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ABSTRACT

We present a better algorithm for path planning on complex
terrain in the presence of observers and de ne several metrics
related to path planning to evaluate the quality of various
terrain compression strategies.

The path-planning algorithm simulates a smugglers and
border guards scenario. First, we place observers on a ter-
rain so as to optimize their visible coverage area. Next, we
compute a path that a smuggler would take to minimize de-
tection by an observer, path length, and uphill movement.
The smuggler is allowed the full range of Euclidean motion
on the 2-dimensional plane, unlike alternate path planning
schemes that strictly avoid obstacles. We use two runs of
the A* algorithm to e ciently compute this path.

We introduce new application-speci c error metrics for
evaluating lossy terrain compression. The target terrain ap-
plications are the optimal placement of observers on a land-
scape and the navigation through the terrain by smugglers.
The error metrics compare the observer visibility and the
cost of the optimal smuggler's route on the reconstructed
terrain to the original terrain.

Categories and Subject Descriptors

1.3.5 [Computing Methodologies ]: Computer Graphics|
Computational Geometry and Object Modeling ; E.4 [Data ]:
Coding and Information Theory| Data compaction and com-
pression
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1. INTRODUCTION

Recent advances in LIDAR and related scanning technolo-
gies have allowed for the acquisition of increasingly high res-
olution terrain data, in the form of rasters of elevation data.

Permission to make digital or hard copies of all or part of tharknfor
personal or classroom use is granted without fee providatidbpies are
not made or distributed for pro t or commercial advantage arad topies
bear this notice and the full citation on the rst page. Togotherwise, to
republish, to post on servers or to redistribute to listgunes prior speci ¢
permission and/or a fee.

ACM GIS'08, November 5-7, 2008. Irvine, CA, USA

Copyright 2008 ACM 978-1-60558-323-5/08/11 ...$5.00.

W. Randolph Franklin
Rensselaer Polytechnic
Institute
frankwr@rpi.edu

Barbara Cutler
Rensselaer Polytechnic
Institute
cutler@cs.rpi.edu

Marcus Andrade
Federal University of Vicosa,
Brazil )
marcus.ufv@gmail.com

A sample urban dataset we are using for testing covers ap-
proximately 25 city blocks, containing 12 million 3D points
and requires about 300 MB for storage. Publicly-available
terrain datasets covering the continental United States, sam-
pled horizontal approximately every 30 meters require 40 GB
of storage. Higher resolution data sampled every 10 meters
or less is available and becoming commonplace.

These types of data sets have many commercial and mili-
tary applications. For example, a soldier may wish to down-
load the elevation data for a war zone onto a PDA, in order
to plan a safe and e cient route through the terrain. Due to
limited bandwidth and storage, it is typically not practical
to download and process the original data. Thus, we need to
transmit and store this information in a compressed format.

Depending on the application, a certain level of informa-
tion loss can be acceptable. In the eld of image process-
ing, the usual way to evaluate a lossy compression scheme
is to calculate the per-pixel average and the maximum er-
rors between the original and reconstructed geometries. The
standard image quality metrics may not be appropriate for
the common tasks performed on terrain data, and it may be
bene cial to consider more domain-speci c applications. For
example, correct evaluation of inter-elevation point terrain
visibility is essential for surveying, cell phone tower place-
ment, military surveillance, etc.

We consider the problem of multiple observer siting on a
compressed and reconstructed terrain. An observer is placed
at a point on the terrain and can see other points on the ter-
rain only if no other part of the landscape obstructs a direct
line of sight between the points, and the point is within the
radius of visibility. One application of observer siting is to
maximize the amount of visible terrain by specifying the op-
timal placement for a xed number of watchtowers. In many
real world scenarios, this problem must be solved using only
the reconstructed terrain because the original terrain is pro-
hibitive for transmission and storage.

Another interesting terrain data application is that of path
planning. Given a complex mountainous or urban dataset,
determine the shortest path through the terrain minimiz-
ing various relevant quantities such as total path length,
distance traveled through terrain visible by one or more ob-
servers, and distance traveled uphill. We present a method
for e ciently computing the best path through a terrain and
show how this target application can be used as a metric for
evaluating terrain compression techniques.

The contributions of our paper are:

A new application-speci ¢ method for evaluating the



quality of the reconstructed geometry provided by a
particular compression scheme.

A novel scheme for computing a minimum length path
between two terrain points while avoiding detection.
New compression error metrics based on path length
and visibility errors

2. BACKGROUND
2.1 Path Planning Techniques

Path planning around obstacles in E2 and E 2 is a classic
research topic with diverse important applications.

The well-known Lee maze-running algorithm [9] and High-
tower line-search algorithm [5] consider movement in only
four directions on a two-dimensional terrain.

