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A Navigation Test Vehicle (NTV) is being developed at the Center for Intelligent
Machines and Robots at the University of Florida under the sponsorship of the Air Force
Research Laboratory at Tyndall Air Force Base. This vehicle performs tasks to include
surveying fields, laying mines, and teleoperation. The capability of the vehicle will be
increased if its supporting software plans paths that take into account the terrain features.

The objective of thiswork isto plan a survey path for a specified region taking
terrain elevation datainto account. A survey path is defined as a path that provides
complete coverage of adefined polygonal region. Thiswork is an extension of previous
work that assumed that the region to be surveyed was flat. Now the characteristics of the
vehicle, specifically the maximum allowable pitch and roll, will be accounted for when

planning the path.
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Datathat contains el evation points are available from government databases.
Using three different programs the data are transformed from the vector format in which
itisfound to aVirtual Reality Modeling Language format in order to be viewed with a
common web browser. Data are stored into agrid of m” nelements and the user selects
the coordinates of the region that will be surveyed. The previous 2D algorithm isthen
executed in which the primary direction of the survey varies from zero to 180 degrees.
For each path a cost is computed in which the cost is based on pitch and roll knowing the
maximum that the vehicle can withstand. For the NTV the maximum roll and pitch angle
is 15°. If the pitch or roll islarger than 15 degrees a very high cost is associated with that
part of the path. After each path is processed, the path with overall minimum cost is
written to afile. If the minimum path contains any slopes that are inaccessible they are
recorded as obstacles. The last step is an obstacle avoidance algorithm, which generates
small sub-paths around the inaccessible regions and ultimately provides the safest and
least expensive path for surveying the given field. To prove the reliability of the
algorithm, multiple cases have been taken into account such as obstacles on the
boundaries, overlapping obstacles, as well as large non-traversable regions. The
algorithm has been implemented and tested on a Silicon Graphics workstation and on the

NTV.
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CHAPTER 1
INTRODUCTION

Problem Statement

Research in the area of autonomously navigating vehicles has been ongoing at the
Center for Intelligent Machines and Robotics since approximately 1990. Although there
are many topicsinvolved in the functionality of such avehicle, path planning isthe main
goal of thisresearch.

Path planning deals with computing away of achieving adesired goal position
starting at a specified position. There are two different types of path planning: goal-to-
goal and survey. The research presented in thiswork deals exclusively with survey
planning and it accounts for two-dimensional and three-dimensional planning. Although
three-dimensional planning assumes movement and rotation about three distinct axes we
will till call it three-dimensional, even if there is no such activity in this case.

Thiswork focuses on designing path planning software that takes into account the
terrain features as they relate to the capabilities of the vehicle.

The inputs for this task are the following:

1. The latitude and longitude coordinates of the vertices of a polygon that

represents the region to be surveyed.

2. An ordered set of data for the terrain, that contains information about

latitude, longitude, and altitude for points within the polygon to be

surveyed. Theterrain datawill be stored in an evenly spaced grid.



6.

7.

The distance between adjacent surveying lines for the planned path, i.e.
the resolution of the survey.

The locations of obstacles |ocated within the areato be surveyed.
These obstacles are defined by a polygon whose |atitude and longitude
vertice coordinates are specified.

The maximum allowabl e pitch angle and roll angle for the vehicle.

The length and width of the vehicle performing the survey.

The minimum alowable radius of curvature for the vehicle.

Based on the above inputs the objective was to determine an efficient survey path

that would achieve a complete survey of the area without violating vehicle constraints

while also avoiding known obstacles.

Background

The Navigation Test Vehicle (NTV) (Figure 1.1) is one of a series of autonomous

vehicles that have been developed for the Air Force Research Laboratory at Tyndall Air

Force Base, Florida. Research has focused in five areas, i.e.: path planning, positioning

systems, motion execution, obstacle avoidance, and system architecture. As previously

stated, this paper deals exclusively with the path planning problem but a brief overview

of the overall vehicle architecture is presented in Chapter 5.
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Figure 1.1. Navigation Test Vehicle (NTV)

A first version of the two-dimensional survey path planning algorithm was
developed by Ran93. The author improved this software by organizing it in a modular
structure. The three-dimensiona work, which is presented in this research, isan
extension of the two-dimensional path planning and creates an efficient way of surveying

fields.



CHAPTER 2
REVIEW OF LITERATURE

The author has performed an extensive search of the available resources in order
to find material related to the three-dimensional survey path planning. However, there
was nothing found that showed other methods of survey path planning. All the
encountered articles were related to goal-to-goal path planning. Since there are alot of
resources regarding the two-dimensional goal-to-goal path planning only the three-
dimensiona goal-to-goal path planning aspect will be analyzed in this paper in order to
determine if any of the methods encountered are similar to the ones used in this paper. In
particular there are numerous algorithms that deal with finding the best path or finding
the optimal map. However, the author will describe the algorithms that effectively
achieve complicated task of three-dimensional path planning. Path planning can be
divided into two major categories. on-line path planning and off-line path planning. Even
though the purpose of this paper is pure off-line path planning, one example of an on-line

path planning algorithm will be discussed here.

On-Line Path Planning

On-line path planning is a set of agorithms that plan and execute a path at the
sametime. Thistask isbased on feedback from avariety of sensors such as sonar and
laser. Every task, like obstacle avoidance and backing, is analyzed based on data

obtained from these sensors.



Stenntz and his colleagues (Ste93) at Carnegie Mellon University developed a
completely self-contained vehicle called NavLab I1. It uses the on-line path planning
strategy by developing digital maps of the terrain while traveling. To achieve safe
traveling, the vehicle scansthe areain front of it, plans a path, and followsit. The path
planner handles two tasks. Thefirst task, which is called the spatial phase, plans a path
by using heuristics. Aninitial path called aglobal path is designed to take the vehicle
from start to goal. Along this path there are numerous control points that divide the
global path in smaller segments. Once one control point isreached a curveisfit from it
to the next control point. A simulation describes the vehicle's movement on the curve. If
the path is unsafe or it has obstacles, two new paths are computed. The computer selects
from one of the new paths and the cycle repeats itself until a safe final path isfound. The
second task, which is called the temporal phase, assigns speeds to different trgjectory

points based on the dynamics and kinematics of the vehicle.

Off-Line Path Planning

Off-line path planning is a set of algorithms that process the existing data before
the vehicle starts moving. In thisway the user can visualize the path and detect possible
errorsin the algorithm. This method provides the safest possible path planning

Rowe and Alexander (Row00) presented a method for finding optimal-path maps
for aspecific terrain by partitioning the field into areas with the same optimal-path
performance. Even though this method is applied to two-dimensional space, it is
presented here because it uses weighted regions, which are done at a 100-meter resolution

and which are developed by the U.S. Defense Mapping Agency. The authors describe



two known methods of approximating optimal-path maps: pre-computing a set of
optimal-maps and wavefront-propagation on a uniform grid, as well as a new agorithm
also called continuous-Dijkstra. A cost, C, and abehavior, B (P), are associated with
each optimal path. Having these inputs as well as the start and goal points the algorithm
follows Snell’ s law at each edge. Wherever the behavior changes the respectiveregion is
partitioned into subspaces called wedges. This partition is done recursively until each
weighted region segment corresponding to each part of each wedge has the same
behavior.

Rowe (Row90a) has chosen the same homogeneous-cost-per-distance or weighted
region method to account for roads, rivers, and obstacles. The author’s main principleis
called Shortcut Meta-Heuristic: a shortcut across aturn in the optimal-path map is
impossible and much more expensive compared with the turn itself. Initially the
algorithm models the roads, rivers, and obstacles as line segments. Then all optimal
shortcuts between these line segments are chosen and an ellipse is formed by the start and
goal points. After the edges lying outside the ellipse are thrown away, aweighted graph
search is applied by using the A* search algorithm. A penalty isapplied if the path
Crosses rivers.

Rowe (Row97) also presents a new theory regarding anisotropism in path
planning problems. He argues that trying to apply qualitative modeling involves alot of
discontinuities that prevent the use of the calculus of variations. His method would
divide such a problem into sub-goals without discontinuities, which would be much
easier optimized. His paper deals with anisotropism generated by gravity, friction, winds

and currents, directional danger, maximum power, and overturn danger but it ignores



issues such as obstacle avoidance and isotropic varying costs. He also argues that
conventiona wave front propagation algorithms are not proper for this kind of problem
because they offer afixed set of solutions, which might not be optimal. His solution also
includes ray-tracing methods.

Rowe and Kanayama (Row94) present a solution to finding near-optimal paths on
the surface of acone. Their approach takes into account gravity and friction but ignores
the size of the vehicle. They prove that by using a cone as the surface they found 22
behavioral paths, in comparison with a polyhedral surface, which generates only four
paths. They use discontinuitiesin their model, which makes it opposite to the method
that was described by Rowe (Row97).

Rowe and Ross (Row90c) present yet another thesis regarding the anisotropic
(heading-dependent) related problems in path-planning algorithms. They use polyhedral
approximation of the terrain instead of the classical methods: imposition on a uniform
grid and average effects in different directions. The authors argue that grid-based
solutions can have the following disadvantages. wasted computation, wasted space, path-
cost errors due to directional biases, round off errors accumulation, and inability of
finding a solution when the grid sizeisincreased. To prove their theory they used the
ideathat there are only four ways to travel an anisotropic field: straight across without
braking, straight across without braking but as close as possible to the unallowed paths,
avoiding possible obstacles along the path, and straight across with braking. They also
prove that their algorithm is computer time efficient. In their work they consider a

smaller vehicle than the path and they consider it as atwo-dimensional problem.



They construct a model where they apply the laws of physics concerning gravity
and friction. To this model, the following issues are being applied: anisotropic
phenomena with braking, error analysis of the cost cal culations, time-minimizing paths,
and anisotropic-obstacle phenomena. The directions that they consider for their model at

any given point in the terrain are presented in Figure 2.1.

sides lape Tidecs lope
aoveriurn oycrlurn
range P range

uphill

Figure 2.1. Impermissible and braking heading ranges at a point

The authors present four types of anisotropic traversals and they create lemmas and
theorems for each one of them. Isotropic obstacles, or regions where travel is not
permitted in any direction are also considered. The last step in the algorithm isto apply

the A" search. They also present a four-step method for polyhedral approximation of



terrain, which isrequired for their model. As aconclusion, however, they acknowledge
that even if they found a method for anisotropic path planning an efficient
implementation is still needed.

Rowe and Richbourg (Row90b) present a new theory for the cases where
homogeneous irregularly shaped regions of a plane have different traversal costs per unit
distance. Their solution makes use of optics analogies, ray tracing, and Snell’s Law. In
the beginning they discuss established methods such as. wavefront propagation methods,
improved wavefront propagation, and the Continuous Dijkstra Algorithm (CDA). Asfar
astheir agorithm is concerned they start by explaining Snell’s Law, which explains the
refraction or turning of the light from one region to another. The authors also define the
term “ well-behaved path subspaces (WBPS)” and explain some pruning methods. Asfar
as performance goes, they analyze aworst case and an average case. They aso compare
their results with the ones obtained by the established methods. They conclude by saying
that their method is better than the traditional ones for the following reasons: found paths
are closer to the optimal; it solves conceptually simple problems quickly, sometimes
dramatically so, avoiding obvious useless search directions; it avoids unreasonable
jagged paths due to digital approximation; it reduces round off errors; and it avoids
directiona biasin paths.

Rowe and Lewis (Row89) have developed an algorithm for path-planning in
three-dimensional space with respect to the following issues: energy costs proportional to
path length, turn costs where paths change trajectory abruptly, and “ safety costs” for the
danger associated with traversing a particular path due to visibility or invisibility from a

fixed set of observers. They consider free space as a set of irregular polyhedra and they
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assume that energy expenditure is proportional to path length. They also consider that
visibility isbinary. They prove that although calculus of variationsis mostly used to
solve optimal-path problems, it is not the preferred method in this case. Therefore,
Snell’s method will be used. They prove that this method applies only on the region
boundaries for their problem. By using Lagrange multipliers they developed the

following generalization of Snell’s Law:

17

2

msin(g,)+ ——COS(q cosk

0
: ql):
9

2"

2

m,sin(a,) g— Ocos(a,) cosg -sgn ;- 0y)

Equation 2.1
In the above formula mrepresents cost per unit distance, q represents angles for entering
and leaving an area with respect to the normal to the boundary between the two regions,
K isthe constant of proportionality between traversal cost and turn cost, and ‘I’
represents the lengths of paths in each region. After they apply the A” search method, the
authors discuss the implementation of their program. They conclude by saying that this

algorithm is not complete and that there are some problems with numerical errors.



CHAPTER 3
THE OFF-LINE PATH PLANNER

The autonomous navigation system is implemented on a series of PC104
computers, where each computer is assigned a specific set of tasks. More information on
the architecture is presented in Chapter 5. Therefore, the path planning function is
installed on a specific computer and it handles both the tasks of goal-to-goal path
planning and survey path planning. The goal-to-goal software development was
implemented by another student, Arfath Pasha, and as such will not be discussed further
here. The survey planning software accounts for two-dimensiona (flat terrain) and three-
dimensiona (terrain with elevation grid) path planning.

As previoudly stated in Chapter 1, the following information is assumed to be

known:

1 The latitude and longitude coordinates of the vertices of a polygon that
represents the region to be surveyed.

2. An ordered set of datafor the terrain, that contains information about
latitude, longitude, and altitude for points within the polygon to be
surveyed. Theterrain datawill be stored in an evenly spaced grid.

3. The distance between adjacent surveying lines for the planned path, i.e.
the resolution of the survey.

4, The locations of obstacles located within the areato be surveyed.

These obstacles are defined by a polygon whose latitude and longitude

vertice coordinates are specified.

11
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5. The maximum allowabl e pitch angle and roll angle for the vehicle.
6. The length and width of the vehicle performing the survey.
7. The minimum allowable radius of curvature for the vehicle.

The objective is to determine an efficient survey path that would sweep the given
field without violating vehicle constraints. To obtain this objective, a series of steps were
taken. First, successive survey paths are generated based on varying the principal
direction axis of the survey from zero to 180 degrees. Second, each path is attributed a
cost based on the pitch and roll of the vehicle at each location aong the path as well as
the length of the path. Third, the minimum cost path is chosen and all its defining points
arewrittento afile. Lastly, if the minimum path contains any pitches or rolls that violate
the vehicle constraints, those elements are recorded as obstacles and an obstacle
avoidance algorithm is applied to insert a sub-plan around thisregion. Asaresult of the
above steps, an effective safe path is obtained for the given terrain and vehicle

characteristics.

Terrain Data

Obtaining three-dimensional terrain data can be accomplished in two ways, i.e.
using real dataor creating artificial test data. Real data can be obtained by using
government data, which is available for public use, or, by recording data from afield with
the use of aspecial vehicle. Artificial test data can be generated for afield using a
specia algorithm or, by generating a field where the heights have been created randomly.

Thetest input data that was used for development and testing purposesis stored in
a 32" 32 matrix. While the concept of random generation is self explanatory, the issue

of government data and how to use it is more complex.
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In an effort to represent earth science datain a better way, the United States
Geologica Survey (USGS) has chosen the Spatial Data Transfer Standard (SDTS) as
their new standard for earth related data and made it mandatory for all federal agencies.
Sincethe SDTSisarelatively new format, all programs and algorithms are connected to
the previous standard, the Digital Elevation Model (DEM). SDTSisaform of encoding
for earth-referenced spatial data and is designed to work with vector and raster data
structures. It isavailable for the entire United States and for Alaska, by state or by
guadrangle name. DEM isa collection of elevation points for a specific areaand it
represents the old way of storing earth related data. There are four types of data based on
the number of data points contained: 1:24,000-Scale, 1:100,000-Scale, 1:250,000-Scale,
and National Elevation Data Set. For our purpose the 1:24,000-Scale DEM (SDTS) was
chosen because of its accuracy and for itslarge use in different applications. The only
drawback is the fact that there is a 30m distance between data points but it has the best
accuracy out of all formats. Since most applications use DEM, thereis away of
converting SDTSto DEM. The process starts by unzipping the SDTS, which comes as a
gzip-compressed tar file. This step produces numerous files with the *ddf’ extension.
The only one needed has the following format:

XXXXCELO.DDF
In the above format XXX X represents any combination of letters and digits based on the
specific cell that is needed. The next step isto use the program SDTS2DEM, which can

be obtained from www.geopotential.com, to convert the SDTSto DEM. Theresultisa

file that hasthe DEM format and that can be used with most applications.
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The details of the SDTS, DEM, and SDTS2DEM are complex and it is not the
intent of this paper to discuss them. However, Appendix A contains numerous web
addresses that provide more information. Also Appendix B contains the format for a
DEM.

There are many applications that use 1:24,000-Scale DEM’s as inputs and display
them either in 2D or 3D. For example, Terragen (Figure 3.1) displays DEM’sin 3D as

photographs.

Figure 3.1. Display of DEM datafor Gainesville, Florida, using the Terragen application.

Others, while taking DEM’s as inputs, can display them as 3D image like
Leveller, DEM Tools, 3DEM, digv32, Microdem, Wilbur, and Worldgen. All the ones
listed previously are designed also to convert between different types of file formats such
as DEM and DXF (AutoCAD file). Appendix A contains web addresses for more
information on these applications. The display of the datais not the primary interest of

this research. However, acomputer program using the Open Inventor graphics library
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functions was written in order to display the data. One data format that can be imported
into Open Inventor isthe Virtual Reality Modeling Language 97 format and for this
reason the DEM format datais converted to this format. The only problem that arises
here isthat the version of Open Inventor that supports VRML 97 was not available at the
time of implementation. However, efforts were under way to implement anew version
under RT Linux, which supports such afile format. Figures 3.2 through 3.4 show

pictures of data converted from DEM to VRML97 by using two different programs.

Figure 3.2. Display of terrain datafor Gainesville, Florida, using the Leveller application
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Figure 3.3. Display of DEM datafor Gainesville, Florida, using the SDEM application

Figure 3.4. Display of DEM data for Panama Beach, Florida, using the 3DEM
application
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Another method of using the DEM’s is by using the same converters described
above but thistime the needed filesarein x, y, z format. The converted files, however,
have around 250,000 data points, which istoo big for an algorithm to analyze. Therefore,
aspecia program has been written so that only every other 32™ data point is written to a
specific file. Finally, thisfile has the data necessary to fill a 32" 32 matrix. Itiseasy
now to use this format either asinput for Matlab or Open Inventor. Figure 3.5 shows a

random generated field rendered using Matlab.

Figure 3.5. Random generated terrain

Two-Dimensional Path Planner

Rankin (Ran93) hasinitially developed the two-dimensional survey path planner.

The author has modified the software in order to make it modular and in accordance with
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the new architecture. By making it modular, the algorithm is broken into functions that
handle specific tasks.

