a Complex Adaptive System (CAS). Dr. Andrew Ilachinski developed ISAAC for the

Marine Corps Combat Development Command (MCCDC) in 1997. This research was
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commissioned by the U.S. Marine Corps to attempt to capture new concepts of land
warfare [Ilachinski, 1997].

Most U.S. ground combat models are derived from Lanchester Equations
[Lanchester, 1914]. These equations are based on relative combat power and
mathematically derive the winner and loser of combat outcomes based on relative
deterministic combat scores. Ilachinski hypothesized ground combat as a Complex
Adaptive System. He viewed ground combat as a dynamic, non-linear system made up
of many semi-autonomous entities interacting in an ever-changing situated environment.
Lanchester attrition algorithms are still applied to modern warfare models even though
minimal correlation exists between Lanchester algorithms and historical combat data.
Ilachinski felt that aggregate Lanchester Equations poorly represented the autonomous
and adaptive tactical operations of intelligent, ever-thinking soldiers on the battlefield.
Ilachinski developed ISAAC for the U.S. Marine Corps to assist their analysts in the
study of small-unit combat by illuminating specific aspects of emergent ground combat
phenomena resulting from the collective, nonlinear actions of ground combat agents
[[lachinski, 1997]. Ilichinski uses a bottom-up approach to the modeling of ground
combat, vice the more traditional top-down, aggregate approach. His work was an initial
step toward developing a complex adaptive system capable of identifying, exploring, and
exploiting emergent collective ground combat behaviors.

Ilachinski uses ISAAC Agents (ISAACASs) to represent combatant entities in his
simulation. These agents adapt to their environment and react to the local information
presented to them. Agent decision-making is decentralized and driven by the individual
propensities for each ISAACA. ISAACA movement is nonlinear, adaptive and based
solely on an agent’s attempt to satisfy its own goals and intentions (See Figure 2-3 for
additional movement information). Figure 2-2 is a screen-capture of the ISAAC

simulation interface.

10



n ine . Tl -
—_— 1SAAC / Version 1 8.4 ——
i s : e
ey F-jamp »
v Worems = 1
T Irmmm= ¥
45 Dibglgn s &
e = shwi= W
- [
T [ ] 1
ORI e
" -
- b
(L} [Tl 1] (U
L) - W 1P 1
e "
L8 . - W
ks 1 e - ¥
ar 1 oL i 1Ix
o L] ot 1 3
Ly P Ly
isla EE- W b
- B opiEs e AE
i
......
- E———
(L] L I
i Y
I L SR I

Figure 2-2. Screen-capture of the ISAAC Simulation
(From: www.cna.org/isaac/sampscrn.htm)

The ISAAC situated environment is a flat, two-dimensional battlespace. Red and
blue ISAACA’s are placed at random around their friendly flag. Only one ISAACA may
occupy any grid position at any one time. The goal of the simulation is to explore how
the red and blue units interact while trying to capture the enemy’s flag. A winner is
determined when one side captures the enemy’s flag or destroys all enemy ISAACAs.
ISAACAS can be injured or killed by enemy fire. Diminished health levels (injured
ISAACAs) affect agents’ ability to sense, shoot, move, and communicate. Diminished
ranges can have significant effects on what and how information is sensed and perceived
by the ISAACAs. [Ilachinski, 1997].

ISAAC implements dynamic personality vectors to drive individual ISAACA
behaviors. These personality propensities drive the movement and actions of each
ISAACA. The vectors consist of six character traits: alive friendly, alive enemy, injured
friendly, injured enemy, red flag, or blue flag. Movement is driven by their overriding
personality trait. Alive friendly means the ISAACA will move toward a friendly agent.
Red flag means the ISAACA will move toward the red flag. The user can adjust these
personality attributes to explore different simulation adaptation patterns [Ilachinski,

1997].
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ISAACA movement is initiated via the agent personality vector and calculated by
a movement algorithm called the penalty function. The penalty function is a
mathematical algorithm that calculates the next movement step based on the ISAACA’s
overriding personality trait. At each ISAACA turn, the simulation calculates the penalty
function for each possible movement location (See Figure 2-3). The ISAACA moves to
the grid location with the smallest penalty function value not already occupied by another
ISAACA. This location best satisfies the ISAACA’s goals and personality vector.

