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INTRODUCTION terize the terrain. Such terrain characterization metrics
have previously focused on global descriptions, such as
An evolving capability requirement for future Com- average terrain roughness, which can hide the influence
puter Generated Forces (CGF) systems involves the usé more localized terrain factors critical to the low-level
of multi-resolution components, including Terrain Da- model task. For the purpose of this discussion, a be-
tabases (TDBs). This concept is touted to having théavior is a complex action that involves an ordered se-
ability to represent a large number of forces and stiljuence of low-level tasks and a cognitive process. For
provide the detailed portrayal of a particular aspect obxample, the targeting behavior involves the detection
the simulation. To date many of these efforts have inand weapon tasks and the recognition and weapon se-
volved linking two existing simulations that operate onelection cognitive processes. To help quantify the effects
TDB of different resolution. For many reasons, theseof the differing fidelities has on the CGF, this study will
experiments have met only limited success. One of théocus on the effect the terrain has on the tasks.
key reasons is the complexity of the interacting com-
plexity of the elements of the simulation. This results inin order to address the above issues, this project has
a form of emerging differences that are more than theleveloped a task-based experimental methodology to
simple additions of the known differences in the simu4nvestigate and quantify perceived behavioral differ-
lations. Addressing these differences at that systenences of CGF when operating on TDBs of differing
level is just too complex; there are too many unknownsgerrain densities and source resolutions. Such investi-
[1]. To address a portion of this interoperability prob-gations are needed to provide clearer insight into CGF
lem, this paper will address a series of experiments fobehavior sensitivities due to multi-resolution Synthetic
cusing on the terrain generation and low-level terraifNatural Environment (SNE) factors. A rigorous ex-
services for a limited range of data sources and locgerimental approach is used to evaluate task-based ter-
tions. This is not meant as an exhaustive and definitiveain interoperability by examining task primitives of
study of what to do to achieve interoperability, rather itsimulated terrain effects on entity behavior using a
is a step in converting the "base of sand" to a base @bmprehensive characterization of various terrain
insights and understanding. resolutions and representations. A key point in task-
based SNE analysis is to tailor the methodology and
The use of multiple levels of Digital Terrain Elevation selected metrics to an operational domain. The opera-
Data (DTED) datasets as source data and differing pdional domain being investigated in this study deals
rameters to the TDB surface generation process in cuwith armored vehicle and rotary wing aircraft combat,
rent and future CGF systems raises issues concerningcluding ground mounted maneuver and rotary wing
both the consistency of TDB representations and, morgeometric intervisibility tasks.
importantly, the consistency of the CGF across derived
TDBs. In order to investigate the effect of multi- The experimental methodology consists of two analysis
resolution TDB on model behaviors, difficulties in- components, (see Figure 1 and Figure 2). Experimental
volving the quantification of model behaviors and ter-areas representing a variety of geomorphologic types
rain characterizations need to be addressed. Due to thee selected from standard formétby 1° DTED cells
large number of interacting attributes, behavior-based@2]. The first part of the experimental analysis is quan-
metrics that attempt to measure combat functionality atitative terrain characterization and comparison of ex-
an aggregate level have proven to be difficult to quanperimental areas at multiple data resolutions, using
tify. There has been additional difficulty in investigat- selectedgrid andpolygorf terrain metrics. The terrain
ing a terrain database’s effect on behavior differencegrid metric comparisons (see Figure 1) directly charac-
due to a lack of quantitative techniques to fully characterize the various resolutions of source DTED cells

2 While we refer to polygons, the underlying polygonal representa-
! Only the terrain surface configuration component of a Terrain Datations are limited to triangles as part of a Triangular Irregular Network
base (TDB) is being addressed by this experimental plan. (TIN) representation.