Thefirst step in the algorithm is to convert the given data from latitude and
longitude coordinates to a North-East-Down (NED) coordinate system, and thento a
local x, y, z coordinate system. The formulas for converting between these coordinate
systems are shown in Equations 3.1, 3.2, 3.3, and 3.4.

north = (latitude- zeroLatitude)” d2r " earthRadius
Equation 3.1

east = (longitude- zeroLongitude)” d2r " earthRadius” cos(zeroLatitude” d2r)
Equation 3.2
x = north” cos(theta) + east * sin(theta)- zeroNorth” cos(theta) + zeroEast” sin(theta)
Equation 3.3

y =-north” sin(theta) + east” cos{theta)- (- zeroNorth” sin(theta) + zeroEast~ cosftheta))

Equation 3.4

In the above equations, ‘zeroL atitude’, ‘ zeroLongitude', ‘zeroNorth’, and ‘ zeroEast’
represent the coordinates of the origin, ‘d2r’ represents the conversion factor from
degreesto radians, and ‘theta’ represents the angle of surveying measured relative to the
X axis.

The next step isto find the intersections between lines parallel to the x-axis and
the lines formed by the boundary points of the polygon to be surveyed. The user enters
the distance between the lines. The lines represent the rows that the vehicle will follow

in order to survey the field. Finding the intersections is handled by a specific function that
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checks the intersection of two line segments based on the formulafor aline, which is
shown in Equation 3.5:
y=a*x+b
Equation 3.5
The boundary line segments are defined by a structure that contains information about x
and y coordinates of start and end points. The lines parallel with the x-axis are defined
by a structure that contains information about the ‘a’ and ‘b’ in Equation 3.5.

In order to make the algorithm more efficient, the first row is found by going
down on the y-axis until there are no more intersections between the rows and the
boundary line segments. The intersection points are added in alinked list regardless of
their order in the path. If the resulted number of rowsis odd then the center row is added
twice. Inthisway thereis aways an even number of rows. This accounts for the fact
that if thereis an odd number of rows the middie row will be traveled twice: once as the
second row in decreasing x order, and the second time as the next to last row in an
increasing x order.

The next step isto put the pointsin order. Thisisdone in aspecific function that
puts the pointsin order based on the row order and on the direction of travel. At this
point in the algorithm it is necessary to define the possible directions of travel:
increasing, when the x-coordinate is increasing, and decreasing, when the x-coordinate is
decreasing. A 160m” 160m field that is surveyed at 5m distances between the rows is

shown in Figure 3.6.
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Figure 3.6. 2D Path planning at 0° and 5m distance between lines

The next step is to account for different surveying angles. The three-dimnesional
algorithm will eventually calculate the cost for a path at a given survey angle. Therefore,
the capability of surveying at different anglesis needed. Figure 3.7 shows a survey path
created with a survey angle of 80°. In the case of angled path planning, the starting point
will move from the corner of the grid to a different point based on an effective way of
surveying agiven field. For an example, for an160m” 160m field, the starting point has

moved from O, 0 to 140, 0 as shown in Figure 3.8.
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Figure 3.7. 2D Path planning at 30° and 10m between lines.

The last step for the 2D path planning algorithm is to account for the turning radius of the
vehicle. Thistask isaccomplished by a specialized function created by Rankin (Ran93).
The results of this function as well as the results of the entire algorithm are shown in

Figure 3.8.
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Figure 3.8. 2D Path Planning at 80° for a turning radius of 5m.

Optimal Path
The goal at this point isto find the optimal path for surveying thefield. In order

to do thistask, the user will specify a survey angle increment. In other words, the
algorithm will compute paths from 0° to 180° in specified angle intervals, as shown in
Figure 3.9. The pointsin each path will not be recorded, but rather a cost associated with
each of them will. The cost is based on pitch, roll, and the length of the path. Cost
associated with apoint is based on the maximum allowabl e rotation for a specific vehicle.
For the Navigation Test Vehicle (NTV), the specific characteristics were that it could not

travel on slopes larger than 15°. Therefore, if the pitch or roll were greater than 15°, the
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point had avery high cost associated with it, in this case 9999. Otherwise, each point had

acost equal to the distance of the point from the previous point.

the ta
the ta
theta
t
L theta

Figure 3.9. Path planning at g angle intervals

The pitch is calculated by a specific function that determines the angle between
the current point and a point situated at a specified distance at 90° relative to the survey
angle in front of the current point. Theroll is calculated by the same function between
the current point and the point situated at the same distance but at 0° relative to the survey
angle from the current position. Although the distanceis variable, for this caseit has
been chosen to be 0.5m. In order to calculate the slope between two pointsit is necessary
to know the X, y, and z values for those points. The x and y coordinates are entered as
initial conditions to the function but the height at each point needs to be computed. This
task is handled by a function that calculates the height at any point in a square knowing

the heights at the four points (Seg84). The formulas used for this function are shown in
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Equations 3.7, 3.8, 3.9, 3.10, and 3.11. The four points are the corners of the grid cell in

which the specified point is located as shown in Figure 3.10.

c1= field|i][j]
Equation 3.7
oo = (fidfi +1][j]- field[i[]]
2" length
Equation 3.8
oz (fidfi][j +1]- fieldfi][j])
2" length
Equation 3.9

(fidd[i][j]- field[i +1][j]+ fidd[i +2][j +1]- fidd[i][j +1])
4" length?

c4=

Equation 3.10
height =cl+c2” s+c3" t+c4” s’ t

Equation 3.11
In the equations above, c1, c2, c3, and ¢4 represent constants, ‘field’ is the name of the
matrix, ‘length’ is the distance between data points, ‘height’ is the needed height, ‘s’ and
‘t’ arethe axis of thelocal coordinate system, whose origin is at the lower-left corner.
Since finding the grid cell is not an obvious fact, it is handled by another function. It
loops through the corners of each grid cell, both on x-axis and y-axis, until the right cell

isfound.
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Figure 3.10. Finding aheight in acell defined by i,j,k, and .

Once the cost for each path has been computed, the minimum value is selected
and the path associated with it is recomputed. Thistime however, al the points that
make up the path are recorded to a special file. In this way, memory management is not

as issue.

Obstacle Avoidance

The obtained minimum path may still contain inaccessible points and, therefore,
an obstacle avoidance algorithm will be performed at these locations. Before that,
however, some of these points might be repeated, especialy in the case where the
original number of rowsisodd. Inthat case obstacles on the middle row will be added
twice, once in the beginning of the file and once at the end. If this case occurs, the

additional obstacles are erased.
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The algorithm, however, was designed to work with polygons and not points.
Therefore, avirtual polygon will be created around each of these inaccessible points. The
shape of the polygons is square and the size of the polygonsisvariable. The algorithm
starts with the length of one side of the square being equal to 1m. After applying these
dimensions the algorithm checks to see if the slopes created by the corners of the
polygons are favorable for the vehicle’s movement. If it’s not, then the size of the
polygonsisincreased until travel is alowed in the specified direction. Once the size has
been decided, aspecial linked list is created and filled with the coordinates of these
virtual polygons. Then, the minimum path is checked for intersection with the known
obstacles, whose positions are recorded by the user in a special designated file. Thisfile

has a specific format that is shown in Appendix C. Results are shown in Figure 3.11.
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Figure 3.11. Obstacle Avoidance for Non-intersecting Obstacles
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In order to avoid the collision between the vehicle and the obstacle, an expansion
algorithm (Ran93) is performed on each obstacle and then the intersection of the path and
the expanded position is checked. Also, if two or more obstacles are intersecting with
each other, a special function will combine them into one obstacle simplifying in this way

the obstacle avoidance algorithm. Results are shown in Figure 3.12.
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Figure 3.12. Obstacle Avoidance with Intersecting Obstacles

The obstacle avoidance task is handled by a specialized function that is designed
to work for either known obstacles, such as trees or houses, as well as the obstacles that
came from un-favorable slopes. Sinceit isacomplicated mission this function hasits

own agorithm.
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Before the actual obstacle avoidance algorithm starts, the coordinates for the
obstacles are read from the specialized file. This appliesfor either the onesthat are
written during the finding of the bad slopes process or the ones that are introduced by the
user as manmade obstacles, such as a house or trees. Then the vehicle's characteristics
such as length and width are read from a different file, which hasto also be created by the
user. Thisfile has aso a specific format, which is shown in Appendix C. Getting the
right dimensions for the vehicle is very important because very bad results can be
obtained if the numbers do not match reality. Then the obstacles are checked for
intersection between each other and the expansion algorithm (Ran93) is applied to the
resulted obstacles.

Thefirst step isto determine the slopes of the lines that may intersect the
obstacles. Although there might be intersections between the obstacles and the side line
segments, which connect the ends of the rows, these will be ignored. Therefore,
considering Equation 3.5 the variables ‘a and ‘b’ need to be defined for each row. Since
checking the intersections is done in the local coordinate (X, y, z) system the‘a isaways
zero. That leavesonly the ‘b’ to be determined. Thiswas done by taking aline defined
by Equation 3.5 and by bounding it by the pair (x1, y1) at one end and by the pair (x2,
y2) at the other end. This procedure leaves two equations with two unknowns shown in
Equations 3.12 and 3.13.

yp=m” x +b
Equation 3.12
y,=m’ x,+b

Equation 3.13
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Theresult is shown in Equation 3.14:

b:y1, Xz' y2, Xi
Xp - %

Equation 3.14
In order to find all the intersections between the obstacles and the surveying lines an
outside loop goes through the list of obstacles while an inner loop goes through the row
numbers.

The next step isto arrange the intersections in the right order based on the
direction of travel and based on the order of the obstacle on a specific row. In order to
effectively arrange all the obstacles in the right sequence, every time the intersection
between each obstacle and a specific line is checked, the search begins at the start of that
line. Since the most common case for the obstaclesis that their shapeis rectangular,
there are most commonly two intersections between the obstacle and aline. The
algorithm goes through the list of points on one line until the x-coordinate of the first
intersection isin theright place. There are three different cases, increasing x-coordinate,
decreasing x-coordinate, and increasing-decreasing x-coordinate. The most complicated
case is the increasing-decreasing, which arises when there is an odd number of rows and,
therefore, the middle row will be traveled twice. Therow istraveled thefirst timein the
beginning of the algorithm in increasing order and then it is traveled a second time at the
end of the algorithm in decreasing order. Since the algorithm starts searching in the
beginning of the line this case is handled in the same way as the other two cases. Also
the algorithm checks for the order of the intersections for each obstacle based only on the
direction of travel. If the x-coordinates of the intersections are not in order they will be

swapped.
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The next step is adding the intersection points and the boundary points of the
obstacle. The concept issimple: aloop goes through all the intersection points. Since
they are already in order as soon as the first intersection of one obstacle isfound, the
length between the two intersection pointsis checked. Since there isapolygon there are
two lengths between the points. Oneis by traveling clockwise and the other by traveling

counter-clockwise as shown in Figure 3.13.

Clock—\Wise
—
r———————————— a1 (x2,ye)
| |
| |
‘ |
|
| Hostacle |
AT | B
| |
| |
L —(x1,yD
—— —

Counter Clock-Wise

Figure 3.13. Possible directions of travel around an obstacle.

Since the algorithm minimizes traveling time, the shorter of the two distances is needed.
A special function handles the task of calculating which direction should be followed. If
the clockwise length between the points is shortest then al the pointsin between the
intersection points and to the left of the first point will be added, otherwise the points to
the right of thefirst point will be added. In the case that the clockwise length and the
counter-clockwise length are equal, the clockwise direction will be followed. The

function sets as the start the line segment on which the first intersection point is situated
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and as the end the line segment on which the second point is situated. Since in the
beginning of the avoidance algorithm all the boundary points of each obstacle have been
assigned to line segments, the direction deciding procedure adds the different sides of the
line segment pending on the direction. For example, if one endpoint of aline segment is
described by the pair (x1, y1) and the other endpoint is described by the pair (x2, y2) and
the direction is clockwise, then by going clockwise the first encountered endpoint has the
coordinates (x1, y1). Therefore, all the points described by the (x1, y1) coordinates and
situated by increasing line segments are being considered as shown in Figure 3.13. The
distance between every two pointsis calculated using the Pythagorean formula, whichis

shown in Equation 3.15, and all the resulted distances are added together.

2

length =/(y, - v, )° +(x, - x,)
Equation 3.15
The same procedure is true for the counter-clockwise direction. At the end of the
function the two lengths are compared and the function returns atrue value if the
clockwise direction is shorter than the counter-clockwise. 1f one of the directions
requires travel outside the boundaries of the entire field, then the algorithm automatically
selects the other direction as valid.

Once the direction of travel between the intersection pointsis established the
algorithm starts adding the points based on the same line segment approach as presented
above. Theline segments are organized in clockwise increasing order by the expansion
procedure.

Specia cases are shown in Figures 3.14 through 3.18. For example, in 3.14 and

3.15 asingle obstacle is shown on the middle row before and after smoothing.
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Smoothing deals with accounting for the turning radius of the vehicle that is surveying
thefield. Asit can be seenin each pair of figures, in thefirst picture every corner is at
90°, while in the second figure the corner are rounded to allow the vehicle to follow the
path. In 3.16 and 3.17 one obstacle is shown on the middle row but using a 20° survey
path planning angle. In Figures 3.18 and 3.19 there are multiple obstacles on the sides

and center.
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Figure 3.14. One obstacle on the middle row before smoothing.
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Figure 3.15. One obstacle on the middle row after smoothing
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Figure 3.16. Same case but on arotated coordinate system.
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Figure 3.18. Multiple obstacles on the sides and center



east (meters)

35

35
L ] [ ] [ ] L ]
30 ] ] B
L ] L] L] CJd
25 - B
15 | R
L] CJ
[ ]
10 ™ 4
[ ] [ ]
5 | -
0 ///./I:l\.\ i
. .
5 | | | | | |
0 5 10 15 20 25 30 35

north (meters)

Figure 3.19. Same field after smoothing



CHAPTER 4
RESULTS/ CONCLUSION

The two types of data discussed in Chapter 3 are used for testing the algorithm.
However, they present some shortcomings as far as real testing goes. While the random
generated terrain often either creates too many slopes or no slopes, the government data
has too many gaps in between grid points. As stated before, there is a distance of 30m
between any two points on aDigital Elevation Model (DEM). The datais accurate on a
large scale but since the Navigation Test Vehicle' sdimensions are very small in

comparison with the represented terrain the data is not as useful.

Some approaches include interpol ating between points. However, the best
method to obtain real terrain dataisto select afield and apply the sweeping method
recording vehicle position and orientation data. In other words, the field is manually
picked and the Navigation Test V ehicle sweeps the specified terrain recording as much
dataas possible. For testing purposes, afield at the Bandshell at the University of Florida
was selected. The sweeping was done at one-meter intervals and the data was recorded at
atwo hertz rate at a vehicle velocity of 3miles/hour. The top view of the recorded datais

shown in Figure 4.1. A three-dimensional side view is shown in Figure 4.2.

37
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To achieve the results shown in Figures 4.1 and 4.2 the file that was recorded
during the manual sweep process was modified. The reason isthat the obtained file
contained information that was not needed. Therefore, only the second, third, and fourth
column of the vehicle datalog file were transferred to a different file. Since the original
data was latitude, longitude, and altitude it was converted to the North-East-Down (NED)
format before it was recorded to the new file. All these operations are handled by a
specific function. Oncethefileis created, the function should not be used unlessthereis
anew input file. Asit can be seeninthe Figures 4.1 and 4.2 the data is ordered, but the
spacing of pointsisvariable. On an average there are values for points situated every one
meter but there are locations with no data. The recorded data has been arranged in a grid.
However, it isorganized inagrid of 70” 44 size and not the 32" 32 dimension that was
specified in Chapter 3. The reason was to get a better accuracy for the data. In other
words, the field was enclosed in a grid whose dimensions were found by finding the
minimum and maximum X and y coordinates and subtracting them from each other.
Handling the minimum and maximum is done in the same function as above. The
number of rows and columnsis found by dividing the difference between the maximum
and minimum by the distance between the data points. In order to have fewer missing
data points the grid wasfilled at every five meters. The resulted height grid is shown in

Figure 4.3 and Figure 4.4.



39

Figure 4.3. Field arranged ona70m” 44 m grid with data at 5m spacing
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Figure 4.4. Samefield asin Figure 4.3 but opposite view.



40

In Figures 4.4 and 4.5 the missing height values have been given avalue of 12m athough
any value would have sufficed. For thisfield, the maximum height is 14.3m and lowest
height is 13.54m. Even if having both these heights occurring next to each other on the
map it would create aslope of 37°. However, chances are that they are not occurring next
to each other and also by simply observing the field there are no critical slopes of 15°,
which is the maximum slope value that the vehicle can traverse. Therefore, for the

purpose of testing the efficiency of the program, the critical value was lowered to 5°.
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Figure 4.5. Same grid after missing heights have been added

Figures 4.6 and 4.7 show the path that has been computed for a section of the field shown

in the above figures.
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Figure 4.6 Path shown in 2D for a part of the field

Figure 4.7 Same path asin Figure 4.6 after smoothing has been applied
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In Figures 4.8 and 4.9 the path is shown on the field.
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Figure 4.9 Close-up of the path on thefield
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Also, Figure 4.10, 4.11, and 4.12 show a complex shaped field with multiple obstacles.
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Figure 4.10. Complex field with multiple obstacles
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Figure 4.11 Same field after smoothing has been applied.
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The primary objective of thiswork was to develop an agorithm that calculates a
survey path on afield that has any shape and that has various natural and manmade
features. The algorithm presented in this paper finds the path that best suits the specified
vehicle that usesit. In other words, if the terrain has features that the vehicle cannot
traverse, they will be avoided. If the terrain has trees or houses they will be avoided.

The implementation on the vehicle is currently in progress and it will be finalized in time.

Optimization to the program constitutes work to be accomplished in the future.



CHAPTER 5
PATH PLANNER ARCHITECTURE

The Navigation Test Vehicle has one of the most efficient and modern
architectures available for implementation on unmanned vehicles. The architecture has
been developed at the Center for Intelligent Machines and Robotics (CIMAR) under the
direction of the Air Force Research Laboratory at Tyndall Air Force Base, Panama City,
FL. It consists of five self-contained modules that perform specified functions:
Autonomous Control Unit (ACU), Path Planner (PLN), Position System (POS),
Detection Mapping System (DMS), and Vehicle Control Unit (VCU). Figure5.1
presents a graphical representation of the architecture. The focus of this chapter, as well
as the whole paper isthe PLN and its interface with the other modules, and, therefore, a
detailed description will be presented. In ArmQO0 the authors present a detailed
description of the modules that are not presented in here.

A typical interface contains messages that may be sent to the planner system and
messages that will be returned. Every message is composed of a header section, adata
section, and an end of message section. For each message [0x02] represents the flag for
the beginning of the message and [0x03] represents the flag for the end of the message.

