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This study focuses on the implementation and demonstration of the Real Time Path Planner (RTPP). It isan
Al guidance system that was developed for an operational DoD unmanned aerial target control system. The
RTPP is tested using the 6-DOF target smulator of Drone Formation Control System (DFCS). The RTPP
usesthe A* algorithm to generate the obstacle freeroutes. The data used for the A* graph, which represents
the terrain map, was obtained from the National Elevation Dataset. UAV flight trajectories developed by this
system undergo testing in a DaD flight smulator. An MQM-107D simulated droneis used for the testing. The
partition size of the terrain map is varied within the study to obtain an optimal partition size. These tests
analyze the flight trajectories produced by the RTPP, and the effect of varying the A* and the UAV
parameters. This study demonstrates that the RTPP produces safe and maneuverable routes for the MQM -
107D. Results are confirmed by time plots of key flight parameters recorded during the 6-DOF UAV
simulation runs. The time plots show that thetarget did not have any difficulty flying the computer-generated
pattern. It also shows that the target flew over benign terrain as predicted by the RTPP to reach its
destination. This study demonstrates the innovative benefits and functionality added by Intelligent Systems
theory to the real-time path planning and navigation task via the DFCS system. The RTPP works as
designed, producing safe and flyable flight patternsfor the drone.

Nomenclature

3-D = 3dimensional

A* = Route finding algorithm, pronunciation: A-star
AGL = Above Ground Level in ft

AGL,, = minimum Above Ground Level in ft

Al = Atrtificial Intelligence

BAH = Barometric Altitude Hold

d; = drone index

DFCS = Drone Formation Control System

DME = Distance Measuring Equipment

DoD = Department of Defense

DOF = Degrees of Freedom

Drone = UAV

DTED = Digital Terrain Elevation Data

ECEF = Earth Center Earth Fixed (geocentric) comigi system
ENU = East North and Up coordinate system

f; = flight pattern index

f(n) = evaluation function

FP = Flight Pattern

g(n) = cost function

G = 32.2ft8

geocentric= ECEF coordinate system

! Computer Engineer, UNITECH, Bldg. 335, P.O. Bo®38/SMR, NM, 88002.
2 Professor and Chair, Electrical & Computer Engiimeg UTEP, El Paso, TX, 79968.
3 Control Engineer, Proteus Corp., Bldg. 335, P.6x B39, WSMR, NM, 88002.

1
American Institute of Aeronautics and Astronautics

Copyright © 2007 by the American Institute of Aeronautics and Astronautics, Inc. All rights reserved.

AlAA 2007-2770



geodetic = latitude and longitude with respectgoator and prime meridian, respectively, coordirsystem

h(n) = heuristic function

h = MSL heightin ft

h, = route flight altitude in ft MSL

he = terrain elevation in ft MSL

IS = Interrogator Stations

m = terrain map resolution — the number of pointthee terrain map
MSL = Mean Sea Level in ft

MQM-107D = subscale RPV (UAV)

n = node

n = current node

n = designates either the previous node or the macké
NED = National Elevation Dataset

N, = Target Normal Acceleration in Gs

q = quantization value — the horizontal and vettitistance between points on the terrain map
V, = Target Vertical Acceleration in ft/s

I = turn radius

RF = Radio Frequency

RFM = Radio Frequency Module

RPV = Remotely Piloted Vehicle

RTPP = Real Time Path Planner

S = flight pattern segment index

SHOT = Speed Hold on Throttle

Target = UAV

Topographic = Earth surface projection to a flaingl

UHF = Ultra High Frequency

Vg = ground speed in ft/s

WGS 84 = World Geodetic Systems 1984
WSMR = White Sands Missile Range

X = final route x location

Xi = initial route x location

Xmin = minimum X value on terrain map in ft
Xmax = maximum X value on terrain map in ft
Vi = final route y location

Vi = initial route y location

Ymin = minimum y value on terrain map in ft
Ymax = maximum y value on terrain map in ft
z = distance between the z=0 plane and a refexjeet in ft
W = true heading in degrees

7 = final true heading

I = initial true heading

Wi = magnetic heading

0] = bank angle in degrees

. Introduction

An Unmanned Aerial Vehicle (UAV) guidance system wasated for Department of Defense (DoD) target
control systems. It uses theories from the fieldhdfficial Intelligence (Al) to solve existing pldems being
faced by guidance system operators. The system tairaslve problems caused by inflexibilities in faareas of
UAV guidance: flight trajectory geometry, obstacdwoidance, real-time operation, and operator war&d|
reduction. One problem addressed is that of speethlknowledge being required for creating fligtgjéctories.
Another problem addressed is the collision risk thasts when flying at low elevations over mountais terrain.
Also addressed is the need for flight trajectoteed®e developed before the flight mission due ® dlngers that
exist when changing their geometry in real-timee Tast problem addressed is that of minimizing tabtensive
tasks.
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The guidance system described in this paper hafliogving characteristics: it takes in four typesinputs, it
contains four internal functional modules, andeturns one type of output. The following are tharftypes of
inputs: digital terrain elevation data, UAV fligiparameters, no-fly zones, and trajectory start &mchination
coordinates. When a safe path is obtained, theubigpa safe flight trajectory. When no safe pattfaund, no
guidance is provided by the system. The four irgefanctional modules perform the following jobstp finding,
obstacle avoidance, path selection, and path simgpthihe inputs are used by the guidance systeatis-finding
and obstacle-avoidance modules to produce a pathpath is found, it is sent to the path selectioodule for
ensuring that a safe flight trajectory can be atgdifrom it. If the path found is safe, it is semthe path-smoothing
module and processed to create a safe flight tajeéor UAV guidance.