across three DTED levels, 0, 1 and 2. Grid metriqe.g., distance between endpoints used to generate
comparisons are meant to vary in spatial eltéayt  routes), and experimental area regions, are varied dur-
characterizing terrain cells with both a global metricing these task-based SNE comparisons. For task-based
area statistic (cell wide bin of 3600 arc’area) statis- metric analysis, experimental areas are evaluated as
tic and multiple local metric area statistics (subdividedentire regions and subset into terrain Regions of Interest
cell bins of 1200, 300, 120, 30, and 3 arc®secThe  (ROI) based on localized terrain characterizations.
other terrain category of terrain characterization dealSuch ROI subsets should be regions appropriate to the
with polygonmetrics. Multiple Triangulated Irregular domain of ground maneuver and rotary wing intervisi-
Network (TIN) representations of each DTED sourcebility being used in this analysis. The localized terrain
data resolution are created using various TIN-characterization metric planned to describe such ROI is
generation process input parameters. Polygon metrimean elevation of local sub-cell areas. However, other
bin values, such as vertex intervisibility range, are usedrid metrics will be assessed during terrain characteri-
to vary the spatial extent of polygon metric compari-zation experiments for potential use in identifying task-
sons. based ROI. Further details on the research methodol-
ogy involved in these terrain metric and task-based met-
ric comparisons are contained in following sections.
Results from this series of experimental comparisons
Grid Metric Comparisons can address critical unknown SNE sensitivity issues and
(Global Values -Local Distributions ) provide new insight into multi-resolution terrain
interoperability and its effects on CGF behaviors.
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ogy. Initial direction from the technical representative
was to target low roughness (smooth/rolling terrain),
medium roughness (hilly), and high roughness (moun-
tainous) as a range of characteristic areas of potential
armored and rotary-wing combat maneuver. This gives
Figure 1. Terrain Metrics Components a range of representative terrain types with respect to
roughness and geomorphology that can be expressed in
The second part of the experimental analysis deals withoth statistical and operational terms to validate the
task-based metric comparisons (see Figure 2). Asextensibility of the experimentation results. Investiga-
shown in this figure, DTED source data resolution, TINtion is currently ongoing as to the availability of DTED
input parameter(s), task-based metric spatial exteritevel 0, 1, and 2 products for selectécby 1° cells in
these areas. In addition, the regions that are selected
are restricted to contain no more than 25% water cover-
® Spatial extent of terrain metrics refers to the geographic area %ige to avoid large "flat" areas skewing the results.

parameter length used in calculating various grid and polygon metri [ ;
ctatistics, From this initial guidance, we selected three DTED

Polygon Metric Spatial Extent
(e.g., Vertex Intervis. Range)




cells based upon qualitative measures. Elevation shaded §
images were made of candidate areas. These were then
projected side-by-side on a large wall display. This al-
lowed the team to conduct a subjective analysis of the
roughness of the terrain. This was done by visually as-
sessing the size and quantity of the elevation bands. The
more narrow the bands, the steeper the terrain. The
closeness of ridges and valleys provided insight in the
roughness of the terrain. It was based upon this qualita-
tive analysis that the initial areas were selected. The
final areas are Desert (rolling terrain, low roughness,
(see Figure 3)), Hilly (medium roughness, (see Figure
4)), and Rugged (mountainous, high roughness, (see

Figure 5)).

Figure 3. Smooth Roughness Sample

Figure 4. Medium Roughness Sample

Figure 5. High Roughness Sample

TERRAIN GENERATION PIPELINE

The terrain database generation process uses a series of
conversion routines to derive a Warfighter’s Simulation
2000 (WARSIM)-compatible formatted terrain database
from the source DTED data. Graphically portrayed
below (see Figure 6), the process is representative of
most TDB generation processes with the exception of
the manual editing steps required for feature additions.
The terrain generation capability used in this project
uses DTED Level 0, 1, and 2 data as the source da-
tasets. This data is triangulated and imported into the
WARSIM terrain compiler to produce a WARSIM ter-
rain surface database with no real surface type attribu-
tion. As a result of our desire to minimize the amount
of new code developed for this program, the data un-
dergoes several format and datum transformations
along the way. While the number of transformations
might seem excessive, it is not uncommon in the TDB
generation process. This is the critical problem that the
Synthetic Environment Data Representation Inter-
change Specificatio(6EDRIS) program is addressing.



datasets are of varying resolution, the error output in-

:ET: :: GD:TSES’;. — GR%}EE ob cret i o formation can be subsequently compared.
it fere-gremo) The fourth stage of the processing pipeline is the con-
version of the manifold format to MOSS Export format
wnrsi | [ comen ] (ADDWAMS). The CMU TIN tools include a con-
dasbase D P, ADDWAMS verter from manifold format to ADDWAMS
ple) oo aams —| (M1 (man2adyy.