The header and data sections of the messages are defined here. For more details
on the message formats and their components consult “2.0 Standardized Message
Format” and “2.5 Path Planner (PLN)” shown in Appendix B. The possible input

messages are the following: PLN Shutdown, PLN Reinitialize, PLN Set Configuration,

45
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PLN Request Configuration, PLN Request Status, PLN Request Path DM S Report. The
output messages are the following: PLN Configuration Report, PLN Status Report, PLN
Path Report, DM S Start Report, DM S Stop Report. All the messages that deal with the

Detection Mapping System (DMS) reports are described in the Detection Mapping

System ID.
[ ] -Sensors ocu
] -Actuators
Not - Components [ 777777TTTTT7]
. Path Tracker
O - Functions Commander
(components)
Go to Goa
Q Q O Q Planner
\
Sweep
POS ops
| | | | Mapping
Vehicle Vehicle Bucket Bucket System
Sensor #1 Sensor #2 Sensor #1 Sensor #2
Vehicle
Control
Vehicle
Health
Bucket
Control

Figure 5-1. System Architecture Diagram
The PLN Shutdown message causes the planner system to shutdown all of its sub-
systemsin the proper fashion. At thistime, the system saves any files or information that

may be used on the next startup. The power to the module is then turned off. Thefields
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included in the header part of this message are the following: “ Message ID,”
“ Dedtination,” “ Source,” “Vehicle,” “Data Status,” “Data Size”. A sample message has

the following form:
[0x02]0504,PLN,0CU,MUL,0,0,77[0x03]

The PLN Reinitialize message causes the system to restart and re-initialize all
sub-systems in the proper sequence and bring the system up to a state of readiness. The
fields used are the same asin PLN Shutdown. A sample message format is the

following:
[0x02]0506,PLN,ACU,MUL,0,0,27[0x03]

The PLN Standby message causes the system to go into a standby mode.
The fields used are the same as in the previous two messages. In standby mode the

system is alive and ready to be re-initialized. A sample message looks like the following:
[0x02]0508,PLN,ACU,MUL,0,0,??[0x03]

The PLN Set Configuration message is used to set up the configuration of the
system. The header section uses the same fields, while the data section includes the
following fields: “ Vehicle,” “Length,” “Width,” “Height,” “ Turning radius,” “Number of
path parameters,” “Parameter #1” through “Parameter #N”. The parameters used are the
following: distance between rows, minimum turning radius, length of the path as well as

others. A sample message has the following form:

[0x02]050A,PLN,ACU,MUL,0,22,MUL,2.0,1.5,2.0,3.0,7,... ??[0x03]

The PLN Request Configuration message is used to request the current
configuration of the planner system. Thefieldsthat are used in the header field are the

following: “ Message ID,” “Destination,” “Source,” “Vehicle,” “Data Status,” and “ Data
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Size”. There areno fields for the data section of the field. The message has the

following form:
[0x02]050C,PLN,ACU,MUL,0,0,2? [0x03]

The PLN Request Status is used to reguest the current status of the planner
system. Thefields used in the header section of the message are same asin the PLN
Reguest Configuration. Also there are no fields in the data section. The message has the

following form:

[0x02] 050E,PLN,ACU,MUL,0,0,?72[0x03]

The PLN Request Path is used to request apath. The fields used in the header
section are the same asin the PLN Request Configuration and PLN Request Status. The
data section of the message ,however, contains multiple fields. They are the following:
“Path Type,” “# points,” “Latitude #1,” “Longitude #1,” “Altitude #1,” “theta_x (Roall),”
“theta y (Pitch),” and “theta z (Yaw)”. Thelast six fields can be repeated numerous

times. The message has the following format:

[0x02]0520,PLN,ACU,MUL,0,7?,,1,4,29.1234567,82.1234567,23.12,1.12,1.12,3.12....29.1234567...
x03]

The PLN Path Report is the main message from the planner system. The header
section uses the same fields as in the previous messages. Also the data section includes
the same fields described in the PLN Request Path. The exception, however, is that the
last spot in the data section is taken be the field “PLN Status’. There are two status
bytes. Status byte 1 is generic and will not change from system to system. Status byte 2
is set aside to be system specific defined by the various PLN system modules. Asfar as
status byte 1 goes, each hit is assigned in the following manner:

0 — Startup 4 — Problem
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1 - Busy 5— Error
2 — Standby 6 — Failure
3 — Ready 7 — Shutdown

The message has the following format:

[0x02]02a0,ACU,PLN,MUL,0,??,,29.1234567,-85.1234567,23.12,
1.12,1.12,3.12,2.12,2.12,0.12,0.06,12201022,03,??[ 0x03]

The PLN Configuration Report is used to report the current configuration of the
planner system. The header section of the message has the following fields: “ Message
ID,” “Destination,” “Source,” “Vehicle,” “Data Status,” and “ Data Size”. The data
section has the following fields: “Text Description” and “ System Identification”. A
sample message |ooks like the following:

[0x05]05A2,ACU,PLN,MUL,0,??,Planner System: Plans go to goal and field sweep paths,11,??[0x03]

The PLN Status Report provides the host with the system status information. The
header section has the same fields as the PLN Configuration Report. The data section,
however, contains only onefield: “Status’. It has the same configuration as the status

bytes described in the PLN Report. The message has the following format:

[0x02]02a4,ACU,PLN,MUL,0,8,01,72[0x03]

Since the header and data sections have been described for each message
individually, the only issue l€eft to discussis the end of the message section. For each
message, the section contains the same two fields: “ Checksum” and “ End of text”, where
thefirst field is represented by an eight bit unsigned sum.

There are afew comments that apply to all messages and that are essentia to
follow when setting up communication between various modules. All messages haveto

be comma delimited as it can be seen in any of the samples shown above. Datafields



50

that are not used can be represented just with acomma. Also, field names, such as
destination and vehicle, are NOT case sensitive. The most important fact is that there can
be NO white spacesin afield. Also al fieldsin the header must be filled.

The MAX interface documents define all of the messaging that is required of a
particular module. There may be additional messaging that is available on any particular
system. This additional messaging should comply with the standard message format and
should be defined in the particular module’ s documentation. In thisway you can always
interchange position systems, for example, and still have all the core messaging required
for communicating with it. Y ou can also provide the user with any additional features

that may be available if they so choose to use.



APPENDIX A
USEFUL WEB ADDRESSES

Formats and Documentation

Spatial Data Transfer Standard (SDTS)

http://mcmcweb.er.usgus.gov/sdts/index.html

Digital Elevation M odel (DEM)

http://feature.geography.wisc.edu/sco/maps/usgsdem.html

http://feature.geography.wisc.edu/sco/maps/m dem.html

SDTSto DEM conversions

http://geopotential .com/codes/SDT S/sdts2dem.html

http://edc.usgs.gov/nsdi/gendem.htm
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Applicationsfor DEM’s

3DEM

http://www.mnsinc.com/rshorne/3dem.html

DEM Tools

www.arg.net/~karsten/demtools

digv32

http://mcmcweb.er.usgs.gov/viewers/dlg view.html

Leveller

www.dayl ongraphics.com/products/leveller

Microdem

www.usna.edu/Users/oceano/ pguth/website/microdem.htmil

Terragen

www.planetside.co.uk/terragen

Wilbur

www.ridgenet.net/~js ayton/software.html




APPENDIX B
DEM FORMAT

Data Records

Record type A, element 1 has been changed to require certain information in specified byte
locations. A new element, element 2, record type A, has been defined to record the NMD
organization from which the DEM was authorized. The element counts of old record type A,
elements 2-15, have been incremented by one to elements 3-16 An attempt has been made to
keep the old and new DEM formats compatible; therefore, although the element counts have
changed, the byte positions and information content of these fields (old elements 2-15, new
elements 3-16) remain the same. This change should be transparent to old DEM applications
programs. The new element 2, the mapping center of DEM origin is named in record A, bytes
141-144. Vaid codes are MAC (Mapping Application Center, GPM2 (specific to MAC Gestalt
Photo Mapper Il auto correlator), MCMC (Mid Continent Mapping Center), RMMC (Rocky
Mountain Mapping Center), WMC (Western Mapping Center) and FS (U.S. Forest Service).
Codes indicating other sources of DEM's are defined when required. Also, new data elements
17-29 have been appended to the end of the type A record. These elements are contained in the
end of the previously blank filled portion of the 1,024 byte record.

The type A record contains information defining the general characteristics of the DEM,
including descriptive header information relating to the DEM's name, boundaries, units of
measurement, minimum and maximum data values, number of type B records, and projection
parameters. There is only one type A record for each DEM file, and it appears as the first record
in the datafile. The type B record contains elevation data and associated header information. All
type B records of the DEM files are made up of data from one-dimensional bands called profiles.
Therefore, the number of complete profiles covering the DEM area is the same as the number of
type B records in the DEM. InaUTM structured DEM, an occasional profile exists within the
bounds of the DEM quadrilateral but is void of elevation grid points and is not represented in the
DEM. (Thisis called the "missing profile condition" and occurs occasionally as the first or last
hypothetical profile of the DEM at the respective DEM corner.) The type C record contains
statistics on the accuracy of the datain thefile.

The following special conventions shall be observed for the population of datafieldsinthe A, B,
and C record elements:

All character fields must be in upper case. Character fields of no data value must be
blank, ASCII space (binary 0010 0000).

All integer or character flagged fields of no data value but which default to zero must be
ASCII zero (binary 0011 0000).
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All real (non-integer) numeric fields shall be populated. Default zero fill shall follow the
following convention:

123456789012345678901234 (byte position, left justified)
" . 000000000000000D+00"| Standard fornmat specified is
" 0.0" | D24.15. Zero values listed are
" 0.000000000000000D+00"| common machi ne dependent numeric
" . 000000000000000" | defaults for zero val ues.

Type A Record

Sanpl e DEM Type A Logi cal Records-Reno, Nevada-California, Quadrangle (West
Hal f) (1 degree)

NJ11-01W

0.0
0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 3
2 4 -0 42840000000000D+06 0. 140400000000000D+06 0. 428400000000000D+. 06
0. 144000000000000D+06 -0.42480000000000D+06 0. 14400000000000D+06
-0424800000000000D+06 0.14040000000000D+06 0. 999000000000D+03
0. 264100000000000D+04 0.0 00. 300000E+010. 300000E+010. 100000E+01 1

1201
Dat a
El ement Cont ent Expl anati on
1 NJ11-01W Quadrangl e nane field (144 characters); NJ11-01W
is the designation for the DEM covering the west
hal f
of the Reno, Nevada-California, sheet.
2 3 DEM | evel code; 3 reflects processing by DVA which
i ncludes registration to planinmetric features
appearing on the source 1-degree.
3 1 Pattern code; 1 indicates a regular elevation
pattern.
4 0 Planinmetric reference system code; 0 indicates
geogr aphi ¢ coordi nate system
5 0 Zone code; there are no zones in the geographic
system Therefore, the zone code is set to zero.
6 0.0 Map projection paraneters; all 15 fields are set to

(15 sets of 0.0) zero for the geographic system and should be
i gnor ed.
Presence of non-zero paraneters are not related to
t he geographi c coordi nate system and shoul d al so be
i gnor ed.

7 3 Units code; 3 represents arc-seconds as the unit of
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nmeasure for ground planinetric coordi nates
t hr oughout

the file.

8 2 Units code; 2 represents neters as the unit of
nmeasure for el evation coordinates throughout the
file.

9 4 Nunber (n) of sides in the polygon which defines the
coverage of the DEMfile (usually equal to 4).

10 -0.4284. .. D+06, A 4,2 array containing the ground coordi nates

of

0. 1404. .. D+06 the four corners of the DEM In this case
........ translation fromarc-seconds to degrees,

m nut es
........ and seconds yields: -119 00 0, 39 00 00; -119
00
-0.4248. .. D+06 00, 40 00 00; -118 00 00, 40 00 00; -118 00 OO.
0. 1404. .. D+06 39 00 00.

11 0. 9990. .. D+06 M ni mum and maxi mum el evations for the DEM

0.2641...D+04

12 0.0 Count ercl ockwi se angle fromthe prinmary axis of
ground planinmetric referenced to the primary
axis of the DEM | ocal reference system

13 0 Accuracy code; 0 indicates that a record of
accuracy does not exist and that no record type
Cwll follow

14 0. 300000E+01 A three-el ement containing DEM spatia

0. 300000E+01 resolution (x,y, z); set to 3, 3, 1; or 3, 6,
1;
0. 100000E+01 or 3, 9, 1 depending on the latitude of the
product .

15 1 1201 A two-el enent array containing the nunber of
rows and colums of profiles in the DEM The
row value mis usually set to 1 as an

i ndi cation

that the arrays are actually one-di nensi ona
profiles. The colum value n set to 1,201

i ndicates that the DEMfile consists of a tota
of 1,201 profiles.

Type B Record

DEM Type B Logi cal Record-Reno, Nevada California, Quadrangle (West Half) (1
degree)

1 1 1201 1 -0.42480000000000D+06 0. 1404000000000D+06 0.0
0.121000000000D+04 0. 177200000000D+04 1538 1539 1539 1534 1529 1520
1513 1508 1501 1493 1488 1479 1475 1474 1473 1472 1469 1467
1466
1464



Dat a
El enent Cont ent
1 11
set.
2 1201 1
3 -0.4284. .. D+06
0. 1404. .. D+06
4 0.0
5 0.1212...D+04
0.1772...D+04
6 1538 1539..

Type C Record
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Expl anati on

Row and columm identification nunber of the
profile contained in this record; 1, 1
represents row 1, columm 1, in the DEM data

Nunber of rows (el evations) and colums in this
profile; 1201, 1 indicates there are 1,201
el evations and 1 columm in this profile.

Transl ated to the decimal, -428400.0 and
140400.0 are the ground planinmetric coordi nates
(arc-seconds) of the first elevation in the
profile, thus computed equal to -119 and 39
degr ees.

El evati on of |ocal datum for the profile.
Al ways zero for 1-degree DEM the reference is
nmean sea | evel

M ni mum and maxi nrum el evations for the profile.

An array of mx n elevations (m=1201, n=1) for
the profile expressed in units of neasure of
meters (record A, elenent 8, indicates neters
as units of neasure) above or below the |oca
datum (record a, elenment 4).

El evati on Model Data El enents Logical Record Type C

Dat a
El enent

1 Code indicating
availability of
statistics in
data el ement 2

2 RMSE of file's
datumrel ati ve
el enment s
to absol ute
datum (x, y, 2z)

3 Sanple size on
whi ch statistics
be

Type

( FORTRAN
Not at i on)

| NTEGER* 2

| NTEGER* 2

| NTEGER* 3

Physi cal Record For mat

ASCI| Starting Ending Conmmrent

For mat byt e byt e
16 1 6 Code 1 = avail able
0 = unavail abl e

316 7 24 In sone units as
i ndi cated by
8 and 9 of | ogical
record type A

| 6 25 30 If 0, then accuracy

will be assuned to



in data el enment
t han
2 are based

4 Code indicating
availability of
statistics in
data el ement 5

5 RMSE of DEM
data rel ative
el enent s
to file's
datum (x, y, 2)

6 Sanple size on
whi ch statistics
in element 5
are based

| NTEGER* 2

| NTEGER* 2

| NTEGER* 2

| 6

316

6
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31

37

55

36

54

60

esti mat ed rat her

comput ed
Code 1 = avail able
0 = unavail abl e

In sanme units as
i ndi cated by

8 and 9 of 1 ogical
record type A

If 0, then accuracy
will be assuned to
be esti mated rat her
than conput ed.



APPENDIX C
FILE FORMATS

VEHICLE DATA FORMAT

# vehicle_struct datafile
115

wl

h4.1

t7.5

*

59
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MAP DATA FORMAT

# thisfile contains virtual obstacles based on bad slopes

m 33

b4

n001230.200000 4 5 6 4 0.000000
n001230.200000 4 5 6 4 0.000000
n001230.200000 4 5 6 4 0.000000
n001230.200000 4 5 6 4 0.000000
n001230.200000 4 5 6 4 0.000000
n001230.200000 4 5 6 4 0.000000
n001230.200000 4 5 6 4 0.000000
n001230.200000 4 5 6 4 0.000000
n001230.200000 4 5 6 4 0.000000
n001230.200000 4 5 6 4 0.000000
n001230.200000 4 5 6 4 0.000000
n001230.200000 4 5 6 4 0.000000
n001230.200000 4 5 6 4 0.000000
n001230.200000 4 5 6 4 0.000000
n001230.200000 4 5 6 4 0.000000
n001230.200000 4 5 6 4 0.000000
n001230.200000 4 5 6 4 0.000000
n001230.200000 4 5 6 4 0.000000
n001230.200000 4 5 6 4 0.000000
n001230.200000 4 5 6 4 0.000000
n001230.200000 4 5 6 4 0.000000
n001230.200000 4 5 6 4 0.000000
n001230.200000 4 5 6 4 0.000000
n001230.200000 4 5 6 4 0.000000
n001230.200000 4 5 6 4 0.000000
n001230.200000 4 5 6 4 0.000000
n001230.200000 4 5 6 4 0.000000
n001230.200000 4 5 6 4 0.000000
n001230.200000 4 5 6 4 0.000000
n001230.200000 4 5 6 4 0.000000
n001230.200000 4 5 6 4 0.000000
n001230.200000 4 5 6 4 0.000000
n001230.200000 4 5 6 4 0.000000
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N

#vertex data
s000.0-0.707
S

g 999 999

G

p
16.500000 0.500000

16.500000 -0.500000
15.500000 -0.500000
15.500000 0.500000

p
20.500000 0.500000

20.500000 -0.500000
19.500000 -0.500000
19.500000 0.500000

p
24.500000 0.500000

24.500000 -0.500000
23.500000 -0.500000
23.500000 0.500000

p
28.500000 0.500000

28.500000 -0.500000
27.500000 -0.500000
27.500000 0.500000

p
32.500000 0.500000

32.500000 -0.500000
31.500000 -0.500000
31.500000 0.500000

p
36.500000 0.500000

36.500000 -0.500000
35.500000 -0.500000



35.500000 0.500000

p
40.500000 0.500000

40.500000 -0.500000
39.500000 -0.500000
39.500000 0.500000

p
44.500000 0.500000

44.500000 -0.500000
43.500000 -0.500000
43.500000 0.500000

p
48.500000 0.500000

48.500000 -0.500000
47.500000 -0.500000
47.500000 0.500000

p
52.500000 0.500000

52.500000 -0.500000
51.500000 -0.500000
51.500000 0.500000

p
56.500000 0.500000

56.500000 -0.500000
55.500000 -0.500000
55.500000 0.500000

p
57.536787 0.500000

57.536787 -0.500000
56.536787 -0.500000
56.536787 0.500000

p
56.459249 4.352131

56.459249 3.352131
55.459249 3.352131
55.459249 4.352131

p
6.520248 9.209562
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6.520248 8.209562
5.520248 8.209562
5.520248 9.209562

p
4.245822 5.919123

4.245822 4.919123
3.245822 4.919123
3.245822 5.919123

p
15.264891 4.500000

15.264891 3.500000
14.264891 3.500000
14.264891 4.500000

p
19.264891 4.500000

19.264891 3.500000
18.264891 3.500000
18.264891 4.500000

p
23.264891 4.500000

23.264891 3.500000
22.264891 3.500000
22.264891 4.500000

p
27.264891 4.500000

27.264891 3.500000
26.264891 3.500000
26.264891 4.500000

p
31.264891 4.500000

31.264891 3.500000
30.264891 3.500000
30.264891 4.500000

p
35.264891 4.500000

35.264891 3.500000
34.264891 3.500000
34.264891 4.500000

62



p
39.264891 4.500000

39.264891 3.500000
38.264891 3.500000
38.264891 4.500000

p
43.264891 4.500000

43.264891 3.500000
42.264891 3.500000
42.264891 4.500000

p
47.264891 4.500000

47.264891 3.500000
46.264891 3.500000
46.264891 4.500000

p
51.264891 4.500000

51.264891 3.500000
50.264891 3.500000
50.264891 4.500000

p
55.264891 4.500000

55.264891 3.500000
54.264891 3.500000
54.264891 4.500000

p
56.417887 4.500000

56.417887 3.500000
55.417887 3.500000
55.417887 4.500000

p
7.010713 9.919123

7.010713 8.919123
6.010713 8.919123
6.010713 9.919123

p
6.029783 8.500000

6.029783 7.500000
5.029783 7.500000
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5.029783 8.500000

p
10.029783 8.500000

10.029783 7.500000
9.029783 7.500000
9.029783 8.500000

p
14.029783 8.500000

14.029783 7.500000
13.029783 7.500000
13.029783 8.500000

p
30.029783 8.500000

30.029783 7.500000
29.029783 7.500000
29.029783 8.500000

p
50.029783 8.500000

50.029783 7.500000
49.029783 7.500000
49.029783 8.500000

P

q
-1000 -1000

-1000 1000
1000 1000
1000 -1000



APPENDIX D
MESSAGE FORMATS

2.5 Softwar e | nterface Document -
Path Planner ascn)

Version 2.0

This section presents the messages that may be sent to the planner system and the
messages that will be returned. Every message will be composed of a header section, a
data section, and an end of message section. The data section of the messages are defined
here. See the standardized message format documentation (section 2.0) for the header
and end of message formats.

