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ABSTRACT

Have you ever given a tank entity the command to follow a road and then thought you were simulating a
“Dancing With The Stars” episode? Have you ever asked an Internet utility to provide a travel route and
then found the result unintuitive and longer than expected? In each case, problems in the digital repre-
sentation of the road networks can be to blame. The tank entity might actually be following a road that
includes severe kinks and kickbacks. The route planner might be defeated by breaks in the road network.

Much of the digital data used to create simulation representations of the physical environment comes
from the National Geospatial-Intelligence Agency (NGA). While the NGA has a large holding of inter-
nally-produced geospatial data, the agency’s current strategy includes substantial data production under
contract as well as a large cooperative effort with other nations under the Multinational Geospatial Co-
production Program (MGCP). The development, codification, and enforcement of detailed quality stan-
dards has emerged as key to this acquisition strategy. The MGCP countries have jointly produced de-
tailed requirements for the relationships between and quality characteristics of feature data elements;
however, these specifications have been produced for human consumption. In some cases, the docu-
mentation lacks the specificity necessary to support algorithm development to enforce the standards.

This paper describes the type of quality standards that are to be applied in the future production of geo-
spatial feature data and illustrates a process to transform semantic descriptions into specific guidance
suitable for software implementation. The process includes experimentation to determine appropriate
geometric reasoning strategies that will permit identification of substandard data while minimizing false
positive notifications. The paper describes a typical problem, the experiment designed to address the
problem, and the results of conducting the experiment. The paper concludes with observations on the
potential impact of these geospatial data developments on the modeling and simulation community.
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INTRODUCTION

The demands on and expectations for simulated
representations of the natural environment con-
tinue to increase. The current emphasis on urban
operations has resulted in a renewed and
strengthened interest on many topics that were
originally explored under the DARPA Synthetic
Theater of War (STOW) program over ten years
ago. Greater numbers of features, represented at
higher levels of fidelity and precision, have to be
present in the simulated environments if they are
to be successfully applied to the areas of interest
for today’s military operations. Moreover, these
features must collectively define a plausible func-
tional representation of the physical world. Today,
there are emerging standards for feature relation-
ships that will lead to significantly enhanced digital
feature data for use in the construction of simu-
lated environments. For example, road features
and the bridge features supporting them must be
represented as coincident geometries in new Na-
tional Geospatial-Intelligence Agency (NGA) data.

While such content and feature relationship re-
quirements are difficult to satisfy, there are other
challenges. This paper considers examples of
both topology and geometric representation as
critical issues where experimental methods can
be applied to refine requirements. These are par-
ticularly relevant to the modeling and simulation
community for their potential to ameliorate long-
standing issues associated with imperfect feature
data in the terrain database generation process.

Topological requirements define the expectations
of how geospatial features should be connected,
much like the topological requirements for a com-
puter network. As an example, if two individual
road line features are intended to comprise a net-
work, then the two line features should have at
least one vertex in common so that they connect
at that vertex; otherwise, there is a break in the
network. Such unintended breaks, based on
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nearly equal but not identical coordinates at road
feature vertices, confound analytical applications
such as route planners and lead to computed so-
lutions that are longer than intuitively obvious al-
ternative routes. Interactive (visual) inspection of
the road network may not be able to detect that a
gap exists while a network search algorithm de-
termines that no legitimate route exists between
the two vertices.

Geometric representation requirements include
expectations for the coordinates of individual fea-
ture vertices. For example, individual line features
should not have consecutive vertices or segments
that are identical (or even nearly identical for that
matter). When features include such unintended
constructions, unintended consequences usually
follow. The simplest consequence is the addi-
tional load on application system (graphics or rea-
soning) when consecutive duplicate vertices must
be processed. These may not have any visible
manifestation in unusual simulated entity behav-
ior, but they do impose an additional computa-
tional load that serves no useful purpose. When
the duplicate vertices are not consecutive, visibly
unusual simulation entity behavior can result. As
an example, a simulation entity following a road
feature that included certain types of duplicate
segments would (typically) execute a movement
that seemed to kick back on itself at some point.
This might be a nice move on the dance floor, but
the “tanker-two-step” is rarely appreciated when
the tank is supposed to be executing a movement
in a simulation scenario.