In the next stage of the processing pipeline, the
S ADDWAMS file format is converted to the Centric
Software TIN (.tin) format. An SAIC developed tool
(addwams2tih is used to convert ADDWAMS to the
Centric Software TIN format. Thaddwams2tintool
runs under SunOS.

The grid metrics are derived before the first stage of the

transformation pipeline. The first stage of the pipelinerinally, the Centric Software TIN file is compiled by
converts the DTED source data to ARC/INFO the WARSIM terrain database compiler into the format
GRIDASCII format. This conversion is required be-that will be read by the locally developed software.
cause the Carnegie Mellon University (CMU) Inte-The WARSIM terrain compiler directly imports the
grated Triangular Irregular Network (iTIN) tool does Centric Software TIN format. It is at this stage that the
not read DTED source data directly [3]. Instead, theyolygon metrics are computed.

TIN tool uses CMU Image format as the input format.

The CMU tool set provides a GRIDASCII to Image while this process contains a series of seemingly un-
converter &rc_grid2img, but does not provide a DTED necessary format conversions, it was our desire to treat
to Image converter. This required that SAIC develop &oth the CMU TIN generation software and the
DTED to GRIDASCII converterdted. This converter \WARSIM terrain database compiler as black boxes that
reads DTED Level 0, 1, and 2 data files and writesequired these conversions. The alternative would have
GRIDASCII files (.dem). Thedted utility runs under required a significant amount of software development
SunOs. effort on the two tools that would not have benefited the

goals of this study.
The second stage of the pipeline is the conversion from

GRIDASCII to CMU Image format (.img). This is METRICS
done using the CMU convertarc_grid2img This

utility runs, as do all tools in the CMU tool set, underas discussed above, the terrain areas were selected us-
IRIX on SGI workstations. ing qualitative judgements by a team that has been in-
volved in the TDB process for many years. While this
The third stage of the pipeline is the generation of thes fairly representative of the state-of-the-art, it is far
CMU TIN. The iTIN toof developed at CMUfgstitin)  from an automatable process. To address this, we rely
imports a CMU Image file, constructs the TIN, andon metrics. Metrics are objective measurements of a
exports manifold file format (.mnf). At this stage of the process or characteristic. Very seldom is a single metric
pipeline, there are several options that may be used & much use. Rather, they are used in sets to give a
processing the elevation data into the TIN structurefyller picture of the item under study. As discussed
These parameters include max Root Mean Squarghove, we use three sets of metrics, collected at differ-
(RMS)) elevation error €) or max 3D error §3), num-  ent points along the TDB pipeline, to give us compre-
ber of vertices in TIN @), overload control (limiting  hensive insights into the effects of the TDB on the basic

polygon density in a load module), and maskimg) ¢ tasks a CGF performs.
force more polygons to flatter regions. The CMU tool

also outputs TIN analysis information, which is usedgrig Metrics
for further comparisons. For instance, if the number of

vertices input parameter is held constant while the inpufpe first set of metrics measure the source DTED cells.
Grid metrics, mean elevation, standard deviation/sigma

“ One of the more powerful features of the iTIN tool is the ability to- t (0 - t), and surface roughness index, can be calcu-
integrate a road network into the underlying TIN structure. This re{ated on both a global (cell wide) and local (grided sub-
sults in an Integrated Triangular Network (iTIN). Since the input set) basis

DTED data does not have any roads, we will not be using this feature. ’

-

Derived WARSIM
TDB (DTED L0)

Derived WARSIM
TDB (DTED L1)

Derived WARSIM
TDB (DTED L2)

