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ABSTRACT
Distributed testing of a system of systems such as the U.S. Army Future Combat System (FCS) is critical to successful
development and fielding. Development and operational test planning, mission rehearsal, and modeling and simulation
of distributed test events requires rapid generation of high-fidelity synthetic environments and geospatial databases that
allow efficient transmission and portrayal over network-centric architectures and low-bandwidth communications
networks. This paper describes an initiative lead by the U.S. Army Developmental Test Center to rapidly construct
digital terrain and surface models using remote sensing data. The authors present methods and techniques used to
generate Digital Terrain Elevation Data (DTED) Level 5 or better digital terrain models, surface object databases using
Three-Dimensional (3-D) data from airborne Light Detection and Ranging (LIDAR) sensors, and mathematical
operations to describe complex geospatial data objects and 3-D topology in highly-compact manners.
Currently, FCS units-of-action undergo testing within a defined Common Operating Area (COA) at a training range or
proving ground. In the coming years, distributed testing, with simulated scenes added to the participating systems, will
occur at multiple COAs located at different test facilities. Consistent construction is required for these synthetic
environments or scenes for the different facilities. The authors will present trade study results with recommendations for
a uniform set of data collection requirements.
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1. ARMY TEST AND EVALUATION COMMAND
The Army Test and Evaluation Command (ATEC) is the U.S. Army’s premiere Test and Evaluation (T&E)
organization. Its mission is to plan, conduct, and integrate developmental and operational tests of military equipment,
as well as provide independent evaluations of test results to decision makers, to ensure Warfighters are equipped with
effective weaponry and soldier systems. On average, ATEC conducts 1,100 tests and evaluations daily—on everything
from boots to ballistic missiles—in the coldest, hottest, driest, and/or most humid weather conditions on earth 1.
ATEC consists of three subordinate Commands. Developmental Test Command (DTC) conducts rigorous performance
tests on weapons systems and materiel under controlled conditions on highly instrumented ranges and test courses.
Products of Developmental Testing include unbiased technical data on system design, feasibility, performance, safety,
and risks collected the during system development stage. The Operational Test Command (OTC) performs tests to
assess equipment, doctrine, force design and training in realistic environments and mission scenarios. Field-testing with
real systems, people, and threats is the core of Operational T&E 2. Finally, the Army Evaluation Center (AEC)
evaluates technical data obtained from Developmental and Operational testing to determine system effectiveness,
suitability, and survivability.
Guidance for using Modeling and Simulation (M&S) in T&E is given in USATEC Memorandum 73-21, “Simulation
Technologies Supporting Test and Evaluation” [December, 2002] and Army Regulation AR 5-11, “Management of
Army Models and Simulations” [July, 1997]. Accredited models and simulations are most applicable when used to gain
insight on system performance in situations where we cannot, or should not, test due to resource, range, security, or
safety limitations 3. Nuclear, biological, and chemical weapons are obvious examples. Another classic example of
M&S—long used and considered valid for T&E applications—is constructing a synthetic environment model to
simulate a real system, such as electronic warfare systems 2.
Given current economic trends, the T&E process may be pressured to shorten tests in the future, either by testing more
quickly or by not testing as much 4. In turn, this will force Test Centers to develop infrastructures that meet the needs of
their customers and implement acquisition strategies and that allow for efficient and effective support of new and
emerging programs. In both the near and far term, ATEC will need to adapt to technological changes in
instrumentation, data processing, and data analysis. M&S may be used more in the future, not only to enhance
operational realism of the test environment, but also to support more economical, timely, and controlled test execution 3.
DoD Simulation, Test, and Evaluation Process guidelines state, “Simulation and test are not competing functions. They
are complementary and mutually supportive approaches to understanding weapon system performance”. Figure 1-1
illustrates how simulation and physical testing are related to evaluation. Both are influenced by evaluation requirements
and provide information for the evaluation-decision-action process 5. In addition, they are both clients to one another’s
information-server functions: simulation supports test planning and analysis; and testing supports simulation validation.

Support

fo
In

Requirements

Testing

Inf
orm

on
ati
rm

ati
on

Simulation

Evaluation
Figure 1-1. Simulation Supports Both Testing and Evaluation 5.