Figure 2-3 is an example of a single ISAACA movement step. The 7 x 7 grid is
the ISAACA sensing area. The ISAACA has nine movement choices (shaded area of
Figure 2-3). It can move into one of eight grid squares or remain in its current location.
The penalty function takes into consideration the agent’s overriding personality vector
and the data sensed about nearby agents, agent statuses, and distances to both flags. The
penalty function calculates a value for each of the nine movement choices. The grid

square with the lowest penalty function value is selected for the next move.
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Figure 2-3. Sample Penalty Calculation (From: Ilachinski, 1997)
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In 1999, the author extended the ISAAC work with three other NPS graduate
students. The group created a similar simulation with two simple rules: move towards
the enemy flag; if there is an enemy within sensing range, attack the enemy. The group
discovered organized military movement patterns evolved out of these simple behaviors
[Tanner, 1999]. These movement patterns were not explicitly coded into the simulation

(See Figure 2-4, Multi-Agent System Testbed).
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Figure 2-4. Multi-Agent System Testbed (From: Tanner, 1999)

Over the past 4 years, numerous students at the Naval Postgraduate School have
extended Dr. Ilachinski’s modeling methods. NPS research in agent decision-making has
been tremendous. Student research in MAS’s has contributed to the development of
automated route planning algorithms, leadership algorithms, reconnaissance algorithms,
helicopter planning research, and ground combat tactics research. Most of the prior NPS
research projects have used student-built (made-up) gridded terrain models to conduct
their analysis. Without using real terrain models, analysis is difficult to apply to real
world application. The significance of engaging the MAS Testbed on real, digital terrain

is critical, as it quickly transitions theoretical agent work into real world application.
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III. DATA REPRESENTATIONS

A. INTRODUCTION

This chapter describes the mainstream data representations and formats available
to the military and civilian developer. A tremendous number of terrain data
representations exist for a myriad of uses. This chapter discusses common data
representations, the availability and ease of use of each data representation type, and the
organizations involved in developing the mainstream common terrain data formats. The
most common terrain data representations are: gridded, raster (dumb data), vector (smart
data) and imagery. This chapter will discuss each type and provide recommendations on

specific data representations.

B. TERRAIN REPRESENTATIONS

Digital terrain data representations are produced by a variety of government and
private institutions. National Imagery and Mapping Agency (NIMA) and U.S.
Geological Survey (USGS) are two of the most prominent suppliers of terrain data for the
government developer. It is often a very difficult task to identify and obtain the most
appropriate representation for the terrain information desired. Very often, the success of
a simulation tool depends on the accuracy and fidelity of the data used. Terrain data is
available in many common representations with each having its own pros, cons and uses.
Data representations include: gridded, raster, vector, or imagery (this list is not inclusive).

These representations are discussed in this chapter.

1. Gridded Representations

Gridded representations are a rectangular grid of evenly spaced elevation values
and are probably the most commonly used digital terrain modeling structures. This is a
popular representation because data is structured similarly to the manner in which data is
stored on the hard drive of a computer. Elevations are normally stored as a two-
dimensional array, and every elevation point is assigned a row and column location. Due

to the similarity of data structures, each data point is recorded implicitly with no special
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encoding of data. This makes data retrieval very simple. The most common types of
gridded representations are Digital Terrain Elevation Data (DTED) and Digital Elevation
Models (DEM).

a. Digital Terrain Elevation Data (DTED)

Digital Terrain Elevation Data is a gridded representation produced by
NIMA. DTED data graphically defines terrain elevation, slope, or surface information.
DTED is proposed in 5 levels (See Figure 3-1). Only DTEDO and DTED1 are available
for all areas of the world. DTED?2 is available for limited areas and is no longer being
produced. SRT-2 (Shuttle data) is 30-meter resolution data now being developed in lieu
of DTED2. DTED data is photo derived, SRT-2 data is radar derived. The SRT-2 data
will eventually become the 30-meter benchmark data standard for M&S and other uses.
Certain areas (e.g. canopy forests) may not be accurately captured using the SRT-2 data
and accuracy modifications may need to be made. SRT-2 data is still being evaluated as
to its accuracy and ease of use for application development. North and South America

are being produced first (available summer 03) followed by the other continents.