Following sections of this paper first describe the
emerging requirements that will be applied to
NGA geospatial feature data. The paper then dis-
cusses line network breaks as an example of a
requirement violation that can survive in finished
data. Next, the paper describes the motivation for
and presents the results of experiments applied to
investigate detection mechanisms for a single
class of geometric requirement violations. Finally,
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the paper concludes with observations on the fu-
ture of simulation terrain database production
based on experience with the emerging standards
and associated geospatial data inspection utilities.

THE MULTINATIONAL GEOSPATIAL CO-
PRODUCTION PRPGRAM (MGCP)

Traditionally, NGA and its predecessor organiza-
tions focused largely on in-house production of
well-defined, predominantly analog, mapping
products. This is no longer the case. First, NGA
is shifting to the generation, exploitation and dis-
semination of digital geospatial data, rather than
traditional products. Second, NGA has deter-
mined that much of their data can originate with
other data-producing organizations. NGA no
longer depends on exclusive in-house production
of geospatial data and out-sources much of its
national production.

NGA is also a active participant in the 28-nation
Multinational Geospatial Co-production Program
(MGCP) (Fillmore, 2006). Here, each member
nation contributes new geospatial feature data to
a common digital data “warehouse.” Contributing
nations have rights to withdraw data from the con-
tributed pool. Effectively, the member nations
have entered into a co-production agreement
where each member nation profits from the work
of many others. The objective is to complete
mapping the majority of the global landmass at
scales of 1:50,000 to 1:100,000 by 2011.

The development of standards to rigorously spec-
ify both semantic and syntactic quality require-
ments for the contributed data has been a key
concept in making the co-production program vi-
able for all participating nations. The member
nations have jointly authored a set of documents
to serve in this role. These documents specify
both low-level and higher-level requirements for
contributed data. Some of the low-level (syntac-
tic) requirements are related to geometric repre-
sentation and inventory content.

All MGCP data will be represented as two-
dimensional point, line, or area geometries that
can be included in a file that obeys the ESRI
Shapefile (ESRI, 1998) conventions. There are
many other geometric requirements for each fea-
ture. For example, MGCP features may not have
duplicate vertices, must obey specific size re-
quirements, must not self-intersect, must not in-
clude kink formations, and must be contiguous.
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The content requirements also state that specific
features are mandatory for inclusion in the digital
data if they actually exist in the physical world.
These types of low-level requirements are highly
beneficial to the modeling and simulation commu-
nity. Some of the semantic requirements offer
even greater value.

The semantic requirements for MGCP data are
formally described in the MGCP Semantic Infor-
mation Model document that includes such re-
quirements as:

*  “An Inland Water Line Feature shall connect
to a Water Area Feature by the line fea-
ture's terminating point coinciding with the
area feature's outer boundary.*

* “A Vanishing Point shall be coincident with
an endpoint of a River Line Feature.”

*  “The Dam Point Feature shall be coincident
with the endpoint of the upstream and
downstream dammed water line feature
(river, ditch or canal).”

e “All Road Transportation Feature segments
that are connected in reality shall be geo-
metrically connected in the data.”

These kinds of requirements directly benefit the
simulation community. Never before has any
similar requirement been levied on the data used
to create most simulation environmental data-
bases. However, these requirements are merely
statements of desired properties unless there is
also an inspection capability that can automati-
cally detect violations of the requirements.

NGA committed to the development of such a util-
ity for use by NGA staff, their contractors and
MGCP partners. An important aspect of develop-
ing the utility has been the translation of the
MGCP syntactic and semantic requirements into
executable software. That is, human effort has
produced the requirements documents to allow
comprehension by other humans. The individual
requirements are often expressed in inexact terms
that convey a general meaning during human
conversation, but are not sufficiently specific for
direct implementation in an automated inspection
system. The remainder of this paper discusses
some of the challenges in translating the intent
expressed in the requirements documents into a
specification that will allow automated inspection
and thus guarantee the best possible data in prac-
tice.
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A SEMANTIC PROBLEM: NETWORK
CONNECTIVITY

One of the semantic requirements exemplified
above, “All Road Transportation Feature seg-
ments that are connected in reality shall be geo-
metrically connected in the data” is a succinct
statement about the representation of road net-
works in the data set. Clearly, the intent is to en-
sure captured data that supports network connec-
tivity analyses (including route planning). This
simply stated requirement also provides an exam-
ple that significant disagreement can exist
concerning the exact meaning of specific words
and phrases. In practice, there are alternate
interpretations of “geometrically connected” that
differ based on either the exact nature of a “con-
nection” or on the precision used to represent the
coordinates of a shared vertex common to the
connected features.