2. HIGH FIDELITY DIGITAL TERRAIN FOR MODELING, SIMULATION AND JOINT TEST
AND EVALUATION
ATEC is leading an effort to develop a common environment for simulation, Hardware-In-The-Loop (HWIL) testing
and distributed testing of multiple systems, or families of systems, such as the Army’s Future Combat System (FCS).
This common environment consists of high fidelity, high resolution synthetic scenes of test and training ranges,
including digital terrain models, digital surface models, Two-Dimensional (2-D) and 3-D surface objects, atmospherics,
soil properties, and other geospatial data necessary to replicate the exact conditions of a site. These synthetic scenes
become a realistic, virtual proving ground for testing and evaluating systems from concept development to operational
testing, and subsequent spiral developments or product improvements. The databases are intended to be accessible to
developers, testers, trainers, and third party application developers, Government, private and academia, through an open
architecture information technology network that possesses high data throughput and well-defined interfaces to the
synthetic scene databases. When established, this common simulation and test environment shall be used to fully
develop and test systems before, during, and after fabricating hardware. A few of the anticipated applications include:
virtual testing of manned and unmanned vehicles over digital terrain; virtual testing chemical and biological agent
sensors through the introduction of metrology and fluid dynamics into the scene; evaluation of ground sensors; testing
of mine detection devices; and testing of thermal imagers.

3. HISTORICAL DEVELOPMENT OF AUTOMATED FEATURE EXTRACTION AND DIGITAL
ELEVATION AND TERRAIN METHODS AND TECHNIQUES
During the 1990s, the Army identified a need for more advanced tools to plan, design, and site wireless communications
networks in urban environments. The tools available at that time were based on statistical methods; they did not reliably
predict communications coverage, dead zones, or interference areas. The Army began the development of site-specific
planning and wireless network design tools that required 3-D models of the local terrain, foliage, and buildings with
sub-meter spatial and geometric accuracy. For tactical use, these 3-D models had to be rapidly constructed for large
areas. Until this point, manual selection of stereo pairs from 2-D imagery was the only viable method of developing 3-D
urban models; however, this was extremely labor intensive and expensive.
The introduction of commercially available LIDAR mounted to aircraft became the enabling technology for rapid and
accurate generation of 3-D urban and terrain models. The authors of this paper recognized the utility of LIDAR data,
and developed advanced software to automatically process the LIDAR point elevation data, and generate 2-D and 3-D
wire-frame, CAD, and surface models for use in planning wireless communications networks.
As the software underwent further development, other Government agencies recognized the utility of LIDAR when
coupled with Automated Feature Extraction (AFE) and model generation software. In 2000, the Census Bureau
conducted a pilot program, as part of the TIGER Modernization Program, to demonstrate the utility of LIDAR data and
AFE techniques for generating 2-D and 3-D geospatial data layers that describe nearly every map feature within the
U.S. The authors developed a suite of AFE algorithms with the automated capability to identify, characterize and
portray all roads, hydrological features, rail lines, power transmission lines, buildings and structures, and other surface
features using airborne LIDAR data. In addition to the AFE algorithms, the authors developed direct and indirect
methods to derive attributes for each model object and associated topology. The authors developed added functionality
into the AFE software and extended its use into projects with NASA, FEMA, and several state agencies for terrain and
urban modeling with survey-quality results.

4. PILOT PROJECT AT WHITE SANDS MISSILE RANGE
The General Dynamics Armament and Technical Products (GDATP) team, which included the Greenwich Institute for
Science and Technology (GIST), was awarded a contract in 2004 by the U.S. Army Yuma Proving Ground to refine,
tailor, and apply the AFE software, techniques, and procedures to generate terrain models for an area of White Sands
Missile Range (WSMR) in New Mexico. The objective of this pilot program was to demonstrate that large areas of test
and training ranges could be modeled to meet the requirements for the ATEC common Test and Evaluation
environment. This paper describes an initiative lead by ATEC to rapidly construct digital terrain and surface models

(DTM, DEM) using remote sensing data. The authors present the methods and techniques used to generate DTED Level
5 or better 3-D geospatial models using data from airborne LIDAR sensors, and the mathematical operations to describe
complex geospatial models, attributes and topology in highly-compact manner 6,7.