DTED Level Post Spacing/ Data Points Storage
Ground Distance (for one degree by one Space
degree cell)
DTED Level 0 30 arc seconds 150 Thousand data points 500 KB
(~1 kilometer)
DTED Level 1 3.0 arc seconds 1.5 Million data points 5MB
(~100 meters)
DTED Level 2 1.0 arc seconds 13 Million data points 54 MB
(~30 meters)
DTED Level 3 | 0.3333 arc seconds 144 Million data points 583 MB
(~10 meters)
DTED Level 4 | 0.1111 arc seconds 1.3 Billion data points 6,297 MB
(~3 meters)
DTED Level 5 | 0.0370 arc seconds 11.6 Billion data points 68,000 MB
(~1 meter)

Figure 3-1. DTED Level 0-5 Post Spacing
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Figure 3-1 estimates the data points and hard drive space necessary to
store a one-degree cell (60 square nautical miles at the equator) of DTED data.

DTEDI is a medium resolution elevation source for all systems that
require landform, slope, location and terrain roughness. DTED]1 is made up of terrain
elevation values with a post spacing of 3 arc seconds (approximately 100 meters). The
graphic resolution is approximately equal to the contour information represented on a 1 to
250,000-scale paper map.

DTED?2 is a high-resolution elevation source for military activities and
systems. DTED2 has a post spacing of 1 arc second (approximately 30 meters). The
graphic resolution is approximately equal to the contour information represented on a 1 to
50,000-scale paper map.

DTED levels 3-5 are proposed by NIMA, but are not currently being
produced. All DTED is Limited Distribution for government and contractors.

NIMA has ever-increasing demands for higher terrain data resolutions.
Faster processors and increased storage capacity is prompting users to demand higher
fidelity digital terrain data. DTED1 and DTED?2 data is available on CD and can be
ordered by government users directly from NIMA. Expect a two-three week turn-around
time when ordering terrain CD’s from NIMA. NIMA will also entertain requests for

higher-level resolution data if the user is willing to pay NIMA to produce the data.

b. Digital Elevation Model (DEM)

DEMs are a gridded representation produced by the U.S. Geological
Survey (USGS) as part of the National Mapping Program. DEMs are sold in 7.5-minute
(30 x 30 m data spacing), 1-degree units (3 x 3-arc-second data spacing), and 30-minute
DEMs (also known as 2-arc-second data spacing). The 7.5 minute DEMs are included in
the large-scale category, the 2-arc-second DEMs fall within the intermediate scale
category and 1-degree DEMs fall within the small-scale category. The DEMs come in

sample spacing of three arc seconds (70-90 meters).
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DEM's are available from USGS on 9-track, 8mm, and 3480 cartridge
tape. 1-degree DEM's can be downloaded for free via FTP (File Transfer Protocol). The
7.5-minute and 2-arc-second DEM's are available over the Internet via FTP. For more
information about current pricing and distribution contact any Earth Science
Information Center or call 1-888-ASK-USGS. You may aso purchase a two CD-ROM
set of 1- by 1-degree DEM's of the United States for $45.00 from

http://www.geodatas.com/.

The USGS plans to convert all DEM products to the Spatial Data Transfer
Standard (SDTS) format and offer data free over the Internet. SDTS is the transfer
mechanism for all Federal agencies and provides automatic transfer of data between
dissimilar computer systems. More information about the SDTS and the Federal

Processing Standard 173 can be found on the SDTS Home Page.