1. DroneFormation Control System

A. DFCS Overview

The DFCS is a mature control system located in BRBRp at White Sands Missile Range (WSMR) New
Mexico. Its mission is to control single and/or tiple unmanned full-scale and sub-scale targetsHerArmy.
These targets are used by the Army to test andiaeahew combat systems. The DFCS can automatiatigrol
the QF-4 full-scale target, the BQM-34A, MQM-107DdaMQM-107E sub-scales, and a wide variety of gcoun
targets such as the M60 and T-72 tanks and the 2/fig8&-ton truck. The DFCS system consists of éhdroontrol
consoles, 2 master control consoles, two centr8CRiype computer control subsystems (CCS), onbdata link
transponders and control subsystems, two co-lodatetctogator subsystems (ISC), 10 DMiground interrogator
stations (IS) and 4 UHF RFM units located at sg@tenountain peak locations to cover most of WiSgnds
Missile Range airspace.

B. Navigation

DME Target navigation is accomplished by RF datk lising distance-measuring techniques. Slant et
time from the IS’s to each drone is measured aed ts calculate slant range. The Computer Contublsgstem
interrogates each drone ten times per second twlaté the space position of the drone. The DFC&@idgdéion
weighted-least-squares filter also mixes the ISitstange information with other down linked targdtitude
information such as radar and barometric altimelegia and target inertial information to optimize ttnacking
accuracy of the system. DFCS also uses informatiarh as detailed terrain map data to augment tattjeide
estimation. GPS Target navigation is accomplishgdtocessing the GPS TSPI data down linked by thd#-U
subscale targets. The DFCS GPS navigation filtewides inertial navigational data during data lmkages and
very accurate estimation of target velocity andetaration.

C. Guidance

DFCS can automatically guide any target or a foimnadf targets over a pre-defined flight patterihjetr can be
manually modified in real time. The guidance plololsy is to direct each formation (up to 6 aeriabe¢ds per
formation and up to 48 ground targets per formattora moving space point referred to as the “dbibhe rabbit
is generated in real time based on the desirettfligth. DFCS operators also have the capabilityaty in real
time, mission control parameters such as: targetfammation velocity, altitude and cross track @ans from the
predefined flight pattern, formation spacing betwdle targets and the minimum airspeed and altitiidaved.
DFCS also has the unique capability to control aydchronize up to 6 different drone formations. otighout
history, DFCS has achieved full-scale QF-4 targemftion presentations with a minimum separatiod 50 feet
between targets flying 150 feet above ground lavélach 0.9.

D. Control Capabilities

DFCS has the capability to control up to 6 fullisctargets such as the QF-4 during a single missitwe
airborne subsystem in each target is interrogaedimes per second by the ground computer thrthigldata link
Interrogator Subsystem (IS). Each interrogationtaiois approximately 10 proportional channels anddB@rete
channels on the uplink and 30 proportional chanarets80 discrete channels on the downlink telemebiyCS has
two basic control modes of operation; manual matttautomatic mode. In manual mode a drone contrsitgéng
at one of the drone control consoles manually fliestarget by monitoring the displayed targetrtedry data and
issuing desired drone attitude and speed contrmhtands. The onboard computer receives and procteeses up-
linked commands and generates the correspondimprsechanism commandsmote fly by wire In automatic
mode, the ground computer replaces the human itodge It transforms drone flight pattern guidamoerections
into drone attitude commands and engine throttlarnand settings. DFCS also has the capability toraatically
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takeoff and land the QF-4 target atME
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Alamogordo, New Mexico. The DFCS ata Link =
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capability to fly full scale and subscalFigure 1. DFCS block Diagram.
targets at very low altitudes over rougn

terrain by using the recently implemented Deriveatl&® Altitude Penetration Enhancement (DRAPE) itlgor.
This algorithm uses high fidelity terrain databasel calibrated barometric altimeter data or GP8etive a radar
altitude of the target in real time. A nap-of-trertd algorithm is then used to control the altitedi¢he target at the
desired altitude. DFCS also has the capabilityaiibrate barometric altitude data using radar tefeynor GPS
down-linked information.

Figure 1 shows that DFCS receives target positiata drom DME equipment or from GPS. These data are
processed by the DFCS navigation filters. The retiog data is then sent to the flight pattern gog#aalgorithm.
This guidance algorithm uses flight pattern infotima either from the flight pattern data base amfrthe Real
Time Path Planner (RTPP). The guidance errorshere ¢computed. That is the cross track, along trauc#,altitude
errors between the rabbit and the target. The ablaws use these errors to generate the targéhkgommands.
The target transponder receives the ground statpstinks and sends them to the target autopilote Tdrget
autopilot closes high frequency control loops sastpitch and pitch rate control, roll attitude and rate control
and others. The target autopilot then sends tetyndeta to the ground station and DFCS uses thatetd close
some of the ground control loops.

[11. Simulation Setup

Therational agent description will be used to define the criteria festing the Al UAV guidance system that
was created for this study. First, assign the UAMteagent and the Real Time Path Planner (RTPP) asgent
program Let the terrain be thenvironmentand let theask environmenbe succinctly stated as follows: to guide
the UAV safely according to the user entered spetibns. These user entered specifications arddii@ving
items. The first set of specifications are the etiinitial and final location. The second spedifion is the UAV
MSL flight altitude; it must remain constant foretientire flight. The third specification is thaethgent program
must select a route that maintains a minimum AGtwben the UAV and the terrain beneath it, for there flight.
The fourth set of specifications involve the spedftrue headings of the start and goal locati@pecifically, the
path must use the specified true headings assifpreexiting the start location, as well as the theadings for
entering the goal location. The fifth and final sifieation: the agent program must build a fligtgjéctory that the
agent can use for the entirety of the flight; tiigght trajectory will comply with UAV turn radiusonstraints for the
flight's maximum ground speed. Tiperformance measurfer this task environment is discussed next.