5. GENERATION OF SYNTHETIC SCENES AND DIGITAL TERRAIN/ELEVATION MODELS
USING LIDAR DATA
5.1 Government furnished LIDAR data
In 2004, the Government collected LIDAR data using an airborne platform for a 100-km2 area of WSMR – designated
as distributed test even #4, common operating area #1 (DTE4 COA1). Over this 100-km² area, the LIDAR
measurements were recorded at sub-meter intervals sufficient to achieve 1-m resolution. Within the 100-km² area, the
Government also collected more dense LIDAR measurements in a 10- to 12-km2 area with roughly 30-cm resolution.
The 1-m resolution LIDAR data was processed using tiles sized 1,024 m x 1,024 m. The 30-cm resolution LIDAR data
was processed using sub-tiles sized 341 m x 341 m. Figure 5.1-1 shows an elevation profile and typical terrain relief for
WSMR. The LIDAR data was collected during the growing season –referred to as leaf-on condition. The leaf-on
condition is a period of maximum foliage density. More than 50% of the area was covered by thick bushes and tall
grass. There were no large trees, water bodies, or buildings. The average vegetation height was between 0.5 - 1 m. Sand
mounds, 1 - 2 m in height and 10 - 20 m in breadth, were prevalent (Figure 5.1-1), and vegetation was growing on the
most of the sand mounds.
An important characteristic of the LIDAR data was that it contained single, last-return measurements from the laser.
Only 0.1% of the data included first-returns for vegetation higher than six feet, which caused an underestimation of
vegetation volume. During the processing of LIDAR data collected for a 100-km² area, the authors identified LIDAR
data deficiencies that affected the overall quality of the delivered data models (Section 5.6).

Figure 5.1-1. Profiles of Z_minimal with two independent sets of collected LIDAR data. 1-m (Z_min_low) and 30-cm
(Z_min_high) resolutions demonstrate a strong correlation and verify the accuracy of data close to 10-20 cm.

5.2 Techniques for extracting terrain and foliage
The Virtual Surfaces Method (VSM) for DTM generation and foliage filtering from LIDAR data was developed by the
scientists at the Greenwich Institute for Science and Technology (GIST). The VSM is a local approach that uses
analytical surfaces to portray the earth surface using spheres and ellipsoids. The process for foliage filtering is
integrated with bare-earth surface interpolation in filtered pixels. The VSM possesses the benefits of popular methods
for DTM generation, such the Vosselman-Sithole and Kraus-Pfeifer techniques; however, VSM avoids most of the
problems associated with these approaches as shown in Table 5.5.1-1. The advantages of the VSM, including greater
accuracy, were tested during an extensive application of LIDAR data processing and DTM generation for areas totally
nearly 25,000 km² (www.gist.us/areas/lidar.htm). These tests showed that complex relief can be accurately presented
within the VSM as a compact database of parameters of simple analytical functions. After comparing the generated
DTM with the original surface, or raw LIDAR data, we can extract all objects above bare-earth including foliage,
structures, and noise (as illustrated in Figure 5.2-1).
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Figure 5.2-1. a. The minimal heights from LIDAR last-returns. Reflections from the trees in dense forest mask the bare-earth
surface. b. Bare-earth surface (DTM) generated by using VSM. c. The maximal heights of LIDAR last- returns. Size of the tile
is 1,800 x 1,200 m. d. Bare-earth surface generated by VSM. All surface objects, such as residential buildings or trees, were
successfully deleted. Z-accuracy is close to 10-15 cm. Using a set of simple analytical (spherical) surfaces, VSM generated the
terrain model in b and d. DTM with 2-m resolution.

5.3 LIDAR data for extraction and classification of structures
Commercially available LIDAR data can provide accurate 3-D information about terrain, trees, buildings and other
objects such as helicopters and cars (see Fig.5.3-1.). Additional information contained in the LIDAR data, such as
intensity of LIDAR returns (similar IR-albedo) and the percentage of LIDAR reflections, are used to extract water
bodies and roads (see Figure 5.3-1). Intensity imagery can also be used to classify foliage, buildings, soil (types and
wetness), grass, and crop fields. Sections 5.2, 5.5 and 5.6 discuss in detail the outputs from the automated feature
extraction and portrayal techniques such as DTM and foliage.