The Nature of Connections

It is natural for a human (data consumer) to con-
sider two line features to be connected if they ap-
pear to be coincident when the features are dis-
played (either on a printed map or when drawn on
a computer display). A more strict interpretation
of “connected” requires that the two features
share a common vertex. This more strict defini-
tion guarantees that the features will appear coin-
cident during display for a human consumer and
also allows automated reasoning systems, not
blessed with human visual systems, to readily de-
tect the explicit connection.

The requirement statement does not specify the
meaning of “connected” in any way that clarifies
the debate. Several data producers interpret the
requirement based on the appearance of coinci-
dence, not on the more strict interpretation. In this
relaxed view, two line features are connected at
points where they intersect regardless of the exis-
tence of a common vertex at the point of intersec-
tion. The relaxed view leads to several problems
for consuming systems.

First, automated reasoning systems not only have
to detect all types of intersections between line
features when forming network graphs, but have
to consider the presence or absence of other fea-
tures as well. In the case of two-dimensional fea-
ture data, road line features that lie underground
in tunnels or above ground on bridges have two-
dimensional intersections with crossing road line
features that lie on the ground surface. A corre-
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sponding intersection probably does not exist in
the physical, three-dimensional world. Thus, sim-
ple intersection detection is not sufficient to de-
termine the existence of a network connection.

A second problem can arise if the data is trans-
formed into a different coordinate system. The
NGA data is provided in the geodetic (latitude,
longitude) coordinate system. Simulation envi-
ronments are often represented in a projected
coordinate system such as Universal Transverse
Mercator (UTM). Feature data is usually con-
verted from one coordinate system to another by
converting the coordinates of the feature vertices
(e.g., not by attempting to convert some subset of
the infinite number of points between adjacent
vertices). In cases where two features are con-
nected based on a terminal vertex of one feature
being coincident with a segment (but not a com-
mon vertex) of the second feature, it would be
unusual for the “connection” between the features
to survive a transformation from the geodetic co-
ordinate system to the UTM coordinate system.
Thus, preserving network connections, based on
the relaxed notion, requires that feature intersec-
tion points be detected and added to the features
as new vertices prior to transformation. This addi-
tional step is rarely taken, but is required to pre-
serve network connectivity.

Precision of Connecting Vertices

Other problems can arise even when two “con-
nected” features are intended to share a common,
connecting vertex. The dilemma here stems from
the imprecision in the statement of requirement
and the potential for very different perspectives by
the data consumer community and the data pro-
ducer community. Many consumers will interpret
the requirement statement to specify that two co-
ordinates can only be connected if they are identi-
cal, regardless of the number of decimals used to
represent the coordinate. To some degree, this
position is based on the desire to support auto-
mated reasoning techniques that test for exact
equality as part of their algorithms. Basic route
planning algorithms may not consider “nearly
equal” coordinates to be equal when reasoning
about a network of connected features. Thus, it
seems likely that some algorithms will provide
routing solutions that run counter to human intui-
tion when presented with network data that in-
cludes very small (imperceptible to the human
eye) breaks. Essentially, this view of the require-
ment states that the data should be made so that
it will suffice in all expected-case applications.
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The data producer community can view the issue
from a very different perspective. Here, a conven-
ient translation of the requirement statement is
that two coordinates are equal if they are equiva-
lent internally to the Geographic Information Sys-
tem (GIS) used during the data production proc-
ess. The MGCP has not expressed any require-
ments concerning any specific GIS to be used in
the data production processes. The only related
requirement is that data will be delivered in the
ESRI Shapefile format. It appears that there are
some limitations on GIS capabilities related to
data that is created in an internal format and then
exported into another (e.g., shapefile) format. It
is neither possible to precisely control the number
of decimal digits that are written to file nor is it
possible to zero fill a coordinate value for all
decimal positions beyond a preset threshold. De-
spite their best intentions, the data producers
cannot always guarantee that two coordinates that
appear identical in the GIS environment will in-
deed remain identical after the GIS has finished
exporting the data to the MGCP mandated deliv-
ery format. “The spirit is willing but the body is
weak.”