Figure 6. TDCS-SNE Database Generation Process




Mean Elevation Metric nrnc

Mean elevation for partitions of varying spatial extent nrnc o (igl jz:f“vj)
can be used for DTED source data resolution compari- ~ igljz:f"l (nr* nc)
sons and terrain characterizations. The distribution of S= (nr*ng -1

the elevations will provide insight into the overall shapeS
of the terrain. These measures can be used for assess-— Number of rows in selected area
ing mean elevation distributions for selected terrain,. _ \umber of columns in selected area

areas and to help |dent|fy_reg|ons of interest for futureeij = Elevation grid post height at location i,j
task-based metric analysis. As shown below, mean”

elevation is the summation of a set of grid post eIevaTh C
. L : - . The CCTT program found certain limitations of- t
tions, divided by the number of grid points. The grldWhen used ping"ﬂat” areas. Specifically, areas with

post elevations used in the calculation are DTED verti- . . .
cal datum representing Mean Sea Level (MSL). Thédentmalc - t values can have notlpeably different to-
possible range of these elevations in practice is _12’00%ography 'and polygon co_unts. This led to the 'method
meters to +9,000 meters. The absolute accuracy of t f identifying differences n such flat areas, defined as
input National Imagery and Mapping Agency (NIMA) urfgce Roughness, and is covered in the next metric
DTED vertical datum is 90% Linear Error (L.E.) MSL section.

< 30 meters. The relative accuracy (point-to-point) of
the input NIMA DTED vertical datum is 90% L.E.
MSL < 20 meters.[2]

= Sigma—o - t)

Surface Roughness Index Description
The terrain or surface roughness index uses neighboring
elevation grid posts to measure the changes in elevation

e inflection around each grid post. This E&S surface

S Zaj roughness metric is defined in [4]. Small roughness

— _ == index values indicate small changes in elevation inflec-

d T (nr*nc) tions and large roughness index values indicate large

— changes in elevation inflections, which can be defined
€, = Mean elevation as rough terrain. A key point about this metric is that a
nr = Number of rows in selected area small number is calculated for a set of grid post eleva-
¢ = Number of columns in selected area tions representing an area of uniformly steep slope.

ei; = Grid post elevation at location i,j Even though adjacent grid posts have large elevation

differences for uniformly steep terrain, there are few
inflection points on the terrain and this is not consid-
ered rough. A set of grid posts where adjacent grid
t (t indicating terrain) is a measure of terrain rOugh_posts have large elevation differences in different di-

nesi. U.S. Army Topographic Engineering Center rections will result in a large roughness index because
(USA TEC) provided a formula to Evans & Sutherlandt.he.re are frquent changes in _elevatiqn inflection. A
(E&S) to help quantify the surface of the terrain as par{'rn.'t""t'or.1 of this metric is that it considers only th‘?
of the Close Combat Tactical Trainer (CCTT) program.pOIntS dlrecftly north-south qnd east-west _from the point
o - t, which is the standard deviation of a set of gridunder con5|d_erat|on, _the dla_gonals are |gn_0red. How-
post elevations, was one of several metrics used b \rﬁ: rrE)u_IE:IrE]DI|keol-lt,nth|s_mertT:|cxcanl kﬁnapplr']?mdr to_the
TEC and E&S. Defined in a [4], the equation is a for‘maxerows orqﬁs{ aC riaded 2u622tu sa B
mulation of standard deviation. Using formuta,- t - » O] 9 '
can be described for a set of grid post elevations, as the

Standard Deviation Analysisd - t) Metric Description
Standard deviation analysis, also called sigma -a or

square root of the summation of the square of the dif- e @2%"(qviﬂ*qvi-l)‘*‘qui‘(‘Mi*q—li)‘g
ference between the grid point elevations and the mean R_i:“:lg 4 H
elevation, divided by the number of grid points minus (nr*ng)

1. R = Roughness Index

nr = Number of Rows in sample

nc = Number of Columns in sample

e, = Elevation grid post at location i,

e~ = Elevation grid post immediately east gf e
&1 = Elevation grid post immediately west ¢f e
&+, = Elevation grid post immediately north ¢f e
e.1; = Elevation grid post immediately south gf e