Regarding the performance measure; Russel and ¢iodefine it as follows: “Theperformance measure
evaluates the behavior of agentin anenvironment The RTPP expected behavior was defined abovethsu
environmentand theperformance measutdgave not been defined. The performance measurhifstudy is to be
done with MATLAB analysis. The measurements willdveassessment of how closely the UAV followeduker
specifications on the assigned flight trajectoryréal-time. An analysis will also be done on thighf trajectories
recommended by the RTPP. The UAV flight data wdldbtained from a DoD flight simulator; simulationdl be
of an MQM-107D UAV following the RTPP recommenddidtit trajectory. Theenvironmenfor this study has two
components: real-time flight trajectory requests] the WSMR terrain. The real-time flight trajegtoequests will
be provided to the RTPP by the DFCS MQM-107D fliglmhulator through a UDP computer network connectio
The WSMR terrain will be provided, through datadil by a computer program called the Terrain Magpatr
(TMC). This program creates quantized topographapsrthat partition the terrain into evenly-spacgabses; each
square is assigned the highest MSL elevation valtien its area.
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A. Terrain Environment

The East North and Up (ENU) coordinate systemsieduat DFCS. The coordinates can be represented as
z, h). z is defined with respect to an imaginaat fllane that is tangent to the earth surfaceeatlsMR center,
which is the origin of the DFCS ENU coordinate syst h is the MSL elevation (or altitude); it take® account
the curvature of the earth, which makes it veryfulder measuring UAV AGL. The (x,y, z, h) = (0, ft, 0 ft, O
ft) origin in the ENU coordinate system is at 33088legrees North and 106.3339 degrees West. Thig iso0
72.4112 ft MSL above the WGS 84 reference ellipsaitaltitudes and elevations are passed as hadTPP, and
all coordinates represented as three-tuples arpréweously defined four-tuple, with the z coordmaliminated for
simplicity. For example, an object at (20,000 2,000 ft, 500 ft), is not at 500 ft above the scefaf an imaginary
flat plane, it is at 500 ft above the surface & darth.

The TMC generates the terrain environment for tAi@R. It partitions the map into discrete (x, yJdDations.
This is a two steps process. First, the terraguentized by selecting the map’s (X, y) coordinaBecond, the real-
world elevation valueh, is assigned to each (x, y) coordinate. This value is obtained from a digital terrain
elevation database. The partitioning of the mafdee as recommended by MitcRelHe states: “The simplest
surface to model is a plane, and the simplest ivgitterrain map on a plane is a binary partitianiof the plane
into regions that are obstacles and regions tleatraversable by the vehicle.” The map squaredtiegurom the
partitioning are the size of the maximum UAV tuadius that will used during the flight. The detamation of
whether a map square is an obstacle or travergatiten is done by the RTPP. However, the RTPP ligesone of
its criteria for making this decision.

B. Real Time Environment

DFCS has a very complex and realistic 6 DOF flighthulator. The DFCS simulation program includes
modeling of the vehicle aerodynamics and inertita diacluding the interaction between the physicalimnment
and the guidance and control system. Also modetedtl®e atmosphere, the data link subsystem, theasdb
autopilot, vehicle sensors, engine forces and mdsnand servo subsystems. The flight simulatorthagollowing
aircraft models that can be used for simulatior5:4QBQM-34A, MQM-107D, and MQM-107E. These modeds
simulate all the flight phases of the DFCS missimakeoff, formation flight, maneuvering, recovenmydalanding.
For this study, the MQM-107D was used, and onlyttieoff phase was considered in the analysis.take-off
phase established a real-time environment by hatiadJAV airborne when requesting guidance fromRA&®P.

IV. Guidance lssues. Relationship between A* Route and Terrain Map Resolution

The RTPP provides guidance by processing waypoiits flight patterns. The flight pattern developrhen
process restricts the terrain maps to have a nsghut@n quantization value equal to, or greatanttthe UAV turn
radius. The A* algorithm uses these terrain mapgsréaluce a route that is composed of (x, y, h) dioates joined
by line segments. This path is processed into waygoand the waypoints are used to create thétfligtterns.
This section provides an explanation of why and hiu/process is carried out.

A. Processing of A* Paths

Not all A* routes can be used for UAV guidance hessasome routes generated, although theoreticaligds
are difficult, or impossible, to process into mavemable UAV flight trajectories. A* routes can béewed as
functions dependent on the following variables: rgapmetry (i.e. partition shape and size), heugrfsinction, and
cost function. The map geometry affects the sizehef individual line segments that compose the Adte.
Consider the case of a route generated from ary,(k) map that is partitioned into squares, thatla¢dchave
consecutive line segments that oscillate betweanttue headings due to obstacles. For the osoitidhetween
diagonal headings, the path will also oscillaterfing a zig-zag pattern.

The real thing to consider is how the UAV would ne@ypoints produced by using the map describedabo
For example, A* could return a route, headed eakpse line segments oscillate between true headifgd
degrees and 135 degrees. Even if the UAV is tragedt its minimum airspeed, it would have problenesting all
waypoints because meeting one (or two in succeggitthcause it to overshoot many of the followimagypoints.
As a quantitative example, consider a UAV travelorgthe east bound oscillating route described abdgsume
that this UAV has a ground speeg, of 650 ft/s, with corresponding minimum turn nasliof about 7815 ft. It can
meet the first two waypoints easily if it enter® thath at the true heading made by the first poidtsvever,
because of the turn radius resulting frog 650 ft/s, the next 80 waypoints will be overshot.

Important questions concerning the use of a map aypropriate resolutiorthat iscorrectfor the geometry of
the map partitions must be addressed. One suchi@ués the following: Will increasing themap partition size

5
American Institute of Aeronautics and Astronautics



which is asquarefor this study, fix the overshoot problems and thlisw the A* paths to be maneuverable by a
UAV? The answer to this question depends on the UMSL and the variance in terrain elevation, andttis
problem’s requirement that the UAV maintain constishSL during the flight. There are trade-offs beémemap
partition size and UAV MSL. For instance, if guidia UAV over terrains whose elevations vary, sugltearains
that contain mountains, increasing the partitiae svill restrict to the UAV to flying at higher MSaltitudes. This
situation arises from the method used to creatéetfnein maps: in order to avoid collisions betw#snterrain and
the UAV, each map partition is assigned the higbgstation MSL within the partitions area.