Some attempts to resolve this consumer — pro-
ducer dilemma rest on snapping all coordinates to
a predefined grid where the grid spacing is
equivalent to the desired accuracy of the data
(approximately 0.1 meters in the MGCP case).
That is, for every feature vertex, find the nearest
grid point and make that the new vertex coordi-
nate. Intuitively, this translates all coordinates into
a finite set of points and is intended to move
points that are very close together to the same
coordinate.

This solution strategy is used very widely as it is
intuitively appealing and can be applied automati-
cally, as the data is created. However, this strat-
egy also exhibits a characteristic first described by
H. L. Mencken: “For every complex problem, there
is a solution that is clear, simple, and wrong.”
Figures 1 through 3 illustrate Mencken’s wisdom.

Figure 1 is a very tight zoom-in view showing two
road features (black lines) that appear to be con-
nected at a common vertex (that has been circled
for clarity). The system used to display the fea-
tures is at the limit of its zoom capability (about
0.2 meters across the entire screen). The two
features have a very small difference in their lon-
gitude coordinate. The fractional part of the longi-
tude coordinate at the circled vertex on the road
coming down from the top is 0.866307500000005.
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Figure 1. Road Features that Appear Connected

The fractional part of the longitude coordinate at
the circled coordinate on the road moving across
the figure is 0.866307499999998. Figure 2 adds
a (red) grid to the display; grid spacing is set at
0.000001 degrees (approximately equivalent to
the desired accuracy of MGCP data, about 0.1
meters). Figure 3 illustrates the result of having
the display system snap the coordinates to the
nearest grid point, which in this case makes the
difference between the two coordinates far
greater, as well as expanding the gap of the net-
work break in the data.

The problem with the approach is that an invisible
threshold exists in the grid and this threshold lies
halfway between neighboring grid points. Coordi-
nates greater than the threshold will be moved to
the next higher grid point while those lower than
the threshold will be moved to the closest lower
grid point. There will be cases, as shown in this
example, where two coordinates that are very

. . x¢[ =2 @ | &| 9| Classification Level:
File Mode View Inspection Parameters Help || =& Q| xx| 7/ @ &7 ot riation soian

4. CLick and drag on the nap to pan

Figure 2. Adding a 0.000001 Degree Grid
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close to each other lie on opposite sides of the
threshold. Such points will be snapped away from
each other, becoming more different from each
other rather than becoming identical. Moreover,
the finer the grid (less distance between grid
points), the greater the likelihood that nearby
points will be snapped away from each other be-
cause there will be an increased number of
thresholds. A finer grid will reduce the maximum
distance between “nearby” points, but will not re-
solve the problem of making those points identi-
cal.

A solution to this problem is to examine all of the
feature coordinates to select those that are closer
together than a set threshold. Once selected, this
set of nearby points can be made identical to each
other (e.g., not to a predefined grid). Other solu-
tions may exist, but this is the only one shown to
work in practice.

Section Summary

The above discussion illustrates the kinds of is-
sues that must be resolved by automated systems
that attempt to enforce the semantic rules desig-
nated for MGCP (and thus NGA) data. These
same issues will impact systems intended to cre-
ate environmental representations for use in simu-
lations. In part, the problems stem from impreci-
sion in the requirements statement; once the
standard includes rigorous specifications for the
meaning of terms such as “connected”, many of
the current problems would be resolved. The
MGCP standard is a developing specification, so
there is opportunity to apply greater rigor to the
semantic rules in the future. In the current situa-
tion, there may not always be a “clear, simple”
solution, but solutions do exist.