5 In this context, "roughness" is a qualitative term indicating the ir-
regular variations between the elevation posts.



Polygon Metrics V= #of _visable_Pnts
#of _ Pnts_within _range

Brojected Area

his is a local polygon metric, which can be used by
ocalized area or globally for experimental areas. It
measures steepness of the polygon (omni-directional
slope) in isolation and is shown below. By calculating
projected area with both a global metric area (cell wide

Adjacent Polygon Variance . o i
: . . bin of 3600 arc sécarea) statistic and multiple local
A TIN metric computed on a per polygon basis WhIChmetric area (subdivided cell bins of 1200, 300, 120, 30

ggnmtpg(rnle;gct;i ch;rilr”:]galv\?éi;u?ego;);%c:ggtg Egi;gr%i %‘2? and 3 arc Sey stat.istic, the steepness of der.ived TDBs
gon area in the plane of each polygon. A polygoncan _be characterized and compared to grid steepness
normal, by definition, has length of 1 and is orthogonalmemcs’ such as .

to the polygon. When comparing the two normals, we

compare the magnitude of the X, Y, and Z components. A= Areay
We have chosen to use the Root Mean Square (RMS) to Areag
capture the absolute differences between the compo- .
nents. If there is no difference between the normald @sk-based Metrics

(RMS error is 0), the polygons are co-planar and, there- . . .
fore, very smooth. The maximum RMS error value WiIIThe task-ba_sed metric comparisons focus on ato_r_mc
occur when the polygons are at right angles, maximunyCF Pehavior tasks, such as ground model mobility
roughness. A weighted average based on the sum of tﬁ‘@d _hover model geom_etrlc intervisibility. These two
polygon areas was used to reduce the impact of sm jetrics were ch_osen since they represent two of the
sliver polygons. Adjacent Polygon Variance is a measiundamental actions a CGF performs. ~Performance
ure of local roughness and is shown below: metrics, such as access time as a function of polygon

density, are also collected for comparison.

Once the gridded surface has been converted to a p
lygonal database, a new set of metrics has to be us
Rather then measuring the differences in the regul
spaced grid posts, these metrics examine the relatio
ships of the polygons to each other.

= + +A +
A A At A Task-based Metrics Definition and Generation

pza’b'”" " RMSNp, Ni) There are several descriptors that quantify the “degree”

i=a A of interoperability achieved. Ultimately, when two
P = Adjacent polygon variance metric simulations interoperate, commanders should expect
A, = Total polygon areas certain behaviors from interoperating CGFs in support
A, = Polygon area of the assigned tasking. While there are several ways
A, = Adjacent polygon A area of doing this, ensuring that the atomic tasks performed
A, = Adjacent polygon B area by the entities are consistent across the entire simula-

A. = Adjacent polygon C area tion is a first step in achieving the interoperability the
N, = Polygon normal commander expects. If the commander is looking at a
N; = Adjacent polygon normal single simulation, he should not need to know, or care,
that there are different models underneath. This led us
Vertex Intervisibility to constructing metrics based upon the task entities per-

This is a modification of a method suggested by Drformed.

Robert Richbourg [5]. An observation point is placed ] ) ) B

at a specified elevation above the surface of the poly?S part of this research project, we are using modifica-
gon at its center. The elevation can be determined b{ons to a subset of the 'task primitives developed under
pre-experimentation to give the widest distributionvof the Composable Behaviors Technology (CBT) effort as
possible or derived based upon a particular weapoWe foundation for the Fask—based m_etrlcs[6]. The tgbl_e
system's sensor height. Setting the range to a fixegelow (See Table 1) lists the experimental task primi-
radial distance value (i.e., 1, 5, 10 km) to vary spatiafives, actions performed, and dependent variable met-
extent of the metric helps to eliminate any local biasfics that will be captured for subsequent analysis. As
Geometric intervisibility is then computed between thisatomic tasks, these provide the ability to evaluate the
point and all of the polygon vertices within range. Thelnteractions W|t_h the terrain skl_n in |solat|_on W|th_o_ut
resultant metric is a ratio between the number of visiblélealing excessively with the differences in cognitive
vertices and the total number of vertices. representations of the systems.