In robotics, the goal is often to nd the safest path, keep-
ing as far away from obstacles as possible. To accomplish
this, a Voronoi diagram of the obstacle boundaries may be
constructed. Performing a graph search on the Voronoi dia-
gram can then yield the optimal path [1]. Another approach
is to construct the visibility graph for a two-dimensional ter-
rain from the vertices of polygonal obstacles. Performing a
graph search on the visibility graph will yield the shortest
path. It is not necessary to restrict the obstacles or the path
to a grid [10]. This will work well if simply the Euclidean
distance is to be minimized. However, for more complex
cost functions, a di erent approach is needed.

Three-dimensional path-planning problems are much more
dicult. The general case of computing the shortest Eu-
clidean path between two points, while avoiding polyhedral
obstacles, is NP-hard. A common problem in robotics is to
compute a collision-free path of a 3-dimensional object, such
as a 6-DOF human arm, moving through a 3-dimensional
workspace [8]. Kavraki [7] computes collision-free paths for
robots moving among stationary obstacles. This method
is particularly interesting for robots with many degrees of
freedom (ve or more).

The A* algorithm is a general-purpose graph search al-
gorithm which can be adapted to solve any path-planning
problem whose search space can be expressed as a tree [4].
This serves as the base for our path planning algorithm,
described later in the paper.

2.2 Multiple Observer Siting

The goal in the placement of observers in the \smugglers
and border guards scenario” is to maximize their joint view-
shed which is the area of the terrain that is visible by at least
one observer. Due to the inherent complexity of computing
the visibility between every pair of points on the terrain, it
is impractical to compute the exact optimal solution to the
multiple observer siting problem, especially when consider-
ing applications on small portable devices used by soldiers
out in the eld. Instead the randomized multiple observer
siting algorithm by Franklin and Vogt [3] is used to approx-
imate the optimal siting of observers.

3. OUR CONTRIBUTIONS

In this section we describe our e cient algorithm for plan-
ning smuggler's paths through complex terrain in the pre-
sense of observers. We then describe a set of metrics for
evaluating how well the terrain details are preserved with
di erent lossy compression schemes.
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Figure 1: A sample result of the rst pass of our-
path planning algorithm. For the second pass, we
consider movement along the green lines.

Euclidean

Chebyshev

Figure 2: A comparison of the Chebyshev and Eu-
clidean metrics. 50 pairs of random start and end
points are used for more robust testing. The white
towers are the observers.

3.1 Path Planning on Complex Terrain

After adapting multiple observer siting for border guard
placement, we developed a path planning algorithm to de-
termine the optimal smuggler's route. We assume that the
smuggler has complete knowledge of the observers' positions,
and that the smuggler would like to minimize the risk of de-
tection while taking the quickest route possible.

The path nding routine is an adaptation of the A* al-
gorithm. The rst cost metric we evaluated was simply the
number of grid points visited, ignoring the elevations and
forbidding the visible regions (similar to [9]). For the A* al-
gorithm, the terrain is represented as an n  n 2D matrix of
height values, each point on the terrain is a separate node,
and each node has up to eight children in the search tree,
corresponding to eight neighboring points. This method has
the limitation of minimizing only the Chebyshev distance
between the end points [12].

3.2 Chebyshev vs. Euclidean Distance

A naive method to allow for a full range of Euclidean
motion would be to include edges between all grid point
pairs in the search space. However, this increases the size of
the search space fromO(n?) to O(n*), as there are O(n*)
possible edges to consider. Also, to compute the true cost
of each edge requiresO(n) time, because the edge must be
segmented as described below. This is clearly too expensive
for larger terrains.

To speed up the algorithm, we designed a two-pass system.
On the rst pass, all points on the terrain are included in
the search space, and the Chebyshev path is computed as
described in the previous section (Figure 1a). On the second
pass, the only nodes in the search space are the points that
are retained in the rst path, and an edge is aded to every
other node in the search tree (see Figure 1b). Thus, for any
pair of points in the search space, the smuggler may traverse
a straight line connecting them. In practice, computing this



second pass is more e cient than the rst pass. Examples
of both passes are illustrated in Figure 2.

3.3 Alternate Cost Functions

We also investigated additional extensions to the cost met-
ric. First we added a penalty for traveling uphill. Next,
we lifted the restriction on traveling through regions that
were visible from one or more of the observer positions to
allow this movement but carry a sti penalty. The cost
of movirfg from one point to an adjacent point is given by
Cost= " h?2+v2 S V, whereh is the horizontal distance
between the points, and v is the elevation di erence. S is
the slope penalty, which is (1 + v=h) when going uphill and
1 otherwise. V is the visibility penalty, which is 100 if the
new cell is visible and 1 otherwise. A penalty of 100 was
found to be appropriate to discourage movement through a
viewshed when it is avoidable.

The cost metric parameters may be adapted to di erent
types of terrain scenarios. For example, for urban LIDAR
data, a visibility penalty of 10 and a slope penalty of 1+ v?=h
works better in discouraging the smuggler to climb up the
side of a building.