3¢ 22 @ @] &| 9| classification Level:
2] 42 No Classification Found
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Figure 3. Result of Snapping to the Grid
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A SYNTACTIC PROBLEM: THE LINE KINK

As above, there are many syntactic requirements
placed on the MGCP data. One that is easy to
illustrate is that line features are prohibited from
having unintentional “kinks” along their length (or
at points where two line features connect to each
other). A kink is usually caused when a feature
vertex is inadvertently entered during the original
data capture process. Figure 4 illustrates a typical
kink condition that appears to be the result of ac-
cidentally entering a feature coordinate (either
vertex 19 or vertex 20). Vertices 19 and 20 are
approximately 25 meters apart. Vertex 18 is off
the screen at the bottom and vertex 21 is off the
screen at the top. Imagine the visibly illogical be-
havior of a simulation entity performing a road-
following task along this feature!

Clearly, the geometry illustrated in Figure 4 is not
an accurate depiction of a real world road feature.
There is universal agreement between data pro-
ducers and consumers that such constructions
should not appear in the finished data. The prob-
lem is to devise a procedure to automatically iden-
tify such erroneous constructions while minimizing
false positive reports of potential errors.

There are alternate methods of detecting line kink
conditions (Richbourg, Lukes, and Stone, 2004)
but a proven accurate method rests on calculating
angles between adjacent segments along line fea-
tures and at the intersection of multiple line fea-
tures. Clearly, there are some extreme angles
along the length of the feature illustrated in Figure
4 and it is trivial for angle-based detection meth-
ods to locate such constructions. The problem
with the strategy is that the detected angles are
often accurate depictions of the physical world.
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Figure 4. A Kink Along a Road Line Feature
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Figure 5. A Kink at Connected Road Features

Anomaly detectors that have high false positive
report rates will tend not to be used. Thus, detec-
tion of line kink conditions based solely on angle
measurements is not a practical solution. Figure
5 illustrates an extreme angle measured at the
point where two road features connect. It appears
to be an anomalous construction that should be
identified and corrected. Figure 6 illustrates a
case where an even more extreme angle has
been measured at the connection between two
railroad features. Despite the more extreme an-
gle, this appears to be a rational depiction of
physical circumstance that would be viewed as a
false positive if reported. The following sections
describe experiments that have been conducted
to help determine a proper mix of angle-
measurement-based strategies for line kink identi-
fication.

Refining the Basic Strategy

A comparison of Figures 5 and 6 immediately
points to at least two differences between the
kinds of line kink conditions that should be re-
ported (true positives) and those that should be
ignored (false positives). First, some feature
types will always have extreme angles where they
connect to other features of the same type. Rail-
roads always have relatively extreme angles at
the connecting vertex shared by two features; ve-
hicles that move on rails cannot perform any turn-
ing maneuver except high-radius, shallow-angle
turns. Conversely, vehicles that travel on roads
make these kinds of (shallow-angle) turns as they
merge into new travel lanes, but these maneuvers
are relatively rare, as compared to the total num-
ber of abrupt heading changes along roadways
(turns at intersections).
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Figure 6. A Kink at Connected Rail Features

Another readily evident difference between the
situations in Figures 5 and 6 can be characterized
by the heading of a vehicle moving along the fea-
tures, immediately prior to encountering the ex-
treme angle at the feature intersection. A vehicle
moving along the rail features (Figure 6) would
have very small heading changes prior to encoun-
tering the feature intersection point. Conversely,
a vehicle moving along the road features (Figure
5) would have a significant heading change just
prior to encountering the extreme angle at the fea-
ture intersection. In practice, both feature type
and heading change prior to intersection are vi-
able heuristics in the search for true positive kink
conditions.