Another important outcome of the WSMR project is the generation of a complete metric/attribute file that will be used
to track and estimate all possible sources of error in the DTM and other terrain layers, and errors for each pixel. This file
contains information regarding the area of delivery; noise; the interpolated areas in DTM and types of interpolations
(four types of interpolation were used in the WSMR project). An in-depth discussion, accompanied by samples of the
extraction and presentation of buildings, roads, bodies of water and other objects, is included in Section 6.
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Figure 5.3-1. Images a and b illustrate 3-D surfaces from the LIDAR data last-returns. Images c.-d show the intensity of the
LIDAR returns. The Digital Elevation Models (DEM) have 2 m resolution (a-b) and intensity images have 1 m resolution (c-d).

5.4 Lessons learned and data collection requirements summary
Table 5.4-1 puts forth a recommended set of requirements for collecting the remote sensing data necessary to produce
the geospatial data products that meet overall program goals. For future data collections, compliance with these
requirements will greatly improve the overall quality and accuracy of geospatial data products. Specific requirements
address pre-collection activities such as number and placement of ground control points, aircraft flight pattern plans,
and instrument calibration; raw data collection and pre-processing including point density, collection controls,
information content; and independent validation and verification.

Table 5.4-1. Requirements for LIDAR data delivery.
1.

The LIDAR shall measure first and last returns for >99.9% pulses.

2.

Number of Z-artifacts:
<1/10,000,000 for negative Z-artifacts (<-30 cm) in usual geographic areas
<1/1,000,000 for negative Z-artifacts (<-30 cm) in for urban and similar areas
<1/1,000,000 for positive Z-artifacts (>30 cm)

3.

Z-accuracy for 1.5 m LIDAR point spacing (2-m resolution) at the 95% Confidence Level (CL):
absolute Root Mean Square Error (RMSE) = 15 cm
relative RMSE = 5-7 cm (between LIDAR points in the same flight line)
relative RMSE = 7-10 cm (between LIDAR points in the overlapping flight lines)
Z-accuracy for 0.75 m LIDAR point spacing (1-m resolution of grid data) at the 95% CL:
absolute RMSE = 10 cm
relative RMSE = 3-5 cm (between LIDAR points in the same flight line)
relative RMSE = 5-7 cm (between LIDAR points in the overlapping flight lines)

4.

X,Y accuracy: 1-m or better at the 95% CL

5.

LIDAR data is collected 25 km or less from an operating Global Positioning System (GPS) base station.

6.

The LIDAR point density shall include at least one measurement per 1-meter grid cell (pixel) for 95% of
the area, except for bodies of water. Data voids or “holiday” areas less than 25 pixels are permitted if
those holiday areas do not exceed 2 pixels in width for all non-hydrographic areas.

7.

The LIDAR system shall provide intensity measurements.

8.

Contrast of intensity returns between flight lines should be smaller than 10%.

9.

The LIDAR system shall measure returns from dark roofs, asphalt, and electric wires.

10. The leaf-off vegetation condition is strongly preferable for the generation of DTM and building models.
11. Straight, parallel flight lines are strongly preferred. Large turns with the airborne sensor cannot be used.
12. Collection of LIDAR data in urban areas should compensate for “shadowing” in urban canyons.
The most important factors affecting LIDAR data and DTM accuracy are:
1. Short baselines for airborne GPS control
2. Low flying heights above mean terrain
3. Narrow scan angles to provide data closer to nadir
4. Density of LIDAR data points
5. Density and canopy closure of vegetation
6. Number of artifacts in LIDAR data
7. Accurate ground control points
8. Leaf-off conditions
9. Shallow slopes
10. Minimum water area

Table 5.4-2 describes the typical relationship between the accuracy LIDAR data and models for different features. The
table assumes double coverage of LIDAR data, or 50% overlapping flight lines.
Table 5.4-2. Relationship between the densities of LIDAR points, resolution of data, and horizontal accuracy of models.