One goal of this study is to obtain guidance thatdpces flight trajectories that go in between mains. Thus
the solution posed by increasing partition sizea$ acceptable. Also, configuring the map geomédryessen
waypoint overshoot is not enough to remove the aistt uncertainty caused by waypoints when dealiitig MAY
guidance over obstacle-rich terrain. It seems thatproblem is not only in the partition size, algo in using
waypoint navigation. The unappealing property ofym@nt navigation is that the waypoints are usedjaisles
only; where overshooting and undershooting the wanp to compensate for meeting the following wagpois
common. A better solution to the problem would o tthings: (1) reduce UAV position ambiguities (e.g
overshoot and undershoot); and (2) determine thenmim map partition size. Such a solution wouldwallthe
UAYV to use lower MSL flight altitudes with reduceidk while providing a flight trajectory that widlllow the UAV
to stay on the recommended flight trajectory by ptying with UAV dynamics.

B. Guidance: Waypointsor Flight Patterns

Waypoints were considered as the output of the RTiBRever flight patternsseemed a better solution for two
reasons. One, flight patterns are better at minimgithe terrain collision risk, and two, they alldhe UAV to fly at
lower MSL altitudes safely over obstacle rich terralhree important differences between waypoimd #8ight
patterns were considered for distinguishing whiclidgnce method was better suited for this appboatiirst,
different from waypoint navigation, which is theeusf a set of ordered coordinates as guides, figkterns do not
use way points. Flight patterns are composed ofactline segments that take into account the Ud tadius.
Second, flight patterns are continuous as opposedaypoints, which are discrete. This feature isfulsin
determining if high terrain is in the path of thé&\J. And third, a waypoint, which can be seen asomfpin 3-D
space, is used as a flight goal by the UAV, one titne; whereas a flight pattern, which can be ephealized as a
track in 3-D space, is a trajectory that the UAVAssigned to follow.

Also, flight pattern error measurements seem bstiged to this application when compared to wayperror
measurements. Error in flight patterns is not messiby overshoot, undershoot, or if the UAV was giarticular
location with respect to one point. The error iameed for the entire flight pattern, from the pamtime the UAV
was assigned to be on the flight pattern, untivéts completed. As with waypoints, overshoot andeusttbot
measures are not applicable to flight patterns. t\¢happlicable, that is of interest to this studse the altitude and
cross track error. Altitude error is how much dista the UAV was above or below the flight pattesrgss track
error is the perpendicular displacement betweethe and the flight pattern.

C. Terrain Map Creator

The TMC produceserrain mapsof similar geometry; however, the properties offreatap can vary. These
properties are the following: location, shape, sieeolution. The map geometry is obtained by paning the map
area intosquares squares oéqual length and widthrectangular map partitions are not used in thidys Maps for
different geographical areas within the boundaoE8/SMR can be produced. The NED image’s bordetsrek
beyond the WSMR limits, hence geographical mapimithe NED image boundaries can also be prod(eed if
WSMR extensions are to be used). Bimandshapesf the geographical areas are determined byrthp limits
which are: ¥%in, Ymin; Xmax and ¥nax These limits are used to produce a quantizedgrapdic map for the RTPP.
Themap resolutionm, is the number of (x, y, h) coordinates in theain map for a geographical area outlined by
the limits, Xin, Ymin; Xmax a@nd Yhax Of the terrain map. It is determined by theantization value, qpf the map; the
guantization value, q, is the horizontal (and wal)i distance between each point on the map; thgodial distance
between points is/2q. For a fixed geographical area, theap resolutionis inversely proportional to the
guantization value(i.e. as the quantization value, q, increases; rtta@ resolution, m, decreases when the
geographical area is fixed). Terrain maps are dgeohtto (X, y, h) coordinates that are separatedhkysame
distance, q, vertically and horizontally. has anoptimal value It is the UAV turn radius,r computed at the
maximum ground speedg,\that will be used for the flight. The method thats used to discover thats optimal
for obtaining terrain maps is explained next.

D. Very Low Terrain Map Resolutions
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Selecting a map resolution forces a trade-off. ffade-off is between attaining less collision rigisile giving
up flying at the lowest MSL altitude,;has map resolution, m, decreases the lowest Mightflaltitude, b,
increases. The reason for this situation is innie¢hod used for creating the terrain maps (i.égasgy the highest
peak within the square’s area). The partitioninganfarea taken from WSMR can be used to explain thtsy
situation occurs. Since, the problems caused bylaege map resolutions were explained when waypmiarshoot
was discussed, the following examples focus exedlgion the trade-off of giving up low MSL flighttaudes
when using terrain maps with very low resolutidnsthe examples, an area of 158,400 ft by 475,2080f miles by
90 miles) is extracted from WSMR. The area is garted into very large squares for simplicity, amdsumed
elevation, b values will be used to illustrate the trade-ofQTE: WSMR elevations vary from approximately
3,000 ft MSL to approximately 10,000 ft MSL.).

For the first example, create a map for the RTRP Wkes quantization value, g = 52,800 ft (10 ril&s the
map’s partition size. The TMC creates a topograptap that contains m = 27 squares. It also assignsiaximum
elevation, b within the square’s boundaries in order to elaménunexpected collisions. Now, to illustrate ttaele-
off between safety and minimum MSL altitudg, &issume that each square has as its highestietevatmountain
peak at 9000 ft MSL. This will result in the TMCsagning an elevation of.= 9000 ft MSL to each square. Hence,
the minimum MSL flight altitude before setting tineinimum AGL has to be above 9000 ft MSL. Then, if a
minimum AGL of 500 ft is assigned, the flight MSltiaude will be at i = 9500 ft MSL. This example shows a
very safe flight, where overshoot is not a problent;it came at the cost of flying at a very higisMaltitude.