Experience has shown that two other characteris-
tics can be applied to the problem. First, kink
conditions that occur internally to a single feature
(e.g., excluding kinks that occur at the point where
two different features connect) rarely result in
false positive notifications. This heuristic funda-
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Figure 7. A Z-Shaped Road Feature Kink
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Table 1. Performance of Angle-Only Line Kink Detection

Thresholds Trgfe Fa!ge Threghold True Cumqlgtive True
Positive Positive Positive Rate Positive Rate
0° < Angle <= 5° 701 236 74.81% 74.81%
5° < Angle <= 10° 676 1033 39.56% 52.04%
10° < Angle <= 15° 628 1929 24 .56% 38.54%
15° < Angle <= 20° 744 3018 19.78% 30.66%

mentally depends on a conventional style of rep-
resenting geometric data. In Figure 6, a conven-
tional style would utilize one (primary) rail feature
extending from below the screen area to some-
where above the screen area. Secondary fea-
tures would then enter the screen area from the
bottom and terminate coincident with an interior
vertex of the primary feature. An alternate style
would represent the geometries as two features
shaped like upside-down letter V' characters.
Another (single line) feature would come down
from the top of the screen and terminate at the
point of the upside-down V. The single feature
heuristic will not work effectively when faced with
this alternate style of representation.

A final characteristic that usually indicates true
positive kink conditions also relies on measuring
two consecutive angles. In this case, consecutive
extreme angles are similar to those that occur in
the letter ‘Z’; experience indicates that ‘Z’ shaped
features (Figure 7) rarely occur in nature and
generally indicate geometric constructions that
require some sort of correction. One exception to
this rule occurs when transportation features in-
clude switchbacks in areas of high slope. Note
that this heuristic is very similar to one described
above (which considers heading changes). One
difference is that the Z-shaped heuristic can be
used on single features as well as at connecting
points between features (the heading-change pro-
cedure applies only to pairs of connected fea-
tures, at the point of connection).

An Experiment: Judging the Refinements

Original implementations of procedures to auto-
matically detect line kink conditions were based
solely on angular measures. This initial, angle-
only implementation reported a potential line kink
error whenever two adjacent line segments (on a
single feature or across a shared vertex between
two features) included an interior angle of 10 de-
grees or less. This procedure was able to identify
many true positive kink conditions, but also suf-
fered from two primary drawbacks. First, the true
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positives amounted to only about 50% of the total
reports. Second, many true positives were not
detected because they involved kink conditions
with angles above the 10 degree threshold. Initial
experiments showed that increasing the threshold
would result in an increased detection of valid
conditions, but also dramatically decreased the
true positive report rate, as illustrated in Table 1.

The Table 1 results were derived from applying
the angle-only kink detector to 14 different data
sets. The data sets were chosen to represent a
wide range of data that a simulation environment
developer might receive as source data from the
national holdings. Some of the data sets repre-
sented entire countries while others represented
high-density urban areas. Together, they included
flat desert areas, mountainous areas of high
slope, and areas of moderate terrain. In total, the
data sets included 1,399,785 line features defined
by 51,625,949 vertices. The vertex count is more
relevant than the feature count as line kink condi-
tions are always defined by three consecutive ver-
tices (which may or may not involve multiple fea-
tures,).1 After applying the inspection to each
data set to detect potential line kink conditions,
each report of a potential error was interactively
(manually) reviewed to assess its validity. Thus,
the data in Table 1 was created after applying the
angle-only line kink detector to 14 data sets and
manually reviewing each of the 8,965 reports of
potential errors to categorize the 2,749 true posi-
tive reports and the 6,216 false positive reports.

Table 1 reveals the unsuitability of applying the
angle-only procedure to detect line kink condi-
tions. While the method is capable of locating
these conditions, it is not able to support efficient
review. A high false positive rate will discourage

" As an aside, the data sets included a wide disparity in
the average number of vertices per line feature, rang-
ing from a low of 4.5 vertices to a high of 72.4 vertices.
As an encouraging note, the percent of true positive
kink conditions per vertex was a low 0.02% (ranging
from 0.005% to 0.2%, by data set).
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Table 2. Performance of Z-shaped Line Kink Detection

Thresholds Trgfe Fa!ge Threghold True Cumqlgtive True
Positive Positive Positive Rate Positive Rate

0° < Angle <= 5° 18 1 94.74% 94.74%
5° < Angle <= 10° 127 2 98.45% 97.97%
10° < Angle <= 15° 106 8 92.98% 95.80%
15° < Angle <= 20° 82 13 86.32% 93.28%
20° < Angle <= 25° 95 32 74.80% 88.43%
25° < Angle <= 30° 68 44 60.71% 83.22%
30° < Angle <= 35° 66 41 61.68% 79.94%
35° < Angle <= 40° 39 41 48.75% 76.76%
40° < Angle <= 45° 25 16 60.98% 75.97%

use of the capability, and thus many of the condi-
tions may not be repaired in the finished data.
Also, when the threshold is decreased (from 20
degrees to 10 degrees) to provide a lower false
positive rate, the method does not detect over half
of the true positives that exist in the data.?