Table 1. Experimental Task Based Metrics

Exp. Task

Action

Performed

Evaluated Depend-
ent Variables

1. Straight-line | Straight-line -3D distance of straight-
Path path genera- | line path
tion and entity [ -Ground model time to
movement traverse
along path
2. Trafficable Entity traffic- | -Surface length of path
Route able path -Ground model time to
generation and traverse °
movement -Location of path
3. Geometric Hover primi- -Vertical height
Intervisibility tive until
(GI) unmask

Geometric Intervisibility Metric
The geometric intervisibility metric is designed to
simulate a helicopter popping up from a concealed po*

sition.

1. Select a point at random within the Experimental

Area/ROl.

2. Select another point at random within the Experi-
mental Area/ROI using the designated 3D Euclid-
ean distance bin size (1, 5, or 10 km).

3. Place an eyepoint at the first location at an altitude

of 0.5m.

4. The geometric intervisibility between the two
points is checked in “hover mode.” If intervisibil-
ity is achieved, the altitude at which intervisibility Data Collected _
occurs is noted. The target point is the 50% heighf* generic entity model is used to traverse a path be-

of a typical vehicle, 1 meter above the ground.

5. If intervisibility is not achieved, the altitude of the
entity at the first point is incremented by 0.5m in-
crements and Step 4 is repeated.

Straight Line and Trafficable Route

The second set of metrics is designed to simulate the

movement of a very simple vehicle traversing the terdD addition to the parameters collected at each time

rain.

Path/Route Generation
The goal of the path selection is to obtain a number of

straight-line paths and trafficable routes on each terraih

gion (water or terrain too steep). Per the selection
of the three basic areas above, the only large bodies
of water are oceans/seas. Since they have elevation
0 (and are the only ones that do), any point selected
with zero elevation is considered to be in the water.
For our purposes, slope is too steep when it ex-
ceeds 60 degrees in any direction. In the case of a
rejection, the point is discarded and a new point is
determined.

The second point is determined by randomly se-
lecting an angle from the first point and projecting
a vector out by the fixed distance (5km, 15km, or
30km). This second point is rejected if it falls out-
side the terrain area selected or if it lies in a no-go
region. In the case of a rejection, a new point is
selected.

(Experiment 2: Straight line path) From Euclidean
3D line between endpoints, project surface path
onto the terrain as a straight-line path from the start
point to the endpoint.

(Experiment 3: Trafficable route) An A* search
routine is used to determine a trafficable path from
the start point to the endpoint. The cost function is
the actual time of traversal. The predictor function
is the time to traverse the 3D distance at max ve-
locity. The evaluation function is the summation of
the two.

tween the two endpoints that have been selected. The
entity model moves in fixed time step increments and

determines the following polygon parameters at each

time step:

Location
Surface Normal

step, the simulation also collects the following aggre-
gate parameters for both the straight line and trafficable
paths:

type. There will be a finite set of paths of each distancé
within each terrain type. Each path will consist of two*

endpoints with an Euclidean 3D distance between the

Time to traverse
Number of time steps elapsed
3D path length

endpoints of 5km, 15km, or 30km. These endpointfRoute Traversal

should be chosen at random.

e Select a particular experimental ROI to be used.

e Select a distance to be used for this particular pai
of endpoints (5km, 15km, or 30km).

e Select a point at random within the area of interest
This point is rejected if it falls within a no-go re-

A fixed time step will be used. A time step of 0.5 sec-

ond was chosen. This results in a maximum traversal

distance of 4.167 meters. This is a factor of the unclas-
sified advertised cross-country speed of an M1A2 Main
Battle Tank of 30 kph. The maximum traversal dis-
tance is approximately an order of magnitude smaller
than the DTED Level 2 post spacing. Likewise, it is