For the second example, a terrain map of half tlentjization value of the above example, which 2,400
ft, will be used. The TMC partitions the area oBMHO0 ft by 475,200 ft into 108 squares. Now, asstinat 27
peaks have an elevation of 9000 ft. MSL and thatrést of the terrain has a maximum elevation &07® MSL,
and assume that the 9000 ft MSL peaks occur iemifft squares. The TMC will produce a map thatdTasquares
with elevations of 9000 ft MSL, and 101 squaresvelevations of 7000 ft. MSL. If a minimum AGL ofG\., =
500 ft is used, the RTPP will search for UAV flighdjectories in squares that have assigned etexatis low asch
= 7500 ft. MSL.

E. Optimal Terrain Map Resolution

The purpose of varying the terrain map partitiaresivas to obtain an optimal quantization valueargg an
optimal terrain map resolution value, m, that wounbdke A* paths useful for real-time UAV guidancewd
problems resulting from not having an optimum megotution value have been discussed in detail. iasethat
selecting a map resolution that is lower than resmgsincreased the minimum MSL flight altitudeg, The other
problem was that selecting small quantization \&leturned waypoints that are separated at vaksssthat the
space needed for the UAV to perform turns, whichsea the UAV to overshoot the waypoints. From theeoved
problems, it seems that the minimum distance batvike centers of the map partitions should be th&imum
UAV turn radius, {max that will be used during the guidance period.

Creating a map that has the quantization valueggal to the UAV turn radius, requires that the UAV ground
speed, y, be known for the entire time frame for which caride will be provided. The reason for this is tinet
turn radius, ¢ and the UAV ground speed,, are directly proportional to each other as showEquation 1.

v 2
r=—72— (1)
a,tan(@)

where
r, is the turn radius, in ft; and
a, isthe expected target vertical acceleratiahGitand
1G =32 ft/s2; and
¢ is the desired bank angle, in degrees; and
vy is the ground speed; in ft/s.
Note: the vertical acceleration of 1 G may notrbe if target experiences air turbulences duriigi.

A map that has the turn radiug, value as quantization value, g, when computeth wguation 1, will have
points that are horizontally and vertically sepaglaby rma.x The diagonal distance between the centers of the
partitions will be greater; this separation dis@mdll be v/2 ry max
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Selecting the turn radius as the optimum quantmpatialue allows the UAV to access to lower MSL lilig
altitudes, b but the overshoot problem is not completely reetbvHowever, one major benefit arises. It is if the
ground speed, g is reduced, the UAV has access to even lower ight altitudes while using a flight trajectory
that is can stay on. The use of the ground speied lletermined to create the map partition sizewadlthe UAV to
navigate the sharp turns within the mountains. Hawethe overshoot problem still occurs when tharreed route
contains three diagonal links in succession, wtsise are exactly the maximum turn radiug,.g the resulting
error is a sharp turn ( a discontinuity), which wscat the third waypoint. To keep the access ¢oldlver valued
MSL flight altitudes, k this problem will be fixed with the A* cost funoh, g(n). Routes that contain
discontinuities will be discarded iteratively, awtien a valid route is obtained, the iteration pssceill terminate,
and the waypoints will be used to generate a flgtitern. Thus, it is maintained that the q isroptiat fmax

V. Design

This section describes the technologies and thedhit were used to design and implement the RaRdPthe
TMC program from which the terrain portion of th& RP environment is extracted. The TMC process Ifeating
elevation maps of geographical locations for reattvUAV guidance will be discussed. The perfornanteasure
of how effectively the RTPP guided the UAV is ddme using MATLAB analysis, and will be describedthe
simulations and results section of this document.

A. Design Overview

Two programs were created for this study — the Tah@ the RTPP. They function independent of eachrpth
however the files created with the TMC are usedhgyRTPP. Using one program to create terrain raapsthe
other to provide UAV guidance has several beneffitst, it becomes easier to create custom mags. f@€ature is
useful for creating terrain maps of different gexgaical locations (e.g. from other continents) or different
terrain map resolutions of the same geographiea aith different quantization value, g, which ecassary since
the RTPP uses the g WAV turn radius) to create flight patterns thahdse implemented by the UAV. The RTPP
flight trajectory creation module requires that thap’s quantization value, g, be inversely propoi to the UAV
ground speed,v The RTPP uses g to calculate the maximum turiusag ., that will be required for navigation
over obstacle rich areas, where collision riskighhThe higher resolution maps (i.e. lower quaatitan value for
the same geographical area) are used for lowengdrspeeds, where loweg i required for navigating sharp turns.

B. RTPP Route Detection and Obstacle Avoidance Algorithm Selection

A study was conducted for selecting a route-findse¢ution. From the study, the fields most liketyytield a
practical solution were neural netwotksdynamic programmirfy and state-space seafchrurther research
narrowed the field to state-space search, namétyg bersusheuristic search. The blind-search methods, such as
depth-first-iterative-deepening or bi-directionaaschey were discarded because of their tendency to ethau
computer resources, such as memory, before fintfiagsolution. From heuristic search, A* was selgédte the
following reasons: it guarantees to find the stsirpath if a solution existsit has been used with Defense Agency
dat&, and it has been used for UAV path findiigin Al literature, A* is described as beimgmplete this means
that if a path exists, A* will find it (on conditiothat computer resources are not exhausted).

Also, there are several variations of the A* algori that have mitigated some known problems. THewiing
A* variations limit computer memory usage: MA* (memg-bounded A*), SMA* (simplified MA*), and IDA*
(iterative-deepening A*). These algorithms are mapwended for solving problems resulting from instiéfint
computer memory while finding paths large-scale problenis However, they do have their drawback, such under
using the memory available to them, and taking éorig obtain solutioris From the state-space methods described,
memory and time issues provide the highest risknFthe available algorithms, A* seemed the mosinsing, and
if computer resource exhaustion problems aroseydédld be modified to one of its variations.