Further experiments were conducted to help iden-
tify the best mix of heuristics and procedures that
would both increase the number of true positive
reports and decrease the false positive rate. One
of the first experiments explored use of the “Z-
shaped” criterion, introduced above, as an alter-
native to the angle-only procedure. The results of
applying the Z-shaped procedure alone are pre-
sented in Table 2.

The “Z-shaped” criterion examines three consecu-
tive line segments and the two consecutive angles
they form. When both angles are within the de-
fined threshold range, a potential condition is re-
ported. Table 2 shows a very promising perform-
ance. The added procedure of considering two
consecutive angles allows a higher threshold and
reduces the false positive rate; however, this pro-
cedure cannot replace the angle-only detector
because it is too specialized. It can be used in
conjunction with the original procedure. In this
case, there is an added concern to ensure that the
two procedures do not both report the same con-
dition. Multiple reports of the same problem can
be easily suppressed by using mutually exclusive
thresholds, as illustrated below.

% It seems reasonable that some number of true posi-
tives could be detected by increasing the threshold
beyond the experimental limit of 20°.
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The two other detection procedures introduced
above can be incorporated into the process.
These are both variations of the original (angle-
only) line kink detection mechanism, so they
should exhibit a higher number of detections than
the very specialized “Z-shaped” procedure.
Again, a concern is that the all of the procedures
must be configured so that they do not produce
multiple reports of the same problem.

Further experiments revealed that adjustments to
the thresholds for each detection procedure can
be used to both tune reporting performance and to
ensure exclusivity of the reported conditions. Ta-
ble 3 reports the final results of the entire experi-
ment, using four different detection mechanisms
in concert, each with unique thresholds, to identify
the line kink conditions.

Section Summary

The results presented in Table 3 are promising.
Original implementation of the angle-only line kink
detection procedure used an angular threshold of
10 degrees to identify 1,377 true positive errors
out of a total of 2,646 potential error reports
(1,269 false positive reports). The refined, com-
bined procedures listed in Table 3 identified 2,011
true positives from a total of 2,772 potential error
reports, yielding an overall true positive rate of
73%. Thus, the experimentally refined proce-
dures increased the true positives by nearly half
(a 46% increase) while maintaining the total num-
ber of reports to be examined at very nearly the
same level (total potential errors reported in-
creased by only 4.8%).
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Table 3. Performance of All Procedures Applied Simultaneously

Procedure Thresholds Numper of True Numper of False | True Positive
Positive Report | Positive Reports Report Rate
Angle-Only 0° < Angle <= 2° 350 18 95.11%
Z-Shaped 20° < Angle <= 45° 293 174 62.74%
Single Feature 2° < Angle <= 15° 701 320 68.66%
Heading Change 2° < Angle <= 20° 667 249 72.82%

The various procedures showed a range of per-
formance across the different data sets. Table 4
indicates the worst and best performance, by data
set, for each procedure. The poor performances
of the Z-shaped procedure resulted from its use in
two data sets that included many transportation
features in steep slope areas. The switchbacks
along the features in these two data sets ac-
counted for 87% of all the false positive reports.
The Z-shaped procedure performed at a 90% true
positive rate across the remaining 12 data sets.
Further refinements can be applied to reduce the
switchback-induced false positive reports.

The single feature procedure also performed rela-
tively poorly on one data set. Here, the root
cause can be traced to the use of atypical feature
representations (as described above in "Refining
the Basic Strategy”). The single-feature proce-
dure provided a 76% true positive reporting rate
when applied to the other 13 data sets.