consistent with the minimum update rate required for METRICS EXPERIMENTATION
stability in the current Modular SemiAutomated Forces
(ModSAF)-based systems. Experimentation was comprised of the generation and
collection of the metrics. To ensure consistency and
« At the first point determined, an entity is placed. reduce the manpower required and possible contamina-
+ The location (x, y, z) of the entity is retrieved from tion of the results, a set of scripts were developed to run
the database. At this point, additional checks aréhe metric collection run in a fully automated mode.
made to determine if the entity has left the ROI inThis also allowed the processing to be done overnight
an effort to move around a no-go area (in the trafwhen the computation resources were readily available.
ficable path case). If the entity has left the Area of
Interest (AOI), the path is rejected. As expected, the grid metrics were collected first. The
«  The surface normal for the location of the entity ismetrics were taken globally (one 3600 arc’seenple),
retrieved from the database. Based on the entitfghd in a series of progressively finer grids (1200 arc
orientation, it should be determined if the slope ofSe¢, 300 arc s€¢ 120 arc s€¢ and 30 arc sésample
the terrain polygon is too great for the entity to tra-Sizes). The finest grid was limited by the spacing of the
verse (trafficable path case). DTED level 0 data.
» The trafficability code for the terrain polygon that
the entity is over is retrieved from the terrain data-The polygon metrics were recorded globally, based on
base. This is used to determine if the entity carihe same grid sizes as the grid metrics, and at the poly-
traverse this terrain polygon (trafficable path case)gon level. They were initially taken on a per polygon
Since we are only dealing with DTED derived da-basis. An area based averaging was used for the gen-
tabases, polygons with elevations of 0 are assumegration of the global value. To determine the subsam-
to be untrafficable water. All other polygons will pled grid values, the polygons were first clipped to the
have a fixed trafficability code. geographic boundaries. The metrics were then weight
« The speed of the vehicle is determined, using th@veraged based upon the resulting polygon’s geographic
slope and the trafficability code of the terrain poly- COVErage.
gon upon which the vehicle is currently located.
Note that this will differ depending on which mode The final set of metrics collected were the task based
of operation is used, straight-line path or trafficablemetrics. Since each of the metrics encompasses a geo-
path. graphic extent, they are dealt with on a global basis for
«  The vehicle position is updated. each of distance bins. Task metric levels, such as path
«  The number of time steps is incremented. and route endpoint lay down distances (3D Euclidean)

«  This process is repeated until the endpoint (Point 2 nd target-toThover mo_del shooter distance,_ are used to
is reached or until the vehicle leaves the terrair/@y the spatial resolution of selected experimental task

database in an effort to reach the endpoint (Poin'fnemc comparisons. Only one Set_ of endpoints was
2). Note that the second case will only happen “gene_rated for each DTED cell. This ensurgd that the
the entity is searching for a trafficable path. metrics collected could be compared against others

collected on TDBs that covered the same geographic
area but were generated from different sources or TIN

PRE-EXPERIMENTATION parameters.
Pre-experimentation is needed to derive an estimated EXPERIMENTAL ANALYSIS

maximum grid-based metrics error ratio from the ) .
DTED relative vertical accuracy of 20m at 90% linear 1Nree basic sets of analysis were conducted. There are

error. A sample DTED Level 1 database is selected anidiree distinct axes for comparisons and correlation (see

random vertical datum points are modified by CO”apS_Figure 7). The first of these is along the horizontal axis,

ing them 20m toward the mean elevation. The metric'® Metric type. The purpose of this set of correlation
are then calculated on the original and modified datg@nalysis was to ensure that the attributes that the met-
Then, a ratio is calculated between the square of tH&CS measured were preserved through out the TDB
original and modified database values, with the largeP€neration process. For example, an area that had a
value on top. This gives an estimate of the maximuniigh value for the grid surface roughness had a compa-
o-t ratio variance due to within DTED relative vertical rable value for the polygon variance metric. Likewise,

accuracy error. This variance will be used to determind® relatlc(j)nsmp between roughness and stepness were
what constitutes "significant differences.” preserved.