Note: See specific module documentation for additional (system specific, non required)
messages.

l. Input Messages:
- PLN Shutdown - 0x0504
- PLN Reinitidize - 0x0506
- PLN Set Config. - OX050A
- PLN Request Config. - 0x050C
- PLN Request Status - OxO50E
- PLN Request Path - 0x0520
- DMS Report - See Detection
Mapping System ID
[1. Output M essages.
- PLN Config. Report - Ox05A2
- PLN Status Report - Ox05A4
- PLN Path Report - 0x05CO0
- DMS Start Report - See Detection Mapping
System ID
- DM S Stop Report

65
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6
PLN Shutdown
Input Message
The PLN Shutdown message causes the planner system to shutdown all of its sub-

systems in the proper fashion. At thistime, the system may save any files or information
that may be used on the next startup. The power to the module may then be turned off.

Header section:

Fi el d# | Nanme Descri ption Exanpl e
1 Message ID 0504
2 Destination PLN
3 Source Set by the host system (ACU, OCU) ACU
4 Vehicle Set using the set Config msg. MUL
5 Data Status See section 2.0, Standardized message format 0
6 Data Size Number of bytesin data (decimal) 0
Exclude the leading & trailing >,z
Data Section
Fi el d# | Nanme Descri ption Exanpl e
NO DATA
Sample M essage:

[ 0x05] 0504, PLN, OCU, MUL, 0, 0, ??[ 0x03]
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PLN Reanitialize

Input Message

The PLN Reinitialize message causes the system to restart and re-initialize all sub-
systems in the proper sequence and bring the system up to a state of readiness.

Header section:

Fi el d# | Name Description Exanpl e
1 Message ID 0506

2 Destination PLN

3 Source Set by the host system (ACU, OCU) ACU

4 Vehicle Set using the set Config msg. MUL

5 Data Status See section 2.0, Standardized message format 0

6 Data Size Number of bytesin data (decimal) 0

Exclude the leading & trailing >,z
Data Section
Fi el d# | Nane Descri ption Exanpl e

Sample M essage:

[ 0x05] 0506, PLN, ACU, MUL, 0, 0, 2?[ 0x03]




68

PL N Standby

Input Message

The PLN Standby message causes the system to go into a standby mode. In standby mode the systemis
alive and ready to bere-initialized.

Note: A PLN Shutdown should be given prior to turning system power off.

Header section:

Field# Name Description Example
1 Message ID 0508
2 Destination PLN
3 Source Set by the host system (ACU, OCU) ACU
4 Vehicle Set using the set Config msg. MUL
5 Data Status See section 2.0, Standardized message format 0
6 Data Size Number of bytesin data (decimal) 10
Exclude the leading & trailing >,
Data Section
Field# Name Description Example

NO DATA

Sample M essage:
[0x02]0508,PLN,ACU,MUL,0,0,7?7{0x03]
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PL N Set Configuration

Input Message
The PLN Set Configuration message is used to set up the configuration of the system.

The following gives an explanation of the parameters:
Header section:

Fi el d# | Name Descri ption Exanpl e
1 Message ID 050A

2 Destination PLN

3 Source Set by the host system (ACU, OCU) ACU

4 Vehicle Set using the set Config msg. MUL

5 Data Status See section 2.0, Standardized message format 0

6 Data Size Variable, set prior to shipping ”

Dat a Secti on

Fi el d# | Nane Descri ption Exanpl e

7 Vehicle The system that the moduleis physically | MUL
contained in.

8 Length Lenght of the vehicle 2.0
(Meters)

9 Width Width of the vehicle 15
(Meters)

10 Height Height of the vehicle 2.0
(Meters)

11 Turning radius V ehicles minimum turning radius 3.0
(Meters)

Note: If the vehicleis omnidirectional then this
variable should be set to zero.

12 Number of path The number of path planning parameters, | 7
parameters that are specific to a given path planner,
in the current message.

13 Parameter #1 N parameters that are specific to agiven
path planner, (e.g., use aboundary,
restrict start, row distance, €etc...).

14 Parameter N

Sample M essage:
[ 0x05] 050A, PLN, ACU, MUL, 0, ??, MJL, 2.0,1.5,2.0,3.0,7,... ??[0x03]
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PLN Request Configuration

Input Message

This message is used to request the current configuration of the planner system. See PLN
Configuration Report for the response definition.

Header section:

Fi el d# | Name Description Exanpl e

1 Message ID 050C

2 Destination PLN

3 Source Set by the host system (ACU, OCU) ACU

4 Vehicle Set using the setConfig msg. MUL

5 Data Status See section 2.0, Standardized message format 0

6 Data Size Number of bytesin data (decimal) 0

Exclude the leading & trailing >,z

Data Section

Fi el d# | Nane Descri ption Exanpl e
NO DATA

Sample M essage:
[ 0x05] 050C, PLN, ACU, MUL, 0, 0, ?? [ 0x03]
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PLN Request Status

| nput Message

This message is used to request the current status of the planner system. See PLN Status Report for the
response definition.

Header secti on:

Fi el d# | Nane Descri ption Exanpl e

1 Message ID 050E

2 Destination PLN

3 Source Set by the host system (ACU, OCU) ACU

4 Vehicle Set using the set Config msg. MUL

5 Data Status See section 2.0, Standardized message format 0

6 Data Size Number of bytesin data (decimal) 0

Exclude the leading & trailing >,z

Dat a Secti on

Fi el d# | Name Descri ption Exanpl e
NO DATA

Sample M essage:
[ 0x05] 050E, PLN, ACU, MUL, 0, 0, ??[ 0x03]
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PLN Request Path

| nput Message

Thismessage is used to request aplan. The following is adefinition of the message parameters. See PLN
Path Report for the response report definition.

Header section:

Fi el d# | Nane Descri ption Exanpl e

1 Message ID 0520

2 Destination PLN

3 Source Set by the host system (ACU, OCU) ACU

4 Vehicle Set using the set Config msg. MUL

5 Data Status See section 2.0, Standardized message format 0

6 Data Size Number of bytesin data (decimal) ”

Exclude the leading & trailing >,z
Data Section

Field# Name Description Example

7 Path Type The path type describes what kind of planisbeing | 1
requested. For example you may request ago to
goal path and give the start and goal poses.
Alternatively, you may request a sweep path and
specify the corner points of the field.
See the Path Type table for type identifiers.

8 # points The number of points specified 4
These would be the start, goal, corner points etc.

9 Latitude #1 Latitude of the first point in WGS-84 geodetic 29.1234567
coordinates (Deg.dec_deg)

10 Longitude #1 Longitudeof thefirst point in WGS-84 geodetic -85.1234567
coordinates. (Deg.dec_deg)

11 Altitude #1 Altitude of the first point meters 23.12

12 theta x Orientation about the x axis at the first point 112
radians

(Roll) -P1/2.0to PI1/2.0

Use theright hand rule, x isforward, z is down
(axis attached to vehicle)

13 theta y Orientation about the y axis at the first point 112
radians

(pitch) -P1/2.0to PI1/2.0
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14 theta z Orientation about the z axis at the first point 312
radians
(yaw) 0to2.0x Pl
0 = Geodetic North
? Latitude #n 29.1234567
? Longitude #n -85.1234567
? Altitude #n 23.12
? theta x 112
(Rall)
? theta y 112
(pitch)
? theta z 3.12
(yaw)

Sample M essage:
[0x05]0520,PLN,ACU,MUL,0,??,,1,4,29.1234567,82.1234567,23.12,1.12,1.12,3.12....29
.1234567... ,7[x03]

Pat h Type Tabl e

Pat h Type # Descri ption Required Information
0
1 Go to Goal Start Position

Goal Position

AW DN

5 Field Sweep Corner points of field
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PLN Path Report

Output Message
Thisisthe main message from the planner system. The following is a description of the
parameters.:
Header section:
Fi el d# Nane Descri ption Exanpl e
1 Message ID 05C0
2 Destination Destination will be set equal to the source of the ACU
startReport message
3 Source PLN
4 Vehicle Set using the set Config msg. MUL
5 Data Status See section 2.0, Standardized message format 0
6 DataSize Variable, set prior to shipping (use sizeof) 7
Data Section
Fi el d# Narme Descri ption Exanmpl e
7 Path Type See table of path types under PLN Request Plan 1
8 Path Status 0=Path OK  1=Path isnot valid 0
9 Path Length Meters 2500
10 # subgoals the number of subgoals 950
11 Latitude #1 Latitude of the first point in WGS-84 geodetic 29.1234567
coordinates (Deg.dec_deg)
12 Longitude #1 Longitude of the first point in WGS-84 geodetic -85.1234567
coordinates. (Deg.dec_deg)
13 Altitude #1 Altitude of the first point meters 23.12
14 theta x Orientation about the x axis at thefirst point radians | 1.12
-PI/2.0to P1/2.0
(Rall) Usetheright hand rule, x isforward, z is down (axis
attached to vehicle)
15 theta y Orientation about they axis  radians 112
(pitch) -PI/2.0to P1/2.0
16 theta z Orientation about thez axis  radians 3.12
(yaw) 0to2.0x Pl 0= Geodetic North
” Latitude #n 29.1234567
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” Longitude #n -85.1234567
7 Altitude #n 23.12

” theta x (Roll) 112

7 theta y (pitch) 112

7 theta z (yaw) 3.12

7? PLN Status See Below 03

Example M essage:
[0x05]02a0,ACU,PLN,MUL,0,??,,29.1234567,-85.1234567,23.12,
1.12,1.12,3.12,2.12,2.12,0.12,0.06,12201022,03,7?[0x03]

Status Byte Description:
Status byte 1 is generic and will not change from system to system.
Status byte 2 is set aside to be system specific defined by the various PLN system

modules.
Status Byte 1 Status Byte 2
Bit VCU Conditionwhen set 1 = set Bit VCU Condition when se  1=set
0 Startup 0 Contractor Reserved
1 Busy 1 Contractor Reserved
2 Standby 2 Contractor Reserved
3 Ready 3 Contractor Reserved
4 Problem 4 Contractor Reserved
5 Error 5 Contractor Reserved
6 Failure 6 Contractor Reserved
7 Shutdown 7 Contractor Reserved
Description:
Startup: Indicates the system has just been powered up
Busy: Indicates the system is currently processing the last
command
Standby: Indicates the system is ready to be reinitialize
Ready: Indicates that the system isinitialized and is operational
Problem: Indicates that a self-correcting problem has occurred and the

problem is being corrected internally. This problem requires no

input from the host




Error:

Fallure:
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Indicates that a problem has occurred that the system could
not resolve. An error requires the intervention of the host to be
resolved.

PLN Configuration Report

Output Message

Indicates that the system has failed and will not recover.

This message is used to report the current configuration of the planner system. The
following is adescription of the parameters:

Header section:

Fi el d# | Nane Descri ption Exanpl e

1 Message ID 05A2

2 Destination Destination will be set equal to the source of the ACU

startReport message

3 Source PLN

4 Vehicle Set using the set Config msg. MUL

5 Data Status See section 2.0, Standardized message format 0

6 Data Size Variable, set prior to shipping (use sizeof) ”

Data Section

Fi el d# | Name Descri ption Exanpl e

7 Text Description Free form text description. May list the main Planner System: bla
components used by the system and or other blabla
pertinent information.

8 System Identification Gives a hex number assigned to the particular 11

planner system so that it may be more uniquely
described.

Sample M essage:
[ 0x05] 05A2, ACU, PLN, MJL, 0, ??, Pl anner System bla bla bla, 11, ??[ 0x03]




PLN Status Report

Output Message

Provi des the host with the system status information

Header section:

Fi el d# Nane Descri ption Exampl e

1 Message ID 05A4

2 Destination Destination will be set equal to the source of the start ACU
Report message

3 Source PLN

4 Vehicle Set using the set Config msg. MUL

5 Data Status See section 2.0, Standardized message format 0

6 Data Size Number of bytesin data (decimal) 8
Exclude the leading & trailing >,z

Data Section
Field# Name Description Example
7 Status 4 bytes. See Below 01

Exampl e Message:

[ 0x05] 02a4, ACU, PLN, MUL, 0, 8, 01, ??[ 0x03]

7. See PLN Report for Status Byte Description
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APPENDIX E

COMPUTER CODE
#i ncl ude<stdl i b. h>
#i ncl ude<st di 0. h>
#i ncl ude<mat h. h>
#i ncl ude<ti ne. h>
#i ncl ude <stdi o. h>
#i ncl ude <math. h>
#i nclude "fi el dSweepLi b. h"
#i ncl ude "uf Mat hLi b. h"
#i ncl ude "incl udes. h"
#defi ne Sl ZE 70 /* size of grid SIZE X S| ZE
*/
#defi ne OK 1 /* true value */
#defi ne TOL 0. 001 /* tolerance */
#define DI M 5 /* di stance between any two
points in the grid */
#define CRI TI CAL_SLOPE 5
#define MPI 3.14159265359
#defi ne D2R M PI /180
#defi ne R2D 180/ M _PI
#defi ne EARTH RADI US 6. 378137e6
#defi ne deltaX 0.5
#defi ne deltaY 0.5
#defi ne REGULAR 1
#define MN 0
#def i ne GOOD 1
#def i ne BAD 0
#defi ne M NX 0. 00 [* 29.646274 */
#defi ne MAXX 69. 897508 /* 29.646901 */
#defi ne M NY -32.110427 /* -82.353936 */
#def i ne MAXY 11. 967604 /* -82.353480 */
#defi ne noCol unms 44
#def i ne noRows 69
doubl e hei ght Mesh(double *field, int i, int j, double s, double t);
voi d corners(double x, double y, int *iWanted, int *jWnted);

voi d pAndR(doubl e *fiel d, double x, double y, double *pitch, double
*roll, double *Ilength);
voi d checkHei ght s(doubl e, doubl e, double, double, double, double,

doubl

e!

doubl e,

doubl e *field);

voi d extractReal Data(int);
voi d mai n(voi d)
{

/* create the field */

doubl e *grid;

78



79

double init[4][2], Pts[4][2];

doubl e m nCost, north, east, alt;

char ch, dunmy;

int i,j ;

double d = DI M+tl, ang, costSum deltaTheta, m nAngl e;
int e,s;double tinmeSum

i nt points;

float dist_rows, m nTurnRad;

struct _geoPoi nt *pl an=NULL, *tnp;

FI LE *fpHei ght, *fpPoints, *fpTerrain, *fpReal Height, *fpHeight2;

if ((grid = (double *)(malloc(sizeof(double) * ((noColums+1) *
(noRows+1)))))
== NULL){
free(grid);
printf("error allocating nmenory!!!\n");
return(-1);

}

/* initialize the height grid with values fromthe converted DEM
"zcut.txt" contains 1024 val ues for height*/
if ((fpHeight = fopen("zcut.txt","w')) == NULL) {
printf("error opening 'zcut.txt' file\n") ;
exit(1) ;
}

for(i=0 ; i<noRows ; i ++)
for(j=0 ; j<noColumms ; |++)
[* field[i][j] = 0.1*(-1.0 + 2.0*rand()/RAND_MAX) ;

/* fscanf(fpHeight,"%f", &ield[i][j]); */
[lgrid[i + j*noColums] = -99.09;
grid[i + j*noColums] = 10.0;

/* initialize the 2D path planning al gorithm */
printf("What is the distance between rows?\n");
scanf ("% ", &i st _rows);

printf("What is the m ninumturning radius \n");
scanf ("% ", &ri nTur nRad) ;

printf("What is the angle for the sweep\n");
scanf ("% f", &deltaTheta);

poi nt s= 4; /* nunber of corner points for the field-grid

/* define grid for a fixed nunber of data points */
i=0; j=0;

|

init[0][0] = i ;
init[O][1] = ] ;
init[1][0] = SIZE*DIM
init[1][1] = j ;
init[2][0] = SIZE*DIM;
init[2][1] = SIZE*DIM;
| = X

nit[3][0] i
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init[3][1] = SIZE*DIM;

printf("Please introduce the nunber of points defining the

field:")

y):\n"

cos(init[0][0]*D2R)))
}

3) {

scanf ("%d", &points);

/* introduce the corners for the needed field */

printf("Please introduce the coordinates for the field corners(x,
)

printf("Note: points are in |ocal coordinates\n");

scanf ("%l %\ n", & nit[0][0],& nit[O][1]);

scanf ("% %\n", & nit[1][0],& nit[1][1]);

scanf ("% %\n", & nit[2][0],& nit[2][1]);

scanf ("%l %\ n", & nit[3][0],& nit[3][1]);

/* convert to lat/lon coordinates for link to the 2D al gorithm */
for(i=0; i<4 ; i++){
Pts[i][0] =init[0][0] + (init[i][0] / EARTH RADIUS) * R2D

Pts[i][1] = init[0][1] +(init[i][1] / (EARTH_RADI US *

R2D ;

*

/* coordinates for test field */
/* should be used if the file with the heights is used as well */

Pts[0][0] = 29.6463086;
Pts[0][1] = -82.3538956;
Pts[1][0] = 29. 6468305;
Pts[1][1] = -82.3539348;
Pts[2][0] = 29.6467917;
Pts[2][1] = -82.3537752;
Pts[3][0] = 29.646455;
Pts[3][1] = -82.3536519;

/* use if given afile with test data recorded by the nmule */
/* extractReal Data(5); */

if ((fpTerrain = fopen("terrain.txt","r")) == NULL){
printf("Can't open 'terrain.txt' file \n");
/* in case that there is no file exit */
exit(1);

}

/* read north, east, and altitude data fromfile */
whil e(fscanf(fpTerrain,"%f %Wf %f\n", &orth, &east, &alt) ==

grid[(int)(north-MNX) + (int)(east-MNY)*noColums] = alt;