C. Terrain Map Elevations

The TMC elevation valueshare obtained from the National Elevation DatgBED)°. This elevation dataset
has a resolution accuracy of 30 meters, and itheagproperty of providing the highest peak withinge 30 meters,
and the elevation error is less than one meterEM Mlevation-query function was available at thgibeing of this
study. Its inputs were latitude, and longitude ggjeodetic coordinates. The DFCS ENU coordinateesyswhich
is a flat plane, was converted to geodetic cootdireystem, which is a spheroid. The geodetic cawes
translated the DFCS ENU plane at z = 0 to an afélaeogeodetic spheroid centered at -106.3339 @sdongitude
and 33.0834 degrees latitude.
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The following are the intermediary geographic casians performed by the TMC to translate the DFC8JE
coordinate system to the geodetic coordinate systepocentric-to-geocentric and geocentric-to-g¢iodd hese
transformations use the World Geodetic System 198&S 84}° ellipsoid model. The World Geodetic Systems
created this model using satellite measurementiseoéarth. The first geographic conversion perfarimgthe TMC
is topocentric-to-geocentric; this conversion tattetopocentricDFCS ENU z plane at elevation z = 0 to the three
dimensionageocentriccoordinate system, whose origin is (0 ft, O fff)Gat earth’s center. The resulting coordinates
are three-tuples on a sphere that uses earth’srcaits origin. The second geographic converisigreocentric-to-
geodetic. The geodetic coordinates uses sphercamates to represent locations on the eartts $¥gtem uses
the equator as the vertical reference point anghtime meridian as the horizontal reference point.

D. Real Time Path Planner Inputs
How and when flight patterns and waypoints are peed by the RTPP depends on the input mode anteon t

input values: the input modes are off-line and-teaé, and input values are the UAYV flight profeoperties. Real-
time mode is used when providing guidance to DFE®&hen it is turned on during diagnostic testing. @&ample
of diagnostic testing would be in using the RTPRetwaluate its own performance when using an expariah
heuristic function. The default mode of operatismff-line; but real-time mode can be made the wlefay setting a
configuration file. The UAV flight profile inputsan be entered through a GUI, through the diagnsgtstem, or
through a UDP computer network link. The flight fileo properties, which are the following listed wak, are
passed by the RTPP to the A* algorithm:

» UAV MSL flight altitude h, for the entire route

UAV minimum AGL, AGL,, for the entire route

»  UAV maximum ground speedg¥ax for the duration of the desired route

e Start location, (x ), of the route

e  Start true headingy;, of the route

« Destination location, ¢xys), of the UAV route

» Destination true headingy;, of the UAV route

Real-time mode is used to load flight profile prdes as follows. Real-time mode activates a 1(closk that

checks a RTPP buffer for the flight profile propest which are called flight pattern requests. Tilght profile
properties are the specifications that A* usescimmputing the route. Some flight profile properties/e default
values. Default values do not exist for the stachtion, (x y;), and headingy;, the destination location, {%¥;), and
heading,y;, and the UAV ground speed, .. The RTPP uses the ground speggha.y to compute the maximum
turn radius allowed and to load the associate@itemap. Default values are assigned to the minirAGh, which
is 165 ft, and for the UAV flight altitude, whicls 10,000 ft MSL. The UAV ground speed to UAV tuadius
relationship is described in the optimal map resotudiscussion. AGL and true headings are usexbastraints by
A*, which can be explained using set theory. Coasttie minimum AGL case. Let the universal setHeeset of all
available squares from the terrain map, and letstlieset of squares whose difference between tlssigreed
elevation value and the UAV MSL flight altitude bqual to or greater than the user specified miniri@h. A*
uses only the subset of squares that meet the mmiAGL to enforce that the route obtained meetsifipations.
The AGL and the true heading are defined in thiefghg equations:

AGL=h-h 2)

where
ha is the MSL flight altitude, in feet; and
he is the MSL terrain elevation, in feet.

Y., =y —offset (3)

where
ym is the magnetic heading, in degrees; and
1 is the true heading, in degrees; and.
offset = 11.25 degrees in WSMR.

9
American Institute of Aeronautics and Astronautics



AGL,, and UAV ground speed¥ax are required for requesting a path, but start destination headings are
not; they are not assigned default values, eitlfidreadings are not provided, the most convenieaiding will be
chosen by the A* algorithm. However, if headings apecified, A* uses them to search for a path hiaat the
specified start and/or destination true headingsef\a true heading is specified, the RTPP snapsgalbe to one of
eight possible values: 0 degrees, 45 degrees, @@ele 135 degrees, 180 degrees, 225 degreesedieed, and
315 degrees. The ranges are centered at thesesveheah covers a 45 degree arc from where it ieosth A* uses
this quantized true heading to select the next stpjare (in the case of the start location, or #meuftimate map
square (in the case of the destination location).

E. A* Evaluation Function

The A*evaluation function was used to obtain a oorius obstacle-free route by setting the heuratid cost
functions. The heuristic function directs the agertigram to the destination location from the skacttion. The
cost function controls the following items: the t@s start and destination true headings, obstaetédance, it
enforces the minimum AGL constraint, and penaliloestions that interfere with flight pattern smaath The
evaluation function, f(i, is the sum of the cost function, g(and the heuristic function, hjrat a particular node,
n;; the node represents a location on the terrain @) and g(r) are all functions of a node. The heuristic fumati
used for this study is the two dimensional Eucliddestance; it was used because it is a knadmissibleheuristic
function. Admissible heuristic functions do not over estimate the gddie following equations identify the
evaluation function, heuristic and function, cagtdtion respectively:

f(n)=h(n)+ on) (4)

where
f is the evaluation function; and
h is the heuristic function; and
g is the cost function; and
n; is the current node; and
i is the node index.

h(n) = J(Xn) = %) +(X - ¥)’ (5)

where
x(n) is the ENU DFCS x coordinate correspondinghft node; and
y(n) is the ENU DFCS y coordinate correspondinch®if node; and
X is the ENU DFCS x destination coordinated an
. is the ENU DFCS y destination coordinatej an
I is the current node; and
i is the node index.