The second set of analysis was along the vertical axis, Bartlett's test of homogeneity of variance

the different sources and TIN parameters. This was the  One way ANOVAs of experimental task cases

heart of the eXperimental effort. The different TDB . Schuirmann’s Two One-Sided Test for equiva|ence

representEd the multi-resolution aSpeCt of the prOblem. using confidence intervals to assess Consistency

The study focused on the consistency of the metrics  (proven in bioequivalence studies)

across the databases. For example, while we would

expect to see differences in the individual time to trav-

erse metrics, we would expect the distribution of timesyjjth a sample size of one, this entire cell metric is not

to be comparable across the sources and TIN paramggequate for conventional statistical hypothesis testing.

ters. However, the following comparison test can be done
using previously described DTED datum accuracy re-

The final axis of comparisons was the depth, across thguirements. For each hypothesis, a difference is calcu-

different geographic areas. In this case were looking fofated between the two metric's values. This difference

constancy of the metrics across the geographic samples. compared to the result determined in the pre-

For example, the relationship between the roughnessxperimentation phase. If the difference is less than the

metric and the steepness metric on the mountainousrror sample, a determination that no difference exists

terrain should be the comparable to the relationship ipetween the two metrics. It is only when the difference

the medium and smooth terrain. exceeds that of the error threshold do we determine that
correlation does not exists.

X
S
e RESULTS
$
qub The results to date have shown a strong consistency
R across the DTED levels, metrics, and subregion sam-

ples, as expected. However, there have been two major
revelations from this set of experiments concerning the
source data and the metrics. As stated above, three lev-
els of DTED source data were used as inputs for the
experiments. Given the geographic areas that were
used, it was expected that there would be minor differ-
ences in the DTED levels 1 and 2, which are known to
come from different sources. The DTED level 0 was
expected to be a "thinned" version of the DTED level
; 1, but oddly enough, the results indicate this is not the
Metric Type case. In two of the three samples, the DTED levels 1
and 2 exhibited higher correlation than the DTED levels
0 and 1. The third case performed as expected. Though
the differences between the various levels are within the
error limits of the DTED specification [2], the differ-
ences were a source of variation. We have decided to
ANALYTIC TECHNIQUES use the DTED level 2 as the source and perform our
own thinning as a means of controlling the terrain gen-
By themselves, metrics do not mean much. It is onleration process and reducing the number of independent
when they are analyzed that they take on value. Devariables in the study.
pending on the metric, a range of techniques was used.
The following represents some of the methods appliedhe other revelation dealt with the Surface Roughness
in determining the relationships between the metricsindex (SRI) metric. We noticed that the DTED level O
source databases, and the tasks. datasets were always rougher (i.e., had a higher SRI
value) than the DTED level 1 datasets which, in turn,
« Exploratory data analysis of metric statistics were rougher than the DTED level 2 datasets. This was

Soure and Generton Pamets

Figure 7. The Relationship of the Metrics

(mean, variance, consistency MOC) contrary to what we had expected. Yet, the SRI values
. |mage Generation using pixe|ati0n of the metricwere _c0n3|stent with E)SDECtatIOnS when we Compared
under consideration. the different geographic areas to each other. This

. Large-sample (1-a)100% Confidence Interval forc@used us to go back and reexamine the metric.
myg = (m- my): Matched Pairs



The SRI metric is basically the measure of the variatiorequivalent to those of a set of rolling hills. Like all ap-
of the slope between the grid points. Upon reexaminaproaches to reduce the amount of data and characterize
tion, we found that the "4" in the denominator assumeslata, care must be taken not only in the generation of
that a constant distance between the grid posts existhe metrics but also in their interpretation.

This is a valid simplifying assumption when the da-

tasets under consideration are uniformly spaced grid§V/e have taken a significant step forward in our ability
With minor variations accounting for latitude, this wasto quantify the characteristics of the terrain surface. A
acceptable when comparing the same level datasesignificant amount of work remains to be done in inter-
representing the differing geographic regions. Howeverpreting the results and analyzing their effects on simu-
when this metric was used to compare the differenkations to include CGF behaviors, interoperability
DTED levels, the results became skewed. Accountingmong heterogeneous systems, and ultimately, the end
for the difference in post spacing gave us the followingesults of simulation runs.
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As the geographic area increases, there is a tendency for
all the metrics to become less indicative of the type of
terrain or of the source. Some of this results from the
normalizing effect of using larger data samples. But
when looking at larger geographic areas, metrics also
tend to "average" out. For example, when combined,
the metrics for a meadow and a steep hillside are