30-cm resolution

1-m resolution

2-m resolution

5-m resolution

Spacing of LIDAR data
0.23 m
0.75 m
1.5 m
3-4 m
Accuracy of DTM
0.3 m
1m
2m
5m
Intensity Imagery
0.15-0.3 m
0.5-1 m
1-2 m
2.5-5 m
Polyline for roads *
0.3-0.6 m
1-2 m
2-4 m
5-10 m **
Polyline for water *
0.6 m
2m
4m
10 m **
Polyline for buildings *
0.6 m
2m
4m
10 m **
* An estimation of automatic feature extraction for the mentioned data resolution. Some improvement in the accuracy of
polylines can be achieved by splitting pixel into smaller parts; however, this approach significantly increases the volume
of data and processing time.
** Data with 5-m resolution has restricted applicability to the extraction of roads, small bodies of water, and buildings.
Many objects, such as residential buildings smaller than 10 meters, will be lost.
5.5 Modeling of DTM and vegetation
5.5.1 Optimal models for DTM
Terrain models consist of four basic elements: points, pixels, contours (or polylines) or surfaces (or polygons).
Visualization of terrain models usually requires an additional step to create a Triangulation Irregular Network (TIN),
which is a surface-based terrain models. Surface terrain models use local facets or “3-D patches” or local analytical
surfaces as basic elements. These basic surfaces are highly variable. The surfaces may be flat squares, slope triangles, or
geometrical primitives such as spheres and pyramids, which are described by more complex analytical functions. A
typical example of a TIN-based model describes the terrain as a set of triangles. The VSM for terrains is a local
approach that uses analytical surfaces for local fitting of the earth surface; this approach has definite advantages over
the usual local approaches. By using spherical or elliptical surfaces, VSM creates a global surface. Terrain models based
on surfaces have the best combination of high accuracy and minimal volume.
A clearer comparison of the advantages and disadvantages of the four general approaches to terrain modeling and the
parameters of different terrain models is exhibited in Table 5.5.1-1. The elements are defined as follows:
A - the accuracy (value of error) of terrain model vs. the accuracy of raw LIDAR data; V - the volume of terrain model
vs. the volume of raw data; if new data with volume V_new becomes available to improve the terrain model, a measure
of improvement can be estimated using the parameter: I = V_modified/V_new, where V_modified is the volume of data
modified during improvement of a terrain model. For the optimal model I ~1.
Table 5.5.1-1. Characteristics of the different approaches and techniques to terrain modeling.

1. Accuracy
2. Volume
3. Improvement
ability
4. Multi-resolution
5. Robustness
6. Data merging
7. Edge coherence

Surfaces (Polygons)
Local
VSM
Techniques
A>1-2
A>1-2
V<0.01
V<0.01 *

Points
A~1
V~1

Pixels
A>1-1.5
V<0.2

Contours
(Polylines)
A>4-6
V<0.1-0.01

I~1

I~1

I>>1

I>>1

I>>1

I~1

No
Medium
Good
Good

No
Medium
Medium
Good

No
Poor
Poor
Poor

Yes
Poor
Poor
Poor

No
Medium
Medium
Medium

Yes *
Good
Good
Good

Global
Techniques
A>1-2
V<0.2

Table 5.5.1-1. Characteristics of the different approaches and techniques to terrain modeling.

8. Data coherence
Good
Good
Poor
Poor
Medium
Medium
9. Attributes
Good
Good
Medium**
Medium**
Medium**
Medium**
10. Auto-generation
Good
Good
Medium***
Medium***
Good
Good
* Optimization of VSM volume and the development of a smooth multi-resolution solution are in progress.
** Typically “Poor”, however results may be “Good” for set of elements presented as a single object such as a building.
*** These models are not usually generated from raw LIDAR data, only from preliminary classified data.
5.5.2 Local and integral models for vegetation
Vegetation models for the WSMR project were generated for each cluster of vegetation. Vegetation clustering is
performed by separating the sets of pixels that are connected by the sides only, not by the corners. 3.1 million foliage
objects were extracted from 30-cm data, and 1.7 million foliage objects were extracted from 1-m LIDAR data. Each
foliage cluster of foliage was delivered in two formats (see Figure 5.5.2-1):
•

Pixel level (local level): Includes a list of each pixel and complete information for each pixel. This model
provides all the information necessary to select the correct route for a robot or a car in the WSMR desert
area.

•

Model level (integral level): Each cluster is represented by integral parameters and a geometric primitive
(ellipsoid). Approximation of clusters of foliage (absolute heights) as ellipsoids is useful for many
applications because it is the most compact database for foliage presentation.
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Figure 5.5.2-1. a. The view of a forest generated from a pixel level model using sample data collected in Maryland. b. 3-D
view of the pixel level model of desert foliage, showing relative heights, at the WSMR. c. 2-D map of desert vegetation
clusters at WSMR including an ellipse around each cluster.