}
fclose(fpTerrain);
for(i=0; i < noRows ; i++){
for(j=0 ; j < noColums ; |++)
fprintf(fpHeight,"9%.2f ", grid[i + j*noColums]);

fprintf(fpHeight,"\n");

}
fcl ose(f pHei ght);
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for(i=1; i<noRows-1; i++)
for(j=1;, j<noColumms-1; j++)
if((grid[i+]*noColums] > (10.0-TQL)) &&

(grid[i+]*noCol ums] < (10.0+TQL)))
grid[i+j*noColums] = (grid[(i-1)+ *noCol ums]
+ grid[i+(j-1)*noColums] +

grid[(i+1)+j *noCol ums] +
grid[i+(j+1)*noCol umms])/ 4;

if ((fpHeight2 = fopen("zcutMdified.txt","w')) == NULL) {
printf("error opening 'zcutMdified.txt' file\n") ;

exit(1)
}
for(i=0 ; i < noRows ; i++){
for(j=0 ; j < noColums ; |++)
fprintf(fpHeight2,"9%%.2f ", grid[i + j*noColumms]);
fprintf(fpHeight2,"\n");
}
fcl ose(f pHei ght 2);
/*
if ((fpReal Hei ght = fopen("real Hei ght Check.txt","w')) == NULL){
printf("Can't open 'real Hei ght Check.txt' file \n");
/* in case that there is no file exit */
| * exit(1);
for(i=0; i<SIZE ; i++){
for(j=0 ; j<SIZE ; | ++)
fprintf(fpReal Height,"9%%.2f ", field[i][j]);
fprintf(fpReal Hei ght,"\n");
}
fcl ose(f pReal Hei ght);
*/

while(d > DIM{
printf ("D stance between points for cost
calculations(snaller than %):",DIM;
scanf ("% f", &d);

if(d>DM
printf("\ndistance has to be smaller than % for
reasonable results\n\n",DIM;

}

printf("\nCalculations in progress. Please Wiit...\n");

m nCost = 99999999;

m nAngle = 0.0;

s=cl ock();

for (ang=0; ang<180. 0*D2R; ang+=del t aThet a* D2R)

{

fiel dSweep(ang, grid, d, points, Pts, di st_rows, m nTur nRad, &pl an,
&cost Sum REGULAR) ;
i f(cost Sunxm nCost){
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m nCost =cost Sum
m nAngl e=ang;
}

e=cl ock();
ti meSum=( (doubl e) (e-s))/1000. ;
printf("\nintinme = % 2If sec at % 2If deg at a cost = % 2If for

m ni mum pat h\ n",

ti meSum m nAngl e*R2D, m nCost);

/* printf("the minimumcost for a path is %f at %f degrees\n",

m nCost, m nAngl e*R2D); */

/* create the mninum path based on the above val ues */
printf("\nsearching for non-traversable regions...\n");
fiel dSweep(m nAngl e, grid,d, points, Pts, di st_rows, ni nTur nRad, &pl an,

&cost Sum M N);

/* path pts in lat/lon coordinates are kept in "outPoints.txt" */
/* path pts in local coordinates are kept in "world order.txt" */
fpPoints = fopen("outPoints.txt","w');

tnp = plan ;

while (tnp !'= NULL) {
fprintf(fpPoints,"o f Wf Bf\n",tnmp->lat , tnmp->lon) ;
tnp = tnp->next ;

}
fprintf(fpPoints,"*\n")
fcl ose(fpPoints) ;

/* free nenory fromthe field */
free(grid);

/* free nmenory from plan */
while (plan !'= NULL) {

tnp = plan ;
pl an = pl an- >next
free(tnp)
}
}
/* calculates the cost for a specified path based on pitch , roll, and

l ength of the path */
doubl e cost(double *field, double x, double y, double d, int value, int
*unknown)

{

doubl e pitch, roll, length;
doubl e costPitch, costRoll, costlLength, total Cost;

pAndR(field, x, y, &itch, &oll, & ength);

/* calculate pitch cost */
i f(fabs(pitch) <= CRITI CAL_SLOPE)
costPitch = fabs(pitch) / CRITI CAL_SLOPE;
el se if(fabs(pitch) > CRITI CAL_SLOPE){
costPitch = 9999;
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if(value == 0){
*unknown = BAD;
}

}

/* calculate roll cost */
i f(fabs(roll) <= CRITI CAL_SLOPE)

costRoll = fabs(roll) / CRITICAL_SLOPE;
el se if(fabs(roll) > CRITICAL_SLOPE){
costRol | = 9999;

i f(value == 0){
*unknown = BAD;
}

}

/* calculate I ength cost */
cost Lengt h=d/ (cos(pitch))/D M

t ot al Cost =cost Pi t ch+cost Rol | +cost Lengt h;

return(total Cost);
}

/* calculate the height at a specified point in a nesh generated
bet ween four points */
/* s and t are the LOCAL coordinate system */
doubl e hei ght Mesh(double *field, int i, int j, double x, double y)
{

double C1, C2, C3, C4, specifiedHeight;

double s, t ;

S
t

X - (double)i*DIM;
y - (double)j*DIM;

/* t

organi zation in 2D for four points
the desired point has the coordinates at(s,t)
*/

/* hei ght =C1+C2*s+C3*t +C4*s*t */
ClL = field[i + j*noColums];
/* height at i */

C2 = (field[(i+1) + j*noColums]-field[i + j*noColums])/(2*DM;
/* height at j minus height at i */
C3 = (field[i + (j+1)*noColums]-field[i + j*noColums])/(2*DIM;

/* height at mmnus height at i */
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4 = (field[i + j*noColums]-field[(i+1) + j*noCol ums]+
field[ (i+1) + (j+1)*noColumms]-field[i + (j+1)*noCol umms])
(4*DIM DM ;

speci fi edHei ght =C1+C2*s+C3*t +CA*s*t ;

return(specifiedHei ght);

/* calculates the grid points surrounding any given point */
voi d corners(double x, double y, int *iWanted, int *jWnted)
{
double i, j;
for(i=0.0 ; i<noRows-1 ; i+=1.0) {
for(j=0.0 ; j<noColumms-1 ; j+=1.0) {
if( ((x+TAL)>=i*DIM && ((x-TOL)<(i +1)*DI'M &&
((y+TOL)>=j*DIM && ((y-TOL)<(j+1)*DIM ){
*iWanted=(int)i;
*iWanted=(int)j;
[* printf("iWanted=%l, jWanted=%l\n", *iWanted,
*iWanted); */

}

}

if (*ivanted < 0)
*IWanted = 0 ;

else if (*iwWanted > noRows- 1)
*i Wanted = noRows-1 ;

if (*jwanted < 0)
*Wanted = 0 ;

else if (*jwanted > noCol umms-1)
*jWanted = noCol ums-1 ;

}

/* calculates the pitch and roll for a given direction */
voi d pAndR(doubl e *fiel d, double x, double y, double *pitch, double
*roll, double *Iength)
{
double zDifX, zDifY;
int mn, dxm dxn, dym dyn;

corners(x,y, &m &n);

cor ner s(x+del taX, y, &ixm &dxn) ;

corners(x,y+deltay, &lym &dyn) ;

zDi f Y=(hei ght Mesh(fi el d, dym dyn, x, (y+del taY)) -
hei ght Mesh(field, mn, x,y));

zDi f X=(hei ght Mesh(fi el d, dxm dxn, (x+del taX),y)-
hei ght Mesh(field, mn, x,y));

*pitch=(atan2(zDi fY, deltaY))*R2D;

*rol |l =(atan2(zDi f X, del t aX)) * R2D;
}

/* wites the virtual obstacles to the "map_data.txt" file for analysis
*/
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voi d recordObs(double x[], double y[], int nunmberCbstacles, double
*field)
{ -

int i;

doubl e var = 2,coordl1X, coordlY, coord2X, coord2Y¥, coord3X,
coord3Y, coord4X, coord4y;

FILE *fpVirtual, *fpMatl ab;

if ((fpVirtual =fopen("nmap_data.txt","w'))==NULL){
printf("Can't open 'map_data.txt' file \n");
/* in case that there is no file exit */
exit(1);

}

if ((fpvatlab = fopen("pObs.txt","w'))==NULL){
printf("Can't open 'pCbs.txt' file \n");
/* in case that there is no file exit */
exit(1);

fprintf(fpVirtual,"# this file contains virtual obstacles based
on bad sl opes\n");

fprintf(fpVirtual," \n");

fprintf(fpVirtual,"m%\n", nunber Qbstacl es);

fprintf(fpVirtual," \n");

fprintf(fpVirtual," \n");

fprintf(fpVirtual,"b 4\n");

fprintf(fpVirtual," \n");

fprintf(fpVirtual," \n");

for(i=0; i<nunberbstacles; i++)
fprintf(fpVirtual,"n 0 0 1 2 3 0.200000 4 5 6 4
0. 000000\ n") ;

fprintf(fpVirtual," \n");
fprintf(fpVirtual,"Nn");
fprintf(fpVirtual," \n");
fprintf(fpVirtual,"#vertex data\n");
fprintf(fpVirtual," \n");
fprintf(fpVirtual,"s 0 0 0.0 -0.707\n");
fprintf(fpVirtual," \n");
fprintf(fpVirtual,"S\n");
fprintf(fpVirtual," \n");
fprintf(fpVirtual,"g 999 999\ n");
fprintf(fpVirtual," \n");
fprintf(fpVirtual,"Gn");
fprintf(fpVirtual," \n");

/* define a polygon around the point of interest

y
4r <o - o> *1

var |
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3* *2
*/
for(i=0; i<nunberQbstacles; i++){
coordlX = x[i] + var;
coordlY = y[i] + var;/* was y[i] */

coord2X = x[i] + var;/* was x[i] */ /* was coordinate 2 and

+ */

coord2Y = y[i] - var;

coord3X = x[i] - var;

coord3dY = y[i] - var;/* was y[i] */

coord4X = x[i] - var;/* was x[i] */

coord4Y = y[i] + var;
/* checkHei ght s(coord1X, coordlY, coord2X, coord2Y¥, coord3X,
coord3Y, coord4X, coord4y,

field);

*/

fprintf(fpVirtual,"p\n");
fprintf(fpVirtual,"%f %f\n", coordlX, coordlY);
fprintf(fpVirtual,"%f %f\n", coord2X, coord2y);
fprintf(fpVirtual,"%f %f\n", coord3X, coord3Y);
fprintf(fpVirtual,"%f %f\n", coord4dX, coord4y);
fprintf(fpVirtual," \n");

fprintf(fpMatlab,"%f % f\n", coordlX, coordlY);
fprintf(fpMatlab,"%f % f\n", coord2X, coord2y);
fprintf(fpMatlab,"%f % f\n", coord3X, coord3Y);
fprintf(fpMatlab,"%f %f\n", coord4X, coord4y);

}

fprintf(fpVirtual,"P\n");
fprintf(fpVirtual," \n");
fprintf(fpVirtual,"g\n");
fprintf(fpVirtual,"-1000 -1000\n");
fprintf(fpVirtual,"-1000 1000\ n");
fprintf(fpVirtual,"1000 1000\ n");
fprintf(fpVirtual,"1000 -1000\n");
fprintf(fpVirtual," \n");
fprintf(fpVirtual," \n");
fprintf(fpVirtual,"*\n");
fprintf(fpVirtual,"*");

printf("closing the file\n");
fcl ose(fpMatlab);
fclose(fpVirtual);

}

voi d checkHei ght s(doubl e c1x, double cly, double c2x, double c2y,
doubl e c3x, double c3y, double c4x, double
cdy,
doubl e *field)
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int mi, n2, 8, n¥, nl, n2, n3, n4;
doubl e thetal, theta2, theta3, theta4;
doubl e heightDif1l, heightDif2, heightD f3, heightD f4;

corners(clx, cly, &, &1l);
cor ners(c2x, c2y, &, &n2);
cor ner s(c3x, c3y, &8, &n3);
corners(c4x, cdy, &, &4) ;

hei ght Di f1 = hei ght Mesh(field, m, nl, clx, cly) -
hei ght Mesh(fi el d, n2, n2, c2x, c2y);

hei ght Di f 2 = hei ght Mesh(fi el d, n2, n2, c2x, c2y) -
hei ght Mesh(fi el d, nB, n3, c3x, c3y);

hei ght Di f3 = hei ght Mesh(fi el d, n8, n3, ¢c3x, c3y) -
hei ght Mesh(fi el d, n¥, n4, c4x, c4y);

hei ght Di f4 = hei ght Mesh(fi el d, ™, n4, c4x, c4y) -
hei ght Mesh(fi el d, nl, n1, c1x, cly);

thetal = atan2(heightDif1l, (cly - c2y))*R2D;
theta2 = atan2(heightDif2, (c2x - c¢3x))*R2D;
theta3 = atan2(heightDif3, (c3y - cdy))*R2D;
thetad = atan2(heightDif4, (c4x - clx))*R2D;

i f(fabs(thetal) > CRITI CAL_SLOPE)
printf("bad theta 1 %f\n", thetal);

i f(fabs(theta2) > CRITI CAL_SLOPE)
printf("bad theta 2 %f\n", theta2);

i f(fabs(theta3) > CRITI CAL_SLOPE)
printf("bad theta 3 %4f\n", theta3);

i f(fabs(thetad4) > CRI Tl CAL_SLOPE)
printf("bad theta 4 %f\n", thetad);
scanf ("%");

return(0);
}
voi d extractReal Data(i nt x)
{

char ch;

int real Points =0, i;

doubl e I atitude, |ongitude, altitude, garbage;

doubl e garbagel, garbage2, garbage3, garbage4, garbage5,
gar bage6, garbage7, garbages8;

doubl e garbage9, garbagelO, garbagell, garbagel2, garbagel3,
gar bagel4, garbagelb;

doubl e mi nX = 99999, nmaxX = -1, mnY = 99999, naxY = -1,

doubl e firstPointLat = 29.6462735, firstPointLon = -82.3536036,
north, east;

doubl e terrainNorth, terrainEast;

FILE *fpReal , *fpTerrain;

if ((fpReal = fopen("Vladmap.dat","r")) == NULL){
printf("Can't open 'Vl adnmap.dat' file \n");
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/* in case that there is no file exit */

exit(1);

}

if ((fpTerrain = fopen("terrain.txt","w')) == NULL){
printf("Can't open 'terrain.txt' file \n");
/* in case that there is no file exit */
exit(1);

}

whi |l e(ch=getc(fpReal) !="*"){

fscanf (fpReal ,"%f,%f,%f,%nf, %Bf, %f, %Bf, Bf, %f,
wf, %f, Bf, %Bf, %f, Bf, %Bf, WBf, %Uf, %f\n",
&gar bage, &l atitude, & ongitude, &altitude,
&gar bagel, &garbage2, &garbage3, &garbage4,
&gar bageb5, &garbage6, &garbage7, &garbages,
&gar bage9, &garbagelO, &garbagell, &garbagel2,
&gar bagel3, &garbageld, &garbagelb);

/* find m nimmand nmaxi mumfor x and y */

/* if(latitude > maxX)
maxX = | atitude;
if(latitude < m nX)
m nX = | atitude;
i f(longitude > nmaxy)
maxY = | ongi t ude;
i f(longitude < mnY)
m nY = | ongi t ude;
*/

/* convert to a | ocal NED coord system */
terrainNorth = 0.0;
terrai neast = 0.0;

north = (latitude - firstPointlLat) * D2R * EARTH RADI US ;
east = (longitude - firstPointLon) * D2R * EARTH RADI US *
cos(firstPointLat*D2R) ;

i f(north > maxX)
maxX = nort h;
if(north < mnX)
m nX = north;
i f(east > maxy)
maxY = east;
i f(east < mnyY)
m nY = east;

fprintf(fpTerrain,"%Wf %f %f\n", north, east, altitude);
r eal Poi nt s++;

}

fprintf(fpTerrain,"*\'n");
fcl ose(fpReal);

fcl ose(fpTerrain);

printf("mnX =9%f, maxX = %f, mnY = %f, maxyY = B f\n", nminX
maxX, mnY, maxy);



return(0);
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/* obstacl es. cpp
VI ad Hurezeanu

This programcreates the path for an autononous vehicle in a 3D
envi r onnment

for the purpose of surveying the respective terrain.

The coordi nates of the corners of the terrain are introduced in any
or der.