9(m =Y. o(m) ®

where
g(n) is the cost to get from the start node to thedde; and
g(n) is the cost to get from the current node tortéet node; and
p is the current node; and
] is the next node.

The cost function used for this study returns dinsvo values:
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g(n) 0{ 10} ()

If the value returned is 1, the square traversdbthe value returned iso, the square is not traversable.

The evaluation function, f(n uses the heuristic function, B(rand the cost function, gjnto perform the
following two tasks: (1) advance in ticerrect general heading of the destination location; &)ddétermine if the
next location is safe. The heuristic function osd@odes according to distance between the curgemttibn
(assigned to the node) mnd the destination location,:,(¥;). Since we are using the two-dimensional Euclidean
distance on the z = 0 plane, an implicit assumpitomade: that no obstacles exist in-between theetilocation
and the destination location. The cost function) gigkes the agent from the current position &rtbxt position. It
evaluates if the next location is safe, one sgaam time. It does this when the agent is at onth@fconnecting
squares. Squares that have a cost qj g(th are safe, and squares that have a cogtgénare dangerous. Squares
that do not have a cost of 1 have the followingperties:

« for the route’s start location: the true headingsieen the current location and the next locatsomoit
the one specified

« for the destination location: the true headingsvieen the previous location and the current locason
not the one specified

» the distance between the terrain and the UAV exteedninimum AGL specified

» are obstacles (i.e. imminent collisions)

» failed to provide enough space for the UAV turniuadn the previous path.

Nodes that have any of the properties listed albawe a cost, g() of infinity.

V1. Simulation Results

A. Background

The RTPP was linked to DFCS using the UDP proto@oll CP-IP.

The keyboard commands available at the DFCS consalbsystem to request guidance from the RTPP are
listed and described in Table 1. The RTPP useaittieipated UAV ground speed to determine the tadius that
will be used to generate the flight patterns. THEPR uses the commanded UAV MSL flight altitude dhe
minimum AGL parameter to determine a safe flighjdctory between the start and destination location
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Table 1.
Keyboard Command Description
Command Arguments
ENA ASTAR Enables UDP protocol network communicatibetween the RTPP
and DFCS
INH ASTAR Inhibits UDP protocol network communitat between the RTPP
and DFCS
PATH ASTAR d; Requests a flight pattern from the RTPP with thec#ed attributes
X from the DFCS console subsystem. This command eamsbd off-
! line or in real-time. The attributes are as follalwsthe drone index
Vi 2.) the initial route position, (x, y) in DFCS ENtdordinates, 3.) the
0; initial true heading for the route, 4.) the fligattern altitude, h, in fi
MSL, 5.) the final route position, (X, y) in DFCSNB coordinates,
ha 6.) the flight pattern final heading, 7.) the minim flight pattern
X¢ AGL distance, and 8.) the expected target groueedp
Yt
Vi
AGL,
Vg
di
ADD ASTAR d; Requests a flight pattern from the RTPP that obtdfre current
UAV location as the initial location, and obtair®etfinal location
Xt from the user entered attributes. This commanchisred from the
Vi DFCS console subsystem. The attributes are asvwillb.) the droneg
index, 2.) the final route position, (x, y), in DBENU coordinates
Vi 3.) the flight pattern final heading, 4.) the minim flight pattern
AGL, AGL distance, and 5.) the expected target groueedp
This is a real time command; the drone can be mgbavhen the
\& command is entered. The start position, flighterattMSL altitude
and initial route heading are equal to the posijtiahitude, and
heading of the target at the time the commandtisred.
SEG ASTAR d; Request a flight pattern from the RTPP that obttiescurrent UAV
location obtains the final location from the usetesed attributes
S the final location is at a the start of an existitight pattern. This|
command is entered from the DFCS console subsysiEme.
AGLn attributes are as follows: 1.) the drone index,tl2e) segment index,
v 3.) the minimum flight pattern AGL distance allowadong the
9 pattern, 4.) the UAV ground speed
This is a real time command; the drone can be mighavhen the
command is entered. The start position, flightgattMSL altitude
and initial route heading are equal to the posjtiahitude, and
heading of the target at the time the command tered. The final
flight pattern heading is the heading of the ssmgment on the
connecting flight pattern.

Tablel. DFCSKeyboard Commands. Table 1 lists the keyboard command and describeid #issociated
parameters, that were used to obtained flight patefrom the RTPP during this study’s MQM-107D
simulations.
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B. Simulation Runs

This section describes three 6-DOF simulationgefIQM-107D drone using RTPP guidance. The sinisti
were conducted to evaluate the performance of fHéRR For each simulation a flight patterns was el prior
to launch with the RTPP. Each of these pre-launtRmRflight patterns are related by the followingesia: they
use the same start and destination location wighfaHowing different MSL flight altitudes: 6500 fISL, 6750 ft
MSL, and 7000 feet MSL. The same start and degtimddcation with different flight altitudes areadsto illustrate
the A* obstacle avoidance capabilities. To show thal-time capabilities of the RTPP guidance, tinst two
simulations used the RTPP to obtain flight patte¢ha connect the UAV in real-time from its currémtation to
start location of the pre-launch generated flighttgrns.

x10°
2 T T I
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3 | | — Panaesooeison Segments |
p Path 7000 ft e
£
5 051 —
=
s OF .
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Figure2. MQM-107D simulation flight trajectories. Figure 2a. Flight paths generated by RTPP, Fig. 2
b. trajectories flown by simulated target.

Figure 2a shows a 2D plot in the DFCS ENU coordiratstem of the patterns generated at 6500 feet MSL

altitude (blue pattern), 6750 feet MSL (red patfeand at 7000 feet MSL (black pattern). Figure Bbves the
trajectories followed by the simulated MQM-107Dgeir when they flew the flight patterns.