2. Raster Representations

Raster data consists of spatially coherent, digital numeric data, derived from
numerous sources including sensors, scanners, and other mediums. Spatial features can
be modeled with grids or pixels. Raster files store only one attribute, which is in the form
of a “z” value or color value. ARC Digitized Raster Graphics (ADRG) is a digital image
created by scanning a flat lithographic paper map or chart. NIMA produces ADRG
datasets by scanning maps and geometrically re-sampling them into an equirectangular
projection, so that they may be indexed with WGS84 geographic coordinates. The scale
for one map is 0.2 degrees per pixel horizontally, 0.1 degrees per pixel vertically. The
data is normally stored and described in the standard Tagged-Image File Format (TIFF)
specification. The Geographic-TIFF (GeoTIFF) representation was an effort by over 160
different cartographic and surveying organizations to establish a TIFF based interchange
representation for geo-referenced raster imagery. Raster data values are organized into
two-dimensional arrays; the indices of the arrays are used as coordinates. There may be

additional indices for multi-spectral data.
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a. ARC Digitized Raster Graphics (ADRG)

A common NIMA raster representation is ADRG. It can support Mission
Planning Systems, Moving Map Displays, Command and Control Information Systems
and Situational Background displays.

The original source graphics for ADRG data were scanned at a 100 micron
(n) pixel resolution (254 pixels per inch) in both East-West and North-South directions,
and then warped from the datum of the original paper map or chart to the ARC projection
using the WGS-84 ellipsoid. To digitally replicate the hard copy source graphic three
raster images are created of red, green, and blue pixels that when combined produce a
multicolored graphic of up to 16 million different color combinations.

Currently, all ADRGs are created at NIMA St Louis with the current
production being about 6,700 ADRG CD ROMs. Figure 3-2 lists the number of map

sheets that fit on a CD-ROM along with approximate coverage of a particular series.

ADRG Chart Type Scale Media Coverage
Global Navigation Chart (GNC) 1.5 1) 000| 1 per CDROM | World Coverage
Jet Navigation Chart (JNC) 1:2,000,000 1 per CD ROM |World Coverage
Operational Navigational Chart (ONC)|1:1,000,000{ 1 per CD ROM | 80% Landmass
Tactical Pilotage Chart (TPC) 1:500,000 | 1 per CD ROM | 80% Landmass
Joint Operations Graphic (JOG) 1:250,000 | 4 per CD ROM [20% Landmass*
Topographic Line Map (TLM) 1:50,000 | 1-6 per CD ROM | 5% Landmass
Topographic Line Map (TLM) 1:100,000 | 1-9 per CD ROM | 5% Landmass
City Graphic (CG) varies 1 per CDROM | 1% Landmass
Hydrographic (ACO) varies  |varies per CD ROM| 1% Ocean

Figure 3-2. ADRG Chart Coverage

*The paper coverage of the JOG series is much more extensive than the ADRG
coverage. Consult the Digital Data Products Quarterly Bulletin for the latest listings
(NSN# 7643-01-429-6984) — (From: www.nima.mil/publications/vepgdb/vep1.html)

Today, the main purpose for ADRG is to support Compressed ADRG
(CADRG) production. There is a more detailed description of CADRG in the next
paragraph. ADRG data can be used to support both operational and logistical military

problem sets. Previous uses of the product include: Air Force Mission Planning using
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the FalconView application, a Moving Map Display in the E3 Airborne Warning and
Control System (AWACS) and Land Resources Satellite Multispectral Imaging (LandSat
MSI) registration by Army Terrain Teams.

ADRG is often a difficult data representation to work with. It is very high
quality and very dense. Quality might be mitigated due to the difficulty to use. ADRG
data sets are designed to be seamless; unfortunately, gaps often exist because of datum
differences between source graphics and missing source material. There may also be
overlaps in border areas as a result of multiple datums in use in the same area. ADRG
features often look distorted. This occurs in the conversion process from the source map
projection to the rectangular Arc-Second Raster Chart (ARC) projection. In each non-
polar zone (-80 degrees South to +80 degrees North) distortion occurs when moving in an
East-West direction as you move away from the center parallel that is used for the
baseline projection. As much as 18.03% stretching can occur as you move poleward;
conversely, 18.03% shrinkage can occur as you move equatorward.

The ADRG catalog is organized by scale and purpose. The best way to
find and order ADRG data is using the NIMA ADRG specifications and catalog at

www.nima.mil/ocrn/nima/pub.html.

b. Compressed ARC Digitized Raster Graphics (CADRG)

CADRG is another NIMA raster representation. It is derived by down
sampling, filtering, compressing, and reformatting ADRG to the Raster Product Format
(RPF) Standard. It is designed to be a seamless library. The edges of contiguous source
maps are normally indistinguishable, except