The terrain can have any shape.
FHEEETEEEE bbb bbb bbb rrrirr
[HTETTEETTTx]

#i ncl ude "incl udes. h"
#i nclude "fi el dSweeplLi b. h"
#i ncl ude "uf Mat hLi b. h"

#i f ndef EARTH_RADI US
#defi ne EARTH RADI US 6.378137e6

#endi f

#i f ndef M PI

#define M Pl 3.14159265359
#endi f

#define INFINITY le6
#defi ne TOL le-3
#def i ne TRUE 1

#def i ne FALSE 0

#def i ne | NCREASI NG 1

#def i ne DECREASI NG -1
#def i ne DBS 1.0
#defi ne D2R (M_PI1/180)
#defi ne R2D (180/ M _PI)
#defi ne SIZE 32
#define DIM 5

#defi ne POLYGON_DEFI NED_CORRECTLY O
#defi ne POLYGON_DEFI NED_CCW 1
#define POLYGON_| NTERSECTS | TSELF 2

#defi ne NORTH O
#define EAST 1
#defi ne LAT 0
#defi ne LON 1

/* define grid size */

/ [ #defi ne noCol ums 44
/| #defi ne noRows 69
#defi ne noCol ums 32

#def i ne noRows 32

struct _wayPoints {
doubl e x ;
double vy ;
int rowNunber ;
int |lineSegnent ;
struct _wayPoi nts *next
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struct _wayPoints *prev ;

b
struct |ine

doubl e m
doubl e b;

b
struct |ine_segnment

doubl e x1;
doubl e y1;
doubl e x2
doubl e y2
}s

/* geoBoundryPts was not changed with boundryPts */
doubl e fiel dSweep(doubl e sweepAngl e, double *field, double d, int
nunpoi nt s,
doubl e geoBoundryPts[][2],fl oat rowDist,float
m nTur nRad,
struct _geoPoint **plan, double *costSum int

val ue)
{

/* variabl e decl arations */

int i, k, current_pos, numrows, numRowsCOrig, numAayPoints,
*sl ope, count;

i nt want edRowNunber, want edLi neSegnent ;

doubl e *dist,theta,x,y,*field coord x,*field coord_y;

doubl e virtual Obstacl eX[ 500], virtual Obstacl eY[500];

double a, b ,longest _dist=0,startl x,startl y,start2 x,start2_y;

i nt secondCount=0, odd = FALSE

char done;

struct line | ;

struct |ine_segment *Is;

doubl e *boundryPts[ 2] ;

struct _wayPoi nts *wayPoi nt s=NULL, *t np;

struct _wayPoi nts *orderedWayPoi nt s=NULL, *tnpl, *t npEnd

struct _wayPoints *cur, *next ;

struct _geoPoint *tnmpGeo ;

FILE *fp, *fp2, *fpm *fp5, *fp6;

FILE *fpM nPts, *fpnlocal

doubl e I ength, xNext, yNext, firstRow,
int m n, current;
doubl e cd, tnpAng, tnmpCost, z, h;

/* function prototypes */

int intersectionPoints(struct |ine,struct |ine_segnment, doubl e
* double *);

i nt get Next WayPoi nt (struct _wayPoints **wayPoints, int row, int
direction,

struct _wayPoi nts **next WayPoi nt);

i nt getConcavePoi nts(struct _wayPoints **wayPoi nts, int, double

[], double [], int);
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i nt pol ygonErr or Checki ng(doubl e xpol y[], double ypoly[], int
numvertices)

i nt avoi dObst acl es(struct _wayPoi nts **orderedWayPoi nts, double
[1, double [],

float, int, int, double, int);

i nt snoot hWayPoi nts(float, int, struct
_wayPoi nt s**or der edWayPoi nt s) ;

doubl e cost(double *field, double x, double y, double d, int
val ue, int *unknown);

doubl e hei ght Mesh(doubl e *field, int i, int j, double s, double
t);

voi d corners(double x, double y, int *iWanted, int *jWnted);
voi d records(double x[], double y[], int nunmber Cbstacles);

if (nunmpoints < 3) {
printf("requires 3 or nore boundry points\r\n") ;
return(-1)

}

/* allocate nmenory for variables */
if ((field coord x = (double *)(nall oc(sizeof (double) *
(numpoi nts+1))))
== NULL){
printf("error allocating nenory!!!\n");
return(-1);

}

if ((field_coord_y = (double *)(nmall oc(sizeof (double) *
(nunpoi nts+1))))
== NULL){
free(field coord x);
printf("error allocating nmenory!!!\n");
return(-1);

}
if ((dist = (double *)(nmalloc(sizeof(double) * (nunpoints+1))))
== NULL){
free(field_coord_x);
free(field coord. y);
printf("error allocating menory!!!\n");
return(-1);
}

if ((I's = (struct line_segment *)(malloc(sizeof (struct

line_segnment) * (nunpoints+1))))

== NULL){

free(field_coord_x);

free(field_coord_y);

free(dist);

printf("error allocating menory!!!\n");

return(-1);

}

if ((boundryPts[0] = (double *)(nall oc(sizeof (double) *

(nunpoints))))
== NULL) {
free(field_coord_x);
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free(field coord. y);

free(dist);

free(ls);

printf("error allocating menory!!!\n");
return(-1);

}

if ((boundryPts[1] = (double *)(nmall oc(sizeof (double) *

(nunpoints))))

== NULL){

free(field coord x);

free(field_coord_y);

free(dist);

free(ls);

free(boundryPts[0]);

printf("error allocating nenory!!!\n");

return(-1);

/* delete current plan if it exists */
while ((*plan) !'= NULL) {
tnpGeo = (*plan)
*plan = tmpGeo- >next
free(tnpGeo) ;
}

/* convert to a local NED coord system */
boundryPt s NORTH] [ 0] = 0. O0;
boundryPt s[ EAST][0] = 0.0;
for (i=1; i<nunpoints; i++)
boundryPt s NORTH| [i] = (geoBoundryPts[i][LAT] -
geoBoundr yPt s[ O] [ LAT] ) *
D2R * EARTH_RADI US ;
boundryPts[ EAST][i] = (geoBoundryPts[i][LON] -
geoBoundryPt s[O][ LON] ) *
D2R * EARTH RADI US * cos(geoBoundryPts[ 0] [ LAT] *D2R) ;
}

/* cal cul ate di stance of each boundry Iine segment */
for (i =0;i <(nunmpoi nts-1); ++i)

{
dist[i]=sqgrt(pow (boundryPts[ NORTH|[i +1] -
boundryPt sS{NORTH] [i]), 2)
+pow( (boundryPt s[ EAST] [i +1] - boundryPt s[ EAST] [i]), 2));
}

di st[ (nunpoi nts-1)]=sqrt(pow (boundryPts[ NORTH| [ O] -
boundryPt s[ NORTH| [ (nunpoi nts-1)]), 2)
+pow( (boundr yPt s[ EAST] [ 0] - boundr yPt s[ EAST] [ ( nunpoi nt s-
1), 2);

/* find | ongest boundry |ine segnent */
| ongest _di st=dist[0];
current _pos = 0 ;
for(i=1;i<nunpoints; ++i)
{

if (dist[i]>]ongest_dist)

| ongest _dist=dist[i];
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current _pos=i

}
start1l x=boundryPt s[ NORTH| [ current pos];
start1l _y=boundryPts[ EAST] [ current _pos];

i f(current_pos==(nunpoi nts-1))

{
start2_x=boundryPts[ NORTH| [ 0] ;
start2_y=boundryPt s[ EAST] [ 0] ;
}
el se
{
start2 x=boundryPts[ NORTH| [ current pos+1];
start2_y=boundryPt s[ EAST] [ current _pos+1];
}

/* convert to local XYZ coord system */

/* theta=atan2((start2_y-startl y),(start2 x-startl x)); */
theta = sweepAngl e;

for(i=0;i<nunpoints; ++i)

if ((i+current_pos) < nunpoints) {

field coord x[i]=(boundryPts[ NORTH][i +current _pos])*(cos(theta))
+(boundryPt s[ EAST] [ i +current _pos]) *(si n(theta))
- (boundryPt s NORTH] [ current _pos] *cos(t het a)
+boundr yPt s[ EAST] [ current _pos] *sin(theta));

field coord y[i]=-
(boundryPt s| NORTH] [i +current _pos])*(sin(theta))

+(boundryPt s[ EAST] [ i +current _pos]) *(cos(theta))
- (- boundryPt s NORTH] [ current _pos] *si n(t het a)
+boundr yPt s[ EAST] [ current _pos] *cos(theta));

el se /* ((i+current_pos)>=nunpoi nts) */ {
field_coord_x[i]=(boundryPts[ NORTH][i +current_pos-
(nunpoints)])*(cos(theta))
+(boundryPt s[ EAST] [ i +current _pos-
(nunmpoints)])*(sin(theta))
- (boundryPt s NORTH] [ current _pos] *cos(t heta)
+boundr yPt s[ EAST] [ current _pos] *sin(theta));
field_coord_y[i]=-(boundryPts[ NORTH|[i +current_pos-
(nunmpoints)])*(sin(theta))
+(boundryPt s[ EAST] [ i +current _pos-
(nunpoints)])*(cos(theta))
- (- boundryPt s NORTH] [ current _pos] *si n(t het a)
+boundr yPt s[ EAST] [ current _pos] *cos(theta));
}
}
field coord x[nunpoints]=field coord x[O0];
field_coord_y[nunpoints]=field_coord_y[O0];

/* make sure boundry is define clockw se */
i f ((pol ygonErrorChecking(field coord x,field coord_y, nunpoints))

POLYGON_| NTERSECTS_| TSELF) {
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free(field coord x) ;
free(field_coord_y)

free(dist)

free(ls) ;

free(boundryPts[0]) ;
free(boundryPts[1]) ;

printf("Error in boundry points!!!\r\n")
return(-1)

}

for (i=0;i<nunpoints;i++)

{
[s[i].x1=field_coord x[i];
Is[i].yl=field coord y[i];
Is[i].x2=field _coord x[i+1];
Is[i].y2=field _coord y[i+1];

}

/* go down the y-axis until no nore intersection points */

done=FALSE ;

firstRow = 0.0 ;

whi | e(! done) {
done=TRUE;
firstRow -= rowDi st ;
for(i=0;i<nunpoints;i++) {

I . me0;
| . b=firstRow ;
if((intersectionPoints(l,Is[i], &, &))==TRUE)
done=FALSE;
}
}
first Row += rowDi st
/* find all intersection points that will nmake up the path */
numrows = 0 ;
done=FALSE;
whi | e(! done)
{
done=TRUE;
for(i=0;i<nunpoints;i++)
{
m=0;

l.
| . b=first Row+r owDi st *num rows;
if((intersectionPoints(l,Is[i], &, &))==TRUE)
{
done=FALSE;
i f (wayPoints == NULL) {
wayPoi nts = (struct
_wayPoi nts*) nal | oc(si zeof (struct _wayPoints)) ;
if (wayPoints == NULL){
free(field coord x);
free(field_coord_y);
free(dist);
free(ls);
free(boundryPts[0]);
free(boundryPts[1]);
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printf("error allocating
menory!!!t\n");

return(-1);
}
wayPoi nts->x = x ;
wayPoi nts->y = vy ;
wayPoi nt s- >r owmNunber = numrows+1l ;
wayPoi nt s- >l i neSegnent = i
wayPoi nt s- >next = NULL ;

}

el se {
tnp = wayPoints ;
whil e (tnp->next !'= NULL)
tnp = tnp->next ;
t np- >next = (struct
_wayPoi nts*) nal | oc(si zeof (struct _wayPoints)) ;
i f(tmp->next == NULL){
free(field_coord_x);
free(field coord. y);
free(dist);
free(ls);
free(boundryPts[0]);
free(boundryPts[1]);
whi | e(wayPoi nts = NULL){
tnp = wayPoi nts;
wayPoi nt s = wayPoi nt s- >next ;
free(tnmp);
}
printf("error allocating
menmory!!!\n");
return(-1);
}
tnp = tnp->next ;
tnp->x = x ;
tmp->y =y ;
t np- >rowNurrber = numrows+1l ;
t np- >l i neSegnment =i ;
t mp->next = NULL ;

}

}
i f (done == FALSE)
num r ows++ ;

}

nunRowsOr i g=num r ows;

/* check if odd nunmber of rows */

if (numrows % 2) {
/* make nunber of rows even */
numrows += 1 ;

/* establish the value of 'odd' to be used in the obstacle
avoi dance */
odd = TRUE;

/* find end of way point list */
t npEnd = wayPoi nts ;
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whi l e (tnpEnd->next != NULL) {
i f (tnpEnd->rowNunmber >= num.rows/2)
t npEnd- >r owNunber +=1 ;
t npEnd = t mpEnd- >next ;
}
/* check last point */
i f (tnpEnd->rowNunmber >= num.rows/2)
t npEnd- >r owNunber +=1 ;

/* add center row tw ce */
tnp = wayPoints ;
while(tnmp !'= NULL) {
i f (tnp->rowNumber == numrows/2+1) {
t npEnd- >next = (struct _wayPoints
*)mal | oc(si zeof (struct _wayPoints)) ;

i f(tnmpEnd == NULL) {
free(field_coord_x);
free(field_coord_y);
free(dist);
free(ls);
free(boundryPts[0]);
free(boundryPts[1]);
whi | e(wayPoi nts !'= NULL){

tnp = wayPoi nts;
wayPoi nt s = wayPoi nt s- >next ;
free(tm);

printf("error allocating nmenory!!!\n");
return(-1);
}
t npEnd = t mpEnd- >next ;
t npEnd->x = tnp->x ;
t npEnd->y = tnp->y ;
t npEnd- >r owNunber = numrows/2 ;
t npEnd- >l i neSegnent = tnp->lineSegnent ;
t npEnd- >next = NULL ;
}
tnmp = tnp->next

}

/* put points in order */
or der edWayPoi nts = NULL ;

K = numrows / 2 ;

for (i=0; i<k; i++) {
whi | e (get Next WayPoi nt (&wayPoi nts, i +1, | NCREASI NG &t nmpl) ==
0) {
i f (orderedWayPoints == NULL) {
order edWayPoi nts = tnpl ;
tnp = orderedWayPoints ;

el se {
t mp->next = tnpl ;
tnp = tnp->next ;
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}

whi | e (get Next WayPoi nt (&wayPoi nts, k+i +1, DECREASI NG
& mpl) == 0) {
if (orderedWayPoints == NULL) {
order edWayPoi nts = tnpl ;
tnp = orderedWayPoi nts

el se {
t mp->next = tnpl ;
tnp = tnp->next ;

}
}
tnp->next = NULL ; /* end of list */

/* if coordinate systemis rotated boundary points are added */
cur =or der edWayPoi nt s- >next ;
while((cur = NULL) && (cur->next != NULL)){
next = cur->next;
i f((cur->rowNunber == next->r owmNunber)
&& (next->next !'= NULL)){
cur = next;
next = next->next;
}
want edLi neSegnent = cur->li neSegnent;
want edRowNunber = cur - >r owNunber ;
i f(cur->lineSegnent != next->lineSegnent){
cur->next = (struct _wayPoints*)mall oc(sizeof (struct
_wayPoints)) ;
cur =cur - >next ;
cur - >next =next ;
cur->x = | s[want edLi neSegnent]. x1
cur->y = | s[want edLi neSegnent].yl ;
cur - >r owmNunber = want edRowNunber ;
cur->l i neSegnent = want edLi neSegnent ;

}

cur =next - >next ;

}

/* outputs field in the local coordinate system */
fp5 = fopen("world_order5.txt","w');
tnp = orderedWayPoi nts
numAay Poi nt s=0;
while (tnp !'= NULL)
fprintf(fp5 "o Wf %f %\n",tnp->x, tnp->y, tnp-
>r owNunber) ;
tnmp = tnp->next ;

}
fprintf(fp5,"*\n") ;
fcl ose(fpb);

/* check for concave field and insert boundry pts if needed */

/*
get ConcavePoi nt s( &or der edWayPoi nts, num rows, fiel d coord x,field coord y
, nunpoi nts) ; */
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/* check the inmages */

fpmLocal = fopen("pLocal ., "w");

tnp = orderedWayPoi nts

fprintf(fpmlocal ,"A=[");

while (1) {
fprintf(fprmiocal ,"%f,",tnp->x) ;
i f(tnp->next == NULL)
br eak;

tnp = tnp->next ;

}

fprintf(fpmocal,"]\n");

tnp = orderedWayPoi nt s
fprintf(fpniocal,"B=[");
while (tnp !'= NULL) {

fprintf(fprmiocal ,"%f,",tnp->y) ;
tnp = tnp->next ;

}

fprintf(fpmlocal,"]\n");

fprintf(fpniLocal,"plot(A B)")

fcl ose(fpniocal);

/* convert back to NED coord sys */
tnp = orderedWayPoi nts
numMayPoints = 0 ;
while (tnp !'= NULL){
numAayPoi nt s+=1 ;
a=t np- >x*cos(t heta)-tnp-
>y*si n(theta)+boundryPt s[ NORTH] [ current pos];
b=t np- >x*si n(t het a) +t np-
>y*cos(t heta) +boundryPt s[ EAST] [ current _pos];
t np- >X a,;
t np- >y b;
tnp = tnp->next;

}

/* displays an array of information about the 3D field */
fpMnPts = fopen("allPoints.txt","w');

/* find the cost for the path */
cur = orderedWayPoints ;
*costSum = 0.0
h = 0.0;
count = O;
whi l e((cur = NULL) &(cur->next !'= NULL)){
| engt h=sqrt (pow( cur->next->x - cur->x, 2)+powcur->next->y
- cur->y, 2));
i f(d>=length){
/* in case d is bigger than the length between 2
poi nts */
cost(field, cur->x, cur->y, d, value, &slope);
}
el se {
for(cd=0.0 ; cd<length ; cd+=d){
t npAng = atan2(cur->next->y - cur->y, cur-
>next->Xx - cur->x) ;
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/* tnpAng = atan2(cur->next->x - cur->X,
cur->next->y - cur->y) ; */
X = cur->x + cd*cos(tnpAng)
y = cur->y + cd*sin(tnpAng) ;
xNext = 0.0 ; /* not used */
yNext = 0.0 ; /* not used */
i f (value ==0)
sl ope = 1;
tnpCost = cost(field, x, y, d, value,
&sl ope);
*cost Sum += t npCost ;
if (value == 0){
if (slope == 0){
/* record the bad sl opes when
the path is mninum?*/

vi rtual Cbstacl exX[ count] = x;
virtual Cbstacl eY[count] = vy;
printf("x=%f, y=%f\n",
X, ¥);
count ++;
}
/* find the corners of the cell in order

to find height 'z' */
corners(x,y, &m &n);
z = height Mesh(field, mn, x,y);

[*if(h<z){
h=z;
XNext = x;
yNext = y;
Pl

fprintf(fpMnPts,"%f %Bf % % Bf %Bf
wf\n", x, y, m n, z, tmpCost, *costSum;
/* printf("current cost = %f, total cost
= 9% f\n",tnpCost, *cost Sun); */
[* printf("x = %f, vy =9%f, ang =
wf\n", x, y, tnmpAng*RTD); */
}

}

cur = cur->next;
}
fcl ose(fpM nPts);

/* elimnate the sane obstacles */
i f(value == 0){
current = 0;
whil e(current <= count){
for(i=0; i<(current); i++){
if(((virtual GbstacleX current]+TCOL) >=
virtual CostacleX[i]) &
((virtual ObstacleX[current]-TOL) <=
virtual CostacleX[i]) &
((virtual CbstacleY[current] +TOL) >=
virtual CostacleY[i]) &&
((virtual OCbstacleY[current]-TOL) <=
virtual CbstacleY[i])){
secondCount ++;
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}
}
current ++;
}
}
printf("original is %, and repeated is %\ n", count, secondCount);

/* substract the repeated obstacles formthe total nunmber */
count = count - secondCount;

/* wite to the file "map_data.txt" the obstacles */
if (value == 0)
recordCbs(virtual Gbstacl eX, virtual QostacleY, count,
field);

/* convert back to XYZ coord sys */
tnp = orderedWayPoi nts
while (tnp !'= NULL){
a=t np- >x*cos(t het a) +t np- >y*si n(t het a) -
boundr yPt s| NORTH] [ current _pos] *cos(theta) +
boundryPt s[ EAST] [ current _pos] *si n(theta);
b=-t np- >x*si n(t het a) +t np-
>y*cos(t heta) +boundryPt s NORTH] [ current _pos] *si n(theta) -
boundryPt s[ EAST] [ current _pos] *cos(theta);
t mp- >x a;
t np- >y b;
tnp = tnp->next;

}

/* check for obstacles when the best path is found */
if (value == 0){
if (count !'= 0){
printf("checking for obstacles\n");
avoi dbst acl es( &or der edWayPoi nts, fi el d_coord_x,
field coord_y, rowDi st,
nunpoi nts, numRowsOri g, sweepAngl e,
odd) ;

printf("\n................ N There are no
obst acl es I \n\n");

}

/* displays the field map in local coordinate systemincluding
obstacl es */

fp6 = fopen("world _order6.txt","w');
tnp = orderedWayPoi nts
while (tnp !'= NULL) {
fprintf(fp6,"%wf %f %l\n",tnp->x, tnmp->y, tnp-
>r owNunber) ;

tnmp = tnp->next ;
}
fcl ose(fpb);

/* convert back to NED coord sys */
tnp = orderedWayPoi nts
numAay Poi nt s=0;

while (tnp !'= NULL){
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numAayPoi nt s+=1;
a=t np- >x*cos(t heta)-tnp-

>y*sin(theta)+boundryPt s NORTH] [ current _pos];
b=t np- >x*si n(t het a) +t np-

>y*cos(t heta) +boundryPt s[ EAST] [ current _pos];
tnmp->x = a;
tnp->y = b;
tnmp = tnp->next;