Calculating the cost to move between adjacent points is
trivial. However, for the two-pass system that which allows a
full range of Euclidean motion, the cost to traverse a straight
line that connects two distant points must be computed.
This line is not likely to pass through grid points exactly.
Here the elevation and visibility at several points along the
line must be interpolated.

Our path planning procedure takes a cost function de-
ned on a uniform grid, with non-uniform edge weights, and
computes the path that minimizes the cost function while
allowing a full range of Euclidean motion.

3.4 Novel Evaluation Metrics

We have innovated a new application-speci ¢ protocol for
evaluating the quality of terrain compression. First, the orig-
inal terrain representation is compressed then reconstructed
to obtain the alternate representation. This is the represen-
tation available to eld agents who will be making tactical
decisions. Second, the multiple observer siting is performed
on the alternate representation to produce a set of observers,
and their joint viewshed is computed. Third, this same set
of observer positions is transferred back to the original rep-
resentation, where their true joint viewshed is computed.
This simulates the errors and non-optimality that would re-
sult if observer placement was computed in the eld using
a compressed representation. In the fourth step, our path
planning algorithm is applied to nd the optimal paths on
both the original and the reconstructed representations.

Three new error metrics were derived for the smugglers
and border guards scenario. They target typical applica-
tions and tasks that use terrain data. If artifacts from a
proposed compression scheme lead to signi cant errors in
any of these metrics, the compression scheme should not be
recommended for critical terrain applications, even if the
reconstructed terrain is without visual artifacts.

The new error metrics are as follows:

1. Viewshed Error, or area of the symmetric di erence
of the cumulative viewsheds, implying suboptimal ob-
server siting.

2. Path Cost Error, or dierence in the path costs com-
puted on the original and alternate, implying that the
smuggler's path is suboptimal.

3. Path Visibility Error, or percent of the alternate path
that is visible when it is applied back to the original
terrain. The smuggler plans the path using the al-
ternate representation, believing that path to be safe,
but which might inadvertently traverse a guard's eld
of vision.

4. RESULTS

The new protocol and error metrics were tested on two
compression schemes: JPEG 2000 [6] [11] and ODETLAP
(Overdetermined Laplacian Solver) [2]. 400 400 terrains
sampled from DTED-2 data were used because both JPEG
and ODETLAP can process them e ciently, though the
path planning itself has been observed to be e cient on
3200 3200 terrains. Three hilly (hilll, hill2, hill3) and
three mountainous datasets (mtnl, mtn2, mtn3) were cho-
sen to standardize all testing on. Sample paths on each
are shown in Figure 3. Some initial experiments have also
been performed on some urban LIDAR data from Ottawa,
as shown in Figure 4.

The scheme is robust, working equally well on JPEG 2000
and ODETLAP. The numbers agree with what is seen vi-
sually. The greater the compression, the more the terrain
features are blurred, and the larger the computed errors.
The visibility is usually greater on the alternate representa-
tion than on the original. This is because the compression
removes detail and smoothes out the terrain, eliminating vis-
ibility obstructions. The increased visibility will sometimes
block o important passages, forcing the smuggler to take a
long detour. The path visibility errors tend to be very small
because a portion of the terrain that is biased towards the
nonvisible areas is being sampled. This is a good indication
that we are computing correct paths.

Also, our heuristic path planning algorithm was compared
against the brute-force method. The average di erence in
the lengths of the computed paths was less than 0.1%, while
the average speedup was greater than 100.

5. CONCLUSIONS

Observers were optimally sited on a terrain and good
smuggler's paths were computed through the terrain. An
algorithm was developed that minimizes path cost, as mea-
sured by path length plus penalties for uphill movement and
observer detection, while also permitting the range of Eu-
clidean motion, rather than simply minimizing Chebyshev
distance. New methods were also developed for evaluating
terrain compression. These application-speci ¢ error met-
rics test how well the reconstructed terrain performs on the
smugglers and border guards problem, with regards to the
observers' visibility and the smuggler's path cost. When a
user wants to plan a smugglers and border guards scenario
on a reduced representation of a terrain, these new error
metrics will help select the appropriate representation.

6. FUTURE WORK

Alternative observer placement policies may also be con-
sidered. For example, rather than seeking to maximize the
total coverage area, the observers could form a perimeter
and seek to minimize the \gaps" in that perimeter.

One useful extension of the smugglers and border guards
scenario is to consider mobile observers. Each guard patrols
a speci ed path. The smuggler may have to pause at certain
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Figure 3: A path computed on a sited terrain. The white towers re present observers. The red areas
correspond to high elevations, and the blue areas correspond to lo

by at least one observer, while the dark areas are hidden.

Figure 4: Path planning on a 2000 2000 terrain de-
rived from Ottawa LIDAR data.

intervals to wait for the guards to reposition themselves. An
element of unpredictability may also be added to the guards'
movements. The smuggler will not know the observers' fu-
ture positions, though it would retain the ability to track
the observers' current positions.
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