There are two experimental limitations to con-
sider. First, although the number of features, and
actual errors they generate, are sufficiently large,
the number of experimental data sets is low. The
problem is that generation of the data sets is
somewhat dependent on the style of the data pro-
ducer (much of the data capture process is man-
ual in nature). Thus, the range of data-creation
styles is also low and experiments where other
styles have been used may contradict these re-
sults. Second, a computer scientist performed the
assessment of potential error reports as either

Table 4. Procedure Performance Range

Worst True Best True
Procedure Positive Positive
Rate Rate
Angle-Alone 80% 100%
Z-Shaped 12% 100%
Single Feature 26% 100%
Heading Change 50% 96%
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true or false positive. A trained cartographer may
make other assessments in some cases.

Despite these limitations, the experiment served a
useful purpose. The automated procedures to
detect a troublesome class of geometric errors on
line features have been greatly improved. Other
improvements are possible. The procedures
could be refined according to the feature type
(e.g., road, river, cart track, rail) involved. The
experiments described above also captured per-
formance data according to feature type. The
analysis of the feature type performance data has
yet to be completed. Also, the data shows that
the combined procedures did not identify some of
the known errors, so there is room for improve-
ment in an overall performance sense (Table 1
shows that at least 2,749 true positives exist while
Table 3 indicates that 2,011 true positives were
identified). However, the thresholds as reported
in Table 3 were selected to find a functional com-
promise between true positive and false positive
reports.

SUMMARY AND CONCLUSIONS

This paper has touched on several separate, but
related, subjects. First, there is an increasing
demand for simulations to provide highly accurate
models of the physical environment. This is a dif-
ficult task, but increased optimism is justified; ma-
jor data providers are committed to improved geo-
spatial data quality for analytical purposes. That
commitment is clearly evident in the efforts of a
consortium of nations who have collaborated to
produce data quality specifications (both syntactic
and semantic) that are without precedent. This is
an extraordinary development that will eventually
improve the quality of geospatial feature data for
the large community of data consumers, including
those who develop the modeling and simulation
environments.  While the specification is still
evolving, the potential impact is readily obvious.
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This paper has focused on one example of impre-
cision in the emerging semantic quality specifica-
tion and traced the ramifications of that impreci-
sion from the context of the data producer to that
of the data consumer. There are several other
cases of similar concern. In general, the semantic
quality specification has been written for human
consumption and is not sufficiently precise for di-
rect computer implementation in many cases.
The analysis of the single example developed in
this paper can be applied to help resolve similar
issues of language imprecision and their eventual
impact on digital data. The main points are:

* emergence of comprehensive semantic qual-
ity specifications is a profound development
that will directly benefit analytical users of
geospatial feature data including the modeling
and simulation community;

* imprecision in that specification is problem-
atic; and

¢ informed consumers need to critically exam-
ine data specifications to locate those impre-
cise descriptions that will impact their use of
the data and provide feedback to the produc-
tion community.

Portions of the related discussion also illustrated
the fallibility of the “snap to grid” technique when
intended to enforce exact equality of very similar
coordinates. Although enjoying widespread use,
this technique can only minimize the maximum
differences between nearly equally coordinates.

Syntactic issues are also discussed. The paper
examines one example to illustrate how structured
experimentation (observe, hypothesize, experi-
ment, refine, validate) can be applied to help re-
solve a problematic issue. The example illus-
trates that, even though the syntactic requirement
is precisely stated and violations of the require-
ment can be identified, practical issues of support-
ing efficient review and corrections of the viola-
tions must be considered. The main point here is
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that, despite clear and succinct requirements
specifications, there is some probability that pro-
hibited constructions will exist in the finished geo-
spatial data. Practical issues in enforcing data
quality drive this circumstance. Again, the data
consumer needs to be aware of the limitations of
the quality specification. The best specification is
of little value without enforcement.

Despite these limitations, there is a solid basis for
optimism. Never before has the consumer com-
munity seen a comparable emphasis on data
quality. NGA is participating in a program to define
rigorous and comprehensive quality specifica-
tions. Moreover, NGA is leading the effort to im-
plement utilities that can detect violations of those
specifications and make routine adherence to the
specifications a reality. In the future, the modeling
and simulation community will be among the
many beneficiaries of this ambitious and timely
commitment.
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