}

/* accounts for the turning radius of the vehicle */

if (value == 0){
printf("the nunber of way points is %\ n", numMayPoints);
snoot hWayPoi nt s(m nTur nRad, numMayPoi nt s, &or der edWayPoi nt s) ;

}

/* displays information about the path to be used for Opend
program */
fp = fopen("world order.txt","w');
tnp = orderedWayPoints ;
numAay Poi nt s=0;
while (tnp !'= NULL) {
numAayPoi nt s+=1;
corner s(tnp->x,tnp->y, &m &n);
z = hei ght Mesh(field, mn,tnp->x,tnp->y);
[lfprintf(fp,"o Wf %Uf %\ n",tnp->x, tnp->y, tnp-
>r owNunber)
fprintf(fp,"o Bf %Bf %f\n",tnp->x, tnp->y, 2)
tnp = tnp->next ;

}
fprintf(fp,"*\n") ;
fclose(fp);

/* displays the sane as above but to be used with Matlab */
fp2 = fopen("world_order2.txt","w');
tnp = orderedWayPoints ;
numAay Poi nt s=0;
while (tnp !'= NULL) {
corner s(tnp->x,tnp->y, &m &n);
z = hei ght Mesh(field, mn,tnp->x,tnp->y);
[* fprintf(fp,"o0o %Uf Bf %\ n",tnp->x, tnp->y, tnp-
>r owNunber) ; */
fprintf(fp2,"%f WBf Bf\n", tnp->x, tnmp->y, 2z)
tnp = tnp->next ;

}
fclose(fp2);

fpm = fopen("points. m',"w');
tnp order edWayPoi nts ;
fprintf(fpm"A=[");
while (tnp !'= NULL) {
fprintf(fpm"%f,",tnmp->x)
tnp = tnp->next ;

}
fprintf(fpm"]\n");

tnp = orderedWayPoints ;
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fprintf(fpm"B=[");
while (tnp !'= NULL) {

fprintf(fpm"%f,", tnp->y)
tnmp = tnp->next ;

}

fprintf(fpm"]J\n");

fprintf(fpm"plot(A B)")

fclose(fpm;

/* convert back to geodetic coord system*/
whi | e(order edWayPoi nts ! = NULL) {
tnp = orderedWayPoi nts
if ((*plan) == NULL) {
(*plan) = (struct _geoPoint *)(mall oc(sizeof (struct
_geoPoint))) ;

}

el se {
t npGeo- >next = (struct _geoPoi nt
*)(mal | oc(si zeof (struct _geoPoint)))
tmpGeo = tmpGeo- >next ;
}

t npGeo- >l at = geoBoundryPt s[ 0] [ LAT] + (orderedWayPoi nt s->x
/ EARTH_RADI US) * R2D ;
t mpGeo- >l on = geoBoundryPts[ O] [ LON] +
(orderedWayPoi nts->y / (EARTH RADI US *
cos(geoBoundryPt s[ O] [ LAT]*D2R))) * R2D ;
t mpGeo- >next = NULL ;

tmpGeo = (*plan) ;

or der edWayPoi nt s = or der edWayPoi nt s- >next ;
free(tnmp) ;
}

/* free nenory */
free(field coord x) ;
free(field coord. y) ;
free(dist)

free(ls) ;
free(boundryPts[0]) ;
free(boundryPts[1]) ;

return(0);

}

/* determnes if an intersection exists for a line given the slope, m
and the y intercept,b, where:
y =nm +b
or,
X =b, m=INFINTY
and a |ine segnent given two points:
(x1,y1l) and (x2,y2)
return the intersection, (x,y), if it exists */

int intersectionPoints(struct line |, struct |ine_segnent |Is, double
*x, double *y)

{
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doubl e mi, b1, n2, b2;
double x_mn, x_max, y_mn, y_mex;

m=l.m [/* always zero */
bl=l. b;

/* x = constant */
if (fabs(ls.x1-1s.x2) < TQL)

*x=ls. x1;
*y=nl*| s. x1+b1;
}
/* y = constant */
else if (fabs(ls.yl-1s.y2) < TQL)

return(0);
/*y =mx + b */

el se

{
n2=(ls.y2-1s.yl)/(ls.x2-1s.x1);
b2=-m2*| s. x1+l s.y1;
*x=(bl-b2)/ (m);
*y=(nm2*bl- ml*b2)/ (n);

}

/* determne if on line segnent */
if (Is.x1 < 1s.x2)

Xx_mn = 1|s.x1;

X_max = |s.x2;
el se

Xx_mn = 1|s.x2;

Xx_max = |s.x1;

}
if (Is.yl <1s.y2)

{
y mn =1Is.yl;
y _max = Is.y2;
}
el se
{
y mn=1s.y2;
y max = Is.yl;
}

if ((*x >=x_mMn-TO) && (*y >= y mn-TOL) && (*x <= x_max+TOL)
&& (*y <=y max+TQL))
return(l);
el se
return(0);

}

i nt get Next WayPoi nt(struct _wayPoints **wayPoints, int row, int
direction,
struct _wayPoi nts **nextWayPoi nt)
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struct _wayPoints *prev, *cur, *next ;
doubl e xVal ue ;
int nunPts ;

cur = *wayPoints ;

/* check if there are any points in list */
if (cur == NULL) {

/* no way points */

return(-1) ;

}

/* determ ne how many points have the */
/* correct row and the mn/nmax x val ue */
nunPts = 0 ;
while (cur !'= NULL) {
i f (cur->rowNunber == row) {
if (nunmPts == 0)
xVal ue = cur->x ;
el se {
if (direction == I NCREASI NG {
/[* want to find m ninum */
if (cur->x < xVal ue)
xVal ue = cur->x ;

}
el se /* direction == DECREASI NG */ {
/* want to find maxi num */
if (cur->x > xVal ue)
xVal ue = cur->x ;
}
}

nunPt s++ ;

}

cur = cur->next ;

}

if (numPts == 0) {
/* no points in list with correct row nunber */
return(-1) ;

}

else /* nunPts !'= 0 */ {
/* find element in list with correct */

/* row nunmber and xVal ue */
prev = NULL ;

cur = *wayPoints ;

next = cur->next ;

while (cur !'= NULL) {

if ((cur->rowNunber == row) && (cur->x == xVal ue))
break ;
el se {
prev = cur ;
cur = next ;
next = cur->next ;
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}
if (cur == NULL) {
/* error: could not find elenment */
return(-1) ;
}
el se {
*next WayPoi nt = cur ;
/* take point out of list */
if (prev !=NULL) /* in the mddle or at the end of the list */
prev->next = next ;
el se
*wayPoints = next ; /* at the beginning of the list */
return(0) ;
}

}
}

i nt get ConcavePoi nts(struct _wayPoints **orderedWayPoi nts,int numrows,
doubl e x[],

{

struct _wayPoints *cur, *next ;
int start, end

doubl e y[], int nunBoundryPts)

/* check if there are any points in list */
if (cur == NULL) {
/* no way points */
return(-1) ;
}
/* start at second point in list */
cur = (*orderedWayPoi nts) - >next;
while((cur = NULL) && (cur->next !'= NULL)) {
next = cur->next;
i f(cur->lineSegnent!=next->lineSegment){
i f(1 /*cur->rowNunber>numrows/2*/){ /* | NCREASI NG */
start =cur->lineSegnent +1 ; /* boundry pt to
start inserting */
end = next->lineSegnent+1 ; /* boundry pt to
end inserting */
if (start >= nunBoundryPts)

start =0 ;
if (end >= nunBoundryPts)
end = 0 ;

while(start !'= end) {
cur->next = (struct _wayPoints
*)mal | oc(si zeof (struct _wayPoints)) ;
cur = cur->next ;
cur->x = x[start] ;

cur->y = y[start] ;

cur - >rowmNunber = next->rowNunber ;
cur->lineSegnment = -1 ;

start ++;

if (start >= nunmBoundryPts)
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start = 0 ;
}
}
el se{
start=cur->lineSegnent ; /* boundry pt to
start inserting */
end = next->lineSegmrent ; /* boundry pt to end

i nserting */
while(start !'= end) {

cur->next = (struct _wayPoints
*)mal | oc(si zeof (struct _wayPoints)) ;

cur = cur->next ;

cur->x = x[start] ;

cur->y = y[start] ;

cur - >r owmNunber = next->rowNunber ;

cur->lineSegnment = -1 ;

start--;

if (start <= 0)

start = nunBoundryPts - 1;

}
}
cur->next = next ;
}
cur = next->next;
}
return(0);

i nt avoi dObst acl es(struct _wayPoi nts **orderedWayPoi nts, double x[],
double y[], float rowDi st,

i nt numBoundryPts, int nunmRows, double
theta, int oddEven)

{

struct _wayPoints *cur, *next, *prev, *startRow, *endRow,
*next St art Row;

int lineNunber, segnentNumber, intNunber, start, end , tinme;

struct line | ;

struct line_segnment |s[100], |sOrig[100];

double a, b;// a for x, b for y for intersection points

doubl e firstRow, secondRow, m ddl eRow, tenpl=0, tenmpD=0, m d2;
doubl e obsX[ 100], obsY[100];

int tenplseg=0, tenpDseg=0, nid;

int obstacle_int _Is[100], obstacleRow 100];

struct map_struct *map = O;
struct start_pose_struct * start_vertex = 0;
struct goal pose_struct *goal vertex = 0;
struct vehicle_struct *vehicle = 0;
struct path_struct *path = 0;

struct obst struct *root = NULL;

struct obst _struct *obs;

struct vertex_struct *vertex;

int i, j, nunbs, val ue;

FI LE *fpMat | ab;
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struct obst _struct *bdry_obs = 0;

int leftorRight(int, int, int, double [], double [], int [],
struct line_segnent [],
doubl e[ ], doubl e[]);

/* variables to be used for the expansion and self-intersecting
al gorithms */

map= create_nmap();

start_vertex= (struct start_pose_struct *)mall oc(sizeof (struct
start_pose _struct));

start_vertex->next= (struct start_pose_struct
*)mal | oc(sizeof (struct start_pose_struct));

goal vertex= (struct goal pose_struct *)malloc(sizeof (struct
goal pose_struct));

goal vertex->next= (struct goal pose_struct
*)mal | oc(si zeof (struct goal pose_struct));

vehi cl e=(struct vehicle_struct *)mall oc(sizeof (struct
vehicle_struct));

path = (struct path_struct *)calloc(l, sizeof(struct
pat h_struct));

bdry_obs = (struct obst_struct *)malloc(sizeof(struct
obst _struct));

printf("reading map...\n");
/* reads map data froma data file into the structures in
structs.h */
read_map_data(map, start_vertex, goal vertex) ;

printf("reading vehicle map...\n");

/* fill in the vehicle structure and start and goal pose
structures */

read_vehi cl e_dat a(vehicl e);

printf("preprocess\n");
/* conbines any intersecting obstacles into only one obstacle */
preprocess(map, vehicle, start_vertex, goal vertex, path);

printf("defining obstacles...\n");

/* defines the first, mddle, and last row of any coordinate
system */
/* if((theta > 0.0 - TOL) && (theta < 0.0 + TOL)){
printf("0 case\n");
/1firstRow = -(int)(SIZE*DI Msin(theta)/rowDist)-1;
firstRow = 0;
/1 secondRow = (int)((noColums*cos(theta)-
rowbDi st)/rowDi st);
secondRow = numnmRows;

}

else if((theta > 0.0 + TOL) && (theta < MPI/2)){
printf("bigger than 0\n");
/[/1firstRow = -(int)(SIZE*D Msin(theta)/rowDist);
// secondRow = (int)(SIZE*DI Mcos(theta)/rowDi st);
firstRow = 0; // -3
secondRow = nunRows; //6
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else if((theta > MPI/2-TOL) && (theta < M PI/2+TOL)){
printf("90 case\n");
firstRow = -(int)(SIZE*D Msin(theta)/rowDist);
secondRow = (int)(SIZE*DI Mcos(theta)/rowDi st);

}
else if((theta > MPI/2) & (theta < MPI-TQL)){
printf("smaller than 180\ n");
firstRow = -(int)(SIZE*D M(sin(M_PI-theta)+cos(M_PI-
theta))/rowDi st);
secondRow = 0;

}
else if((theta > MPI-TOL) && (theta < M PI+TOL)){
printf("180 case\n");
firstRow = -(int)(SIZE*D M(sin(MPI-theta)+cos(MPI-
theta))/rowbDi st)-1;
secondRow = O;

}
m ddl eRow = (firstRow)-(firstRow secondRow)/2+1;
m ddl eRow = 4;
printf("first rowis %f\n", firstRow);
printf("second rowis %f\n", secondRow);
printf("mddle rowis %f\n", nddl eRow);
*/
root = nap->obs;
obs = map- >obs;
printf("there are % obstacl es\n", map- >num obst acl es) ;

if ((fpvatlab = fopen("pObs2.txt","w"'))==NULL){
printf("Can't open 'pCbs2.txt' file \n");
/* in case that there is no file exit */
exit(1);

}

for (nuntbs=0; nunCbs<(map->num obstacl es); ++nunbs) // was -2
[/ for(nunbs=0; nuntbs<(1l); ++nuntbs) // was -2
{
struct vertex_struct *vert_root;
vert _root =map- >obs->vert ex;
vert ex=obs- >vert ex;
scanf ("%");
printf("OBSTACLE %\ n", numObs);
/* assign vertices to a structure for intersection purposes
*/
for(j=0; j<(obs->numyvertices); ++j)

IsOrig[j].x1l=vertex->x;
[sOrig[j].yl=vertex->y;

if (j == (obs->numuvertices-1)) {
IsOrig[j].x2 = 1sOrig[0].x1 ;
IsOrig[jl.-y2 = 1sOrig[0].yl ;

}

el se {

[sOrig[j].x2=vertex->next - >X;
IsOrig[j].y2=vertex->next->y;
}

vertex= vertex->next;
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/* convert obstacle coordinates to XYZ coordi nates */
for(i=0; i<(obs->numuvertices); i++){

Is[i].x1 =
((I'sOrig[i].x1)*(cos(theta))+(IsCrig[i].yl)*(sin(theta)));
Is[i].yl = (-
(IsOig[i].x)*(sin(theta))+(lsOrig[i].yl)*(cos(theta)));
[s[i].x2 =
((I'sOrig[i].x2)*(cos(theta))+(IsOrig[i].y2)*(sin(theta)));
Is[i].y2 = (-

(IsOig[i].x2)*(sin(theta))+(lsOig[i].y2)*(cos(theta)));
fprintf(fpMatlab,"%f, %f\n", Is[i].x1, Is[i].yl);

}

cur = *order edWayPoi nts;

while((cur = NULL) && (cur->next !'= NULL))
{

/* record current |ine nunber, segment nunber,
beggi ning and ending line coord */

[ i neNumber = cur->r owNunber ;

segnent Nunber = cur->lineSegnent;

start Row = cur;

endRow = cur - >next;

next = cur->next;

/* define the slope of the lines based on the number
of rows (odd/even) */
/* if (oddBEven == 1){
i f(lineNumber >= (int)((numRows+1)/2+1))
l.b = (firstRow + |ineNunber -

2) *rowDi st ;
el se
l.b = (firstRow + |ineNunber -
1) *rowDi st ;
}
el se
l.b = (firstRow + |ineNunber - 1)*rowDi st;
*/
i f(start Row>y == endRow >y)
l.m= 0;
/lelse if(startRow >x == startRow >Xx)
/1 [.m= 90;
el se
. m= (start Row >y - endRow >y)/(start Row >x -
endRow >Xx) ;

if((startRow>x == 0.0) && (startRow>y == 0.0))

l.b = 0.0;
el se
l.b = (startRow >y * endRow >x - startRow >x *
endRow >y) /
(endRow >x - start Row >X);
[lprintf("Im=%f\n", |.n);
printf("lb =%f\n", |.Db);

/* find intersection between each obstacle and all
the rows */
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i nt Nurmber =0;
for(j=0;]j<obs->num vertices;j++)

if ((intersectionPoints(l, Is[j], &, &b)) ==
TRUE) ({
i nt Nunber ++;
obsX[ i nt Nurber - 1] =a;
obsY[ i nt Nunber - 1] =b;
[lprintf("obsX = %f, obsY = %f\n", obsXintNunber-1], obsY[intNunber-
1]);
printf("x is %Wf\n", x[nunBoundryPts-1]);
i f (obsX[intNurmber-1] > x[ nunBoundryPt s-
11){
obst acl eRow i nt Nunber - 1] =- 1;
i nt Nunber --;

}
el se if(obsX[intNumber-1] < x[0]){
obst acl eRow i nt Nunber - 1] =- 2;
i nt Number - -;
}
el se
obst acl eRow i nt Nunber -
1] =l i neNunber ;
[lprintf("obstcle rowis %\ n", obstacleRowintNunber-1]);
obstacl e_int _|s[intNunber-1]=j;
}

}

/* arrange the intersection points in the correct
order */
for(i=0; i<=(intNunber-1); i=i+2){
/* check for ODD number of rows */
i f(cur->rowNunmber == (nunmRows+1)/2) {
i f(obsX[i]>obsX[i+1]){
tenpD = obsXi];
obsX[i] = obsX[i+1];
obsX[i +1] = tenpD;

tenpDseg = obstacle_int _Is[i];
obstacle_ int _Is[i] =
obstacle_int_Is[i+1];
obstacle_int_I|s[i+1l] = tenpDseg;
}

cur = start Row;
next = cur->next;

whil e((obsX[i] > cur->next->x) && (cur-
>r owNunber == cur->next->r owmNunber)){
cur = next;
next = next->next;

}

/* | NCREASI NG r ow numbers */
el se if (cur->rowNunber > (nunRows+1)/2){
if(obsX[i] < obsXi+1]){
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tenpl = obsXi];
obsX[i] = obsX[i+1];
obsX[i +1] = tenpl;

tenplseg = obstacle_int _Is[i];

obstacle_ int Is[i] =
obstacle_int _Is[i+1];

obstacle_int_Is[i+1l] = tenplseg;

cur = start Row,
next = cur->next;

whil e((obsXi] < next->x) && (cur-
>r owNunber == next - >r owmNunber)){
cur = next;
next = cur->next;

}

/* DECREASI NG r ow numbers */
el se if(cur->rowNunber < (nunRows+1)/2){
i f(obsX[i]>obsX[i+1]){
tenpD = obsXi];
obsX[i] = obsX[i+1];
obsX[i +1] = tenpD;

tenpDseg = obstacle_int_Is[i];
obstacle_ int _Is[i] =
obstacle_int_Is[i+1];
obstacle_int _I|s[i+1l] = tenpDseg;
}

cur = start Row,
next = cur->next;

while((obsXi] > next->x) && (cur-
>rowNunber == next - >r omNunber)) {
cur = next;
next = cur->next;