5.6. Project results
5.6.1 Accuracy and issues
Artifacts in the LIDAR data affect the accuracy of the delivered geospatial models. Data artifacts are regions of
anomalous elevations, oscillations or ripples within the Digital Elevation Model (DEM)/vegetation data resulting from
malfunctioning sensors, poorly calibrated instrumentation, or other sources of systematic errors during the collection of
LIDAR data. During the processing of LIDAR data collected by the Government at the WSMR, our team identified
several serious artifacts that affected the overall quality of the delivered data products and models. These included:
•

negative (below ground) strip-like artifacts

•

negative point-like artifacts

•

positive (above ground) strip-like artifacts

•

positive point-like artifacts

•

calibration artifacts with different intensities of reflection in different flight lines

These artifacts usually concentrate near specific flight lines and reflect errors in the collection of LIDAR data. Figure
5.6.1-1 illustrates the height measurements of different artifacts.
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Flight lines with strip-like
artifacts

Figure 5.6.1-1. a. An abnormal flight line in 30-cm LIDAR data has excessive point-like artifacts, both negative and positive. b. A
map of vegetation clusters with relative heights >15 cm shows a band of positive artifacts from this flight line. c. Flight lines with
strip-like artifacts, underground and above-ground "corn rows", found in 30-cm LIDAR data. Figures a and c show minimal heights
for all LIDAR shots in each pixel.

5.6.2 Sample Results
Figure 5.6.2-1 illustrates the DEM of the original LIDAR data (a), the terrain without vegetation (b), a representation of
noise (c), and the foliage overlaid on the DTM (d).

Figure 5.6.2-1. A 3-D view of original LIDAR data (Z_average) (a); products of processing by VSM: DTM (b), noise (<15 cm)
(c); and foliage (>15 cm) (d).

5.6.3 Results Discussion
This project is an important step toward improving terrain modeling with accuracy of 30-100 cm. This project
developed the following products:
•

DTMs (bare-earth) for DTE4 COA1 on level DTED-5 (1-m resolution, for about 100 km²), and DTED-6 (30cm resolution, for 11-15 km²).

•

Intensity imagery that presents IR-albedo of the terrain with same resolution as DTM

•

Vegetation models in two forms: pixel level and geometrical primitives (ellipsoids).

•

Techniques for tracking and estimating all possible sources of errors in DTM and other layers, including budget
of errors for each pixel

•

The “Description and Specification of Data Products (DTM/Foliage database)” report

•

“LIDAR and Imagery Data Collection Requirements to Support the Generation of Synthetic Scenes and Digital
Terrain Models” report

6. BIOLOGICALLY-INSPIRED APPROACH FOR AUTOMATED FEATURE EXTRACTION AND
CLASSIFICATION.
The GIST techniques for rapidly identifying and extracting features from LIDAR data, remote sensing data, and other
imagery are based the functions of human vision system. For each image the entire set of objects is recognized as a
single scene, areas of interest or specific objects are identified within that scene, and then those areas or objects are
further interrogated for more detailed analysis. The human eye and brain operate on a similar principle. A human can

see a large scene (including peripheral vision) and process all of the information rapidly to identify objects or areas of
interest within that scene. Then the human brain focuses on those objects/areas to further identify more detailed
features. As with the human brain’s reliance upon its memory, the GIST methods use a composite attribution library,
built from processing terabytes of LIDAR data, for classifying objects and features from the data. The GIST techniques
emulate these processes and include the following elements:
•

Single scene processing

•

Fast one-dimensional saccades to search for objects

•

Fixation and effective 2-D extraction of a objects according specific criteria

•

Low-resolution vision (global or retinal vision) used for fast search of objects

•

High-resolution vision (local or fovea vision) used for accurate extraction of specific features

•

Feature and object attribution

Figure 6-1 illustrates the algorithm for processing LIDAR data with the bio-inspired feature extractor; the results of the
extraction are seen in on Figure 6-2. The GIST techniques for processing LIDAR data and generating 3-D scenes
operate at near real-time.

Figure 6-1. The algorithm for processing LIDAR data, using the generation of polylines of roads as an example.
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Figure 6-2. Outputs from automated feature extraction. a. Polylines for the boundaries of bodies of water Maryland. b. Polylines
for buildings in downtown Boston. c. Polylines for a ship in Boston harbor. d. An extracted road depicted from connected 1.2-m
resolution pixels and automatically generated polylines for centerlines with an optimized number of shape points and nodes.
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