}

/* add intersection points */
for (j=0; j<(intNunber-1); j=j+2) {
/* insert first intersection point */
cur->next=(struct _wayPoints
*)mal | oc(sizeof (struct _wayPoints));
cur =cur - >next ;
cur ->x=obsX[j];
cur->y=obsY[j];
i f(obstacleRowj] == -1){
cur - >romNunber = -1;
printf("outside right\n");
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}

el se if(obstacleRowj] == -2){
cur - >r owmNunber = -2;
printf("outside left\n");

el se
cur - >r owmNunber = |ineNunber ;
cur->li neSegnent = segnent Nunber
printf("the row nunber is %\ n", cur->rowNunber);
printf("nunRows - 1 is %\n", nunRows-1);
/* decide left or right */
i f(cur->rowNunber == 1) [* if
on the first row al ways CW*/
val ue = TRUE;
el se if(cur->rowNunber == (nunmRows+1)){ [* if
on the last row al ways CCW */
val ue = TRUE;
printf("last case\n");

el se if(cur->rowNunber == -1)
val ue = FALSE

el se if(cur->rowNunber == -2)
val ue = TRUE;

el se {

if(leftorRight(j, intNunber, (obs-
>num vertices), obsX, obsY,
obstacle_int_Is, Is,x,y))
val ue = TRUE;
el se
val ue = FALSE

}

i f(val ue == TRUE)
{

printf("CwWdirections\n");

/* add boundary points */

start=obstacle_int_Is[j]; /* boundry pt
to start inserting */

end = obstacle_int _Is[j+1]; [/* boundry
pt to end inserting */

if (start >= obs->numvertices)

start = 0 ;
if (end >= obs->numvertices)
end = 0 ;

while(start !'= end){
/* next = cur->next ; */
cur ->next =(struct _wayPoints
*)mal | oc(si zeof (struct _wayPoints));
cur =cur - >next;

cur->x = |Is[start].x2;
cur->y = |s[start].y2;
cur - >rowNunber = | i neNunber ;

cur->lineSegnent = 9999

cur->next = next ;

start++; ti me++;

if (start >= obs->numvertices)
start = 0 ;
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/* add second intersection point */
cur ->next =(struct _wayPoints
*)mal | oc(si zeof (struct _wayPoints));
cur =cur - >next;
cur - >x=obsX[j +1];
cur->y=obsY[j +1];

cur->rowNunmber = |ineNunber ;
cur->li neSegment = segnent Nunber ;
cur->next = next ;

}

el se{

/* add boundary points */
printf("CCWdirections\n");

start=obstacle_int_|Is[j]; /* boundry pt
to start inserting */

end = obstacle_int_Is[j+1]; [/* boundry
pt to end inserting */

if (start >= obs->numvertices)

start = 0 ;
if (end >= obs->numvertices)
end = 0 ;

while(start !'= end){
/* next = cur->next ; */
cur->next=(struct _wayPoints
*)mal | oc(si zeof (struct _wayPoints));
cur =cur - >next ;

cur->x = | s[start].x1;
cur->y = |s[start].yl;
cur->rowNunber = |ineNunber ;

cur->li neSegment = segnent Nunber ;
cur->next = next ;
start--;
if (start < 0)
start = (obs->numvertices-1)

/* add second intersection point */
cur->next=(struct _wayPoints

*)mal | oc(si zeof (struct _wayPoints));
cur =cur - >next ;
cur - >x=obsX[j +1];
cur->y=obsY[j +1];
cur->rowNunber = |ineNunber ;
cur->li neSegment = segnent Nunber ;
cur->next = next ;

}

prev = cur;
cur = next->next;

while ((cur !'= NULL) && (cur->rowNunber == prev-
>r owNunber) ) {
i f(obstacleRowWj] == -2){
prev = cur->next;
cur = cur->next->next;
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prev = cur;
cur = cur->next;

}
}
obs = obs->next ;

}
fcl ose(fpMatlab);
return (0);

decides if vehicle will travel clockw se or counter-clockw se
deependi ng on the
di stance fromA to B. VWhichever is shortest will be taken */

leftorRight(int count, int num.intersections,

doubl e obstacle_int_x[],

doubl e obstacle_int_y[],

struct line_segnent |sa[],
doubl e boundryX[], double boundryY[])

{

int start, end;
int mn;
doubl e di st CW di st CCW

m
n

obstacle_int_|s[count];
obstacle_int_|s[count+1];

/* cal cul ate di stance cl ockwi se from first

t he second */

start=mtl;
end=n;

if (start >= num.yvertices)

start = 0 ;
if (end >= num.vertices)
end = 0 ;

di st OWesqrt (pow( |l sa[ start].x2-obstacle_int _

int numvertices,

int obstacle_int_Is[],

i ntersection point to

x[count], 2)+

pow(l sa[start].y2-obstacle_int_y[count], 2));

whi | e(start!=end){
if ((start+l) == numvertices){

I sa[start+1].x1 = Isa[0].x1
| sa[start+1].x2 = Isa[0].x2
| sa[start+1] .yl = Isa[0].y1;
Isa[start+1].y2 = Isa[0].y2

}
di st CWk=sqrt (pow |l sa[start].x1l-lsa[start+1].x1, 2)+
pow(l sa[start].yl-Isa[start+1].yl, 2));

start +=1;
if (start >= numyvertices)
start = 0 ;

}

di st CWk=sqgrt (pow( | sa] end] . x1-obstacl e_i nt _x[ count +1], 2)+
pow(|l sa[ end] . y1-obstacl e_i nt _y[count +1], 2));

/* cal cul ate di stance counter-cl ockw se */
start=m
end=n+1;
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if (start >= num.uvertices)

start = 0 ;
if (end >= num.vertices)
end = 0 ;

di st CCWesqrt (pow( | sa[ start].x1l-obstacle_int_x[count], 2)+
pow(l sa[start].yl-obstacle_int_y[count], 2));

whi | e(start!=end){
if ((start) == 0){
I sa[start-1].x1
| sa[start-1].x2
| sa[start-1].y1l
| sa[start-1].y2

| sa[ num vertices-1]. x1;
| sa[ num vertices- 1] . x2;
| sa[ num vertices-1].y1;
| sa[ num vertices-1].y2;

}
di st CCWr=sqrt (pow(| sa[start].x2-1sa[start-1].x2, 2)+
pow(l sa[start].y2-lsa[start-1].y2, 2));
start-=1;
if (start < 0)
start = (numyvertices-1) ;
}
di st CCW=sqgrt (pow(| sa[ end] . x2-obst acl e_i nt _x[ count +1], 2)+
pow(|l sa[ end] . y2- obstacl e_i nt _y[ count +1], 2));

/* function returns 1 if vehicle turns clockw se or zero
ot herwi se */
i f(distCW=di st CCW
return(l);
el se
return(0);

}

/* accounts for the turning radius of the vehicle */
i nt snoot hWayPoi nts(float mroc, int nunmPathPts, struct _wayPoints
**pat h)
{

void del ete_path_pt(struct _wayPoints plan[], int i, int *count);

struct _wayPoints *get _cubic_curve(struct _wayPoints *S, double
xe, doubl e ye, double

xf, doubl e yf, double betal, double beta2);

int i,j,k,numcorner_sgs, skip_major_|oop

doubl e xc, yc, xd, yd, xe, ye, xf, yf, x1,y1, x2,y2, x3,y3, x4, y4,;

doubl e ganmmg, t het al, t het a2, rad, naga, magb, nagn, cr osspr odm di st ;
double xmymsl, s2, betal, beta2,tau, phel, phe2, al pha, dbs;

struct _wayPoints *wp, *plan, *tnp ;

/* copy path to local variable array */
plan = (struct _wayPoints *)nall oc(sizeof (struct
_wayPoi nt s) *nunPat hPt s)

for (i=0; i<nunPathPts; i ++)
{
plan[i].x = (*path)->x ;

plan[i].y = (*path)->y ;
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plan[i].rowNunber
plan[i].|ineSegnent

(*pat h) - >r owNunber ;
(*pat h) - >l i neSegment

/* free nenory used by *path */
tnp = *path ;
*path = (*path)->next ;
free(tnp) ;

}

/* add first way point fromplan */
*path = (struct _wayPoints *)nall oc(sizeof(struct _wayPoints)) ;
wp = *path ;

wWp- >X = plan[0].x ;

wp- >y = plan[0].y ;

wp- >r owmNumrber = plan[ 0] . r owNunber ;
wp- >l i neSegnment = plan[0]. i neSegnment
wp- >next = NULL ;

for (i=1; i<nunPathPts-1; i++)
{
xl=plan[i-1].x ;
yl=plan[i-1].y ;
x2=plan[i].x ;
y2=plan[i].y ;
x3=pl an[i +1].x ;
y3=plan[i+1].y ;

thetal = vec_angl e(x3-x2,y3-y2,x1-x2,yl-y2)/2.0;
ski p_maj or _| oop = FALSE;

if(thetal > 89.999*D2R)

{
ski p_maj or _| oop = TRUE;
del ete_path _pt(plan, i, &unPathPts);

}
el se if(i < nunPathPts-2)
{

x4=pl an[i +2].x ;
yd=plan[i+2].y ;
theta2 = vec_angl e(x4-x3, y4-y3, x2-x3,y2-y3)/2.0;

if(theta2 > 89.999*D2R)

{
ski p_maj or _| oop = TRUE;
plan[i].x = x1;
plan[i].y =yl
plan[i+1].x = x2;
plan[i+1].y = y2;

}

el se

{
sl nroc/tan(thetal);

s2 nroc/tan(theta2);



118

magn = mag(x3-x2,y3-y2);
if(sl > magn/2.0) /* 2-3 is a short segnent*/
{
nmaga mag(x2-x1,y2-yl);
nmagb mag( x4-x3, y4-y3);
tau = vec_angl e(x1-x2,yl-y2, x4-x3,y4-y3);
phel = ref _angl e(x2-x1,y2-y1, x3-x2, y3-

y2);

y3);

phe2 = ref _angl e(x3-x2,y3-y2, x4-x3, y4-
i f(sign(phel) !'= sign(phe2)) /* 1-2-3-4

{

is a zig-zag path*/

ski p_maj or | oop = TRUE
if(magal/ 2.0 < sl)

{
xe = (x2+x1)/2.0;
ye = (y2+yl1)/2.0
}
el se
{
xe = sl*(x1-x2)/mga + x2
ye = sl*(yl-y2)/maga + y2
}
if(magb/2.0 < s2)
{
xf = (x4+x3)/2.0;
yf = (y4+y3)/2.0;
}
el se
{
xf = s2*(x4-x3)/ magb + x3
yf = s2*(y4-y3)/ magh + y3
}
betal = ref_angle(1.0, 0.0, x2-x1
y2-yl);
beta2 = ref_angle(1.0, 0.0, x4-x3,
y4-y3);
al pha = ref _angle(1.0, 0.0, xf-xe,
yf-ye);

i f((fabs(betal-al pha) > 80.0*D2R)
|| (fabs(beta2-al pha) > 80.0*D2R))
ski p_maj or | oop = FALSE

el se
{
ski p_maj or _| oop = TRUE;
wp =
get _cubi c_curve(wp, xe, ye, xf, yf, betal, bet a2);
i ++;
}

}

i f(!skip_mjor_Ioop)
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maga=mag( x1l-x2, yl-y2);
magb=mag( x3- x2, y3-y2);

di st = nroc;

rad=nr oc/sin(thetal);

magn = rad*cos(thetal);

dbs = DBS;

if((magn > nmaga/2.0) || (nmagn > nmagh/ 2.0))

magn = (nmaga < magb) ? nmaga/ 2.0 : nagb/2.0;
rad = nmagn/cos(thetal);

di st = rad*sin(thetal);

dbs = DBS/2.0;

}
xc = rad*(x1-x2)/mga + x2
yc = rad*(yl-y2)/ mga + y2
crossprodmecr oss_product 2(x1-x2,y1-y2, x3-x2,y3-y2);
i f(crossprodm > 0.0)
k= -1;
el se
k= 1;
vector _rotation(xc,yc, x2,y2,thetal, &d, &yd, k) ;
per p_poi nt (x1,y1, x2,y2, xd, yd, &e, &ye);
per p_poi nt (x3,y3, x2,y2, xd, yd, &f, &f);

gamma = M PI/2.0 - thetal
num corner_sgs = (int)(2.0*gamma*di st/dbs + 0.5) - 1;

i f(num corner_sgs < 0)
num cor ner_sgs = 0;
i f(num corner_sgs == 0)

{
wp- >next = (struct _wayPoints
*)mal | oc(si zeof (struct _wayPoints)) ;
wWp = wp->next ;

Wp- >X = x2
wo- >y =y2
wp- >r owNunber =0,
wp- >l i neSegnent = 0 ;
wp- >next = NULL ;

}

el se

{

for(j=1; j<=num.corner_sgs; j++)

vector _rotation(xe,ye, xd, yd, 2. 0*((doubl e)j)*gama/
((doubl e€) (num corner _sgs+1)), &m & m - k) ;

wp- >next = (struct _wayPoints
*)mal | oc(sizeof (struct _wayPoints))
wWp = wp->next ;

xm ;
ym;

wp- >X
wp- >y
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wp- >r owmNumrber =0 ;
wp- >l i neSegment = 0 ;
wp- >next = NULL ;
}
}
}
}
i f(mag(wp->x - plan[nunPat hPts-1].x, wp->y - plan[nunPat hPt s-
1].y) > 0.001)
{

_wayPoi nt s)

wp- >next = (struct _wayPoints *)nmall oc(sizeof (struct

)
wp = wp- >next

wWp- >X = pl an[ nunPat hPt s-1] . x
wp- >y = pl an[ nunmPat hPts- 1] .y
wp- >r owmNumrber =0 ;
wp- >l i neSegment = 0 ;
wp- >next = NULL ;
}
free(pl an)
return(0);
}
voi d del ete_path _pt(struct _wayPoints plan[], int i, int *count)
{
int j;
for(j=i; j<*count; |++)
plan[j].x = plan[j+1].x ;
plan[j].y = plan[j+1].y ;
}
*count - -;
}
struct _wayPoints *get cubic_curve(struct _wayPoints *S, double xe,
doubl e ye, double
xf, double yf, double betal, double beta2)
{
double A, B, C, D, det, cO[4], c1l[4], c2[4], c3[4], y[4];

doubl e xpe, ype, xpf, ypf, sO, sf, tau
doubl e xd, yd, xde, yde, xprev, yprev, tnmp, nmagn;
doubl e xs, vys;

det = 0.0;

XS = Xe;

ys = ye;

tau = ref _angle(1.0, 0.0, xf-xe, yf-ye);
whil e(det == 0.0)

{

Xy2xypri me(xe-xs, ye-ys, &pe, &pe, t au) ;
xy2xypri me(xf-xs, yf-ys, &pf, &pf, tau);

tnp = betal - tau;
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if((cos(tnp) < 0.0) && (sin(tnp) > 0.0))
tmp = 89. 0*D2R;
else if((cos(tnp) < 0.0) && (sin(tmp) < 0.0))
tmp = -89.0*D2R;
else if(sin(tnp) > 0.999)
tmp = 89. 0*D2R;
el se if(sin(tnmp) < -0.999)
tmp = -89.0*D2R;
sO = tan(tnp);

tnp = beta2 - tau;
if((cos(tnp) < 0.0) &% (sin(tnp) > 0.0))
tnp = 89. 0*D2R;
else if((cos(tnp) < 0.0) && (sin(tnmp) < 0.0))
tnp = -89. 0*D2R;
else if(sin(tnp) > 0.999)
tnp = 89. 0*D2R;
else if(sin(tnmp) < -0.999)
tnp = -89. 0*D2R;
sf = tan(tnp);

y[ 0] =ype; cO[ 0] =pow( xpe, 3.0); c1[ 0] =pow xpe, 2.0); c2[ 0] =xpe;

c3[ 0] =1;

y[ 1] =ypf; cO[ 1] =pow( xpf, 3.0); cl1[ 1] =pow xpf, 2.0); c2[ 1] =xpf;
c3[ 1] =1;

y[ 2] =s0; cO[ 2] =3. 0*pow( xpe, 2. 0); cl[2]=2.0*xpe; c2[2]=1;
c3[ 2] =0;

y[3]=sf; ¢O0[3]=3.0*pow xpf,2.0); cl[3]=2.0*xpf; c2[3]=1;
c3[ 3] =0;

det = det4(cO0,cl,c2,c3);

tau += (1. 0*D2R);

}

tau -= (1. 0*D2R);

A = det4( y, cl, c2, c3)/det;
B = det4(cO, vy, c2, c3)/det;
C = det4(cO0, cl, vy, c3)/det;
D = det4(cO, cl1, c2, y)/det;
Xprev = xpe;

yprev = ype;

magn = 0.0;

for(xde=xpe; xde<=xpf; xde = xde + 0.01)
{

yde = A*pow( xde, 3. 0) + B*pow(xde, 2.0) + C'xde + D
magn += mag(xde- xprev, yde-yprev);
i f(magn > 3.0)
{
xypri me2xy(xde, yde, &d, &d, t au) ;
S->next = (struct _wayPoints *)mall oc(sizeof (struct _wayPoints))

S->next - >x = xd+xs ;
S->next->y = yd+ys ;

S- >next - >rowNunber = 0 ;
S->next->li neSegnent = 0 ;
S- >next - >next = NULL ;
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S = S->next ;
magn = 0. 0;
}
Xprev
yprev

xde;
yde;

}

return(S);

i nt pol ygonEr r or Checki ng(doubl e xpol y[], double ypoly[], int
numvertices)
L

int i;

doubl e sum angle = 0.0;

/* function prototype */
i nt ccwPol y2cwPol y(doubl e xpol y[], double ypoly[], int numyvertices)

for(i=0; i < numuvertices; i++)
{
if(i == 0)
sum angl e += ref _angl e(xpol y[i]-xpol y[ num vertices-1],
ypol y[i]-
ypol y[ num vertices-1], xpoly[i+1]-xpoly[i], ypoly[i+1]-
ypoly[i]);
else if(i == numuvertices-1)
sum angl e += ref _angl e(xpoly[i]-xpoly[i-1], ypoly[i]-ypoly[i-
1],
xpol y[ 0] -xpoly[i], ypoly[O]-ypoly[i]);
el se
sum angl e += ref_angl e(xpoly[i]-xpoly[i-1], ypoly[i]-ypoly[i-
1],
} xpol y[i +1]-xpoly[i], ypoly[i+1]-ypoly[i]);

i f(fabs(-2.0*M Pl - sumangle) < 0.0001)
r et ur n( POLYGON_DEFI NED_CORRECTLY) ;
el se if(fabs(2.0*M Pl - sumangle) < 0.0001)

ccwPol y2cwPol y(xpol y, ypoly, numvertices);
[lprintf("\nERROR polygon is defined CCW Fixed locally\n");
ret ur n( POLYGON_DEFI NED_CCW ;

printf("\nERROR polygon intersects itself!\n");
return( POLYGON_| NTERSECTS_I| TSELF) ;

}
}

i nt
ccwPol y2cwPol y(doubl e xpol y[], double ypoly[], int numvertices)
{

int i ;

doubl e tenpX, tenpyY ;
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for (i=0; i<numuvertices/2; i++) {
tenmpX = xpol y[i +1]
tenpY = ypol y[i+1] ;
xpol y[i+1] = xpoly[numyvertices-1-i] ;
ypol y[i +1] = ypoly[numyvertices-1-i] ;
xpol y[ num vertices-1-i] = tenpX ;
ypol y[ num vertices-1-i] tempY ;

return(0) ;

}
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