Labels A and G in Fig. 2a, shows the commanded atat goal positions used to generate these psaithris
interesting to notice that the 6500 ft MSL pattébiue) had to go all the way around the mountaimetach its
destination point where the 7000 feet pattern @)lgoes straight to its destination point. Thedaling subsections
describe the target simulations conducted usingetitteree RTPP generated flight patterns:
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Figure 3 shows a 3-D plot of the three RTPP gemdrélight patterns on the WSMR terrain using theCd3F
ENU coordinate system. Three flight patterns a@wsh the blue, red, and black flight patterns wgeeerated for
6500 ft MSL, 6750 ft MSL, and 7000 ft MSL flighttaides respectively.

Altitude, feet

25

200 .
nate ‘eaEfl fe®

-100 50 100 }{CDO@‘

Figure3. RTPP generated flight patternsover the WSMR terrain. 3D plots of flight patterns
generated by RTPP
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C. MQM-107D simulation on the 6500 feet M SL blue pattern

The MQM-107D target was manually launched and fldewvard the “blue” pattern at approximately 6500 ft
MSL at a ground speed of 600 ft/s. The Barometiidudle Hold (BAH) and the Speed Hold on Thrott&HOT)
control modes were used to manually fly the tatggioint “C” depicted in Fig. 2. At point “C” the BCS operator
entered the SEG ASTAR keyboard command specifyieggoal segment, a 200 feet minimum FP AGL and the
expected target speed of 600 feet per second. TRPRmmediately generated a safe and flyable patteeded by
the target to acquire the existing 6500 feet MSIluéb pattern. Notice that RTPP was sufficientlyeifigent to add
a loiter to the acquisition pattern to be ablentericept the 6500 feet MSL blue pattern at theezbtneading.

The MQM-107D drone was put in automatic control mahd the target started following the acquireghfli
pattern. Figure 2, subplot 3, blue trace, showstithjectory followed by the simulated MQM-107D tatgNotice
that the simulation of the target was stopped leefloe target finished flying the whole flight patte

Figure 5, subplot 1, shows the terrain MSL altitunneath the “blue” pattern. Figure 5a shows thgeta
altitude AGL estimated by DFCS using DTED level &adand the target MSL altitude. The red traceiin bb
shows the minimum FP AGL altitude allowed. Notibattthe target altitude was never below this alétef 200
feet AGL.

Figure 6 shows a plot of terrain elevation closéh®6500 feet MSL blue pattern. The plot showsntiaimum
terrain elevations detected inside radii of 1004 felack trace), 2000 feet (magenta trace) and 3&ét (red trace)
from points along the generated flight pattern. Thee trace shows the terrain elevation undernéahflight
pattern. Figure 6 also shows that, at one poininie, at about 3000 feet from the flight pattetrere was terrain
higher than 6500 feet MSL. Therefore, as long a€8Fan maintain the cross track error within 108&,fthe
target will be safe and should be able to fly teeayated blue pattern without any problems.

Figure 7a shows a time plot of the target crossktearor (i.e. perpendicular distance between dingett and the
flight pattern) when the target was on the bludguat Notice cross track errors of approximatel® 3&et during
target turns. The reason for these cross traclkatiens is that the target roll command was limie&0 degrees for
this run and the maximum expected speed was midialset precisely equal to the rabbit speed of &@d per
second. The target roll angle is plotted in Fig. @boss track control would be considerably impbby making
the commanded (rabbit) speed at least 50 ft/s Itkaar the expected flight pattern speed. This wnddre that the
flight pattern turn radii are large enough for tagget to stay on the pattern during turns.

Figure 8a shows along track error. That is the @livack distance between the target and the rabbigjtire 8b
shows a time plot of the target ground speed ihgee second (ft/s). Notice the target speed irsgeéaluring turns
because it could not stay on the pattern and hélg stightly outside the turn segment. Since thkhit always stays
on the pattern, the target had to increase itsdsfzeke able to keep up with the rabbit. Sinceetkgected speed was
set exactly equal to the control speed of 600 iy, speed deviation will cause the target to ti{smle the pattern
during turns. Figure 8c shows a time plot of thgeaaltitude error; that is, the altitude diffecerbetween the target
and the flight pattern altitude. This plot showattaltitude control was tight and stable duringghmeulation run.
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D. MQM-107D simulation on the 6750 feet M SL pattern

The MQM-107D target was launched and manually fle@mard the 6750 feet MSL red pattern (See Fign@ a
3). BAH mode was used to level off the target 2dGEeet MSL. SHOT was used to control the speethetarget
at 600 ft/s. At point “D” the DFCS operator entertte SEG ASTAR keyboard command defining the goal
segment, final target heading, minimum FP altitdd&l (200 feet), and the expected target ground dpedt/s
(600 ft/s). As depicted in Fig. 2a, the RTPP geteeta new red pattern at 6500 feet MSL to connedthé pre-
existing red pattern at 6750 feet MSL; generate®b{PP prior to target launch. Automatic mode wasmanded
and the target started following the newly genetaesl pattern. Figure 10a shows that about 2 % tesnlater, (at
point A in Fig.2a), the drone altitude climbed t856 feet when the target reached the 6750 feet i&tern.
Figure 10a also shows the terrain elevation undehnthe target. Figure 10b shows target altitudd. A feet.
Notice that the minimum AGL observed was about f&@&0. Figure 8 shows the terrain elevations in éémte to the
flight pattern. Figure 11 also shows that the farmgithin 3000 feet from the target is below thaglft pattern
altitude of 6750 feet. Figure 12 shows cross texchr, target roll attitude angle and normal aelon. The cross
track error plot shows that the drone was able amtain very good cross track control for the enfiight with the
exception at t=750 seconds where the target delviateross track 350 feet from the flight patterhiles on a turn
segment. Figure 13 shows time plots of along trackr, ground speed and altitude error. The akitedror
transient observed at t=575 seconds was due toatimenanded target altitude change from 6500 fee® 6&&t as
depicted by the red trace in Fig. 10a.
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Figure13. Target longitudinal control on the 6750 feet M SL flight pattern. Fig 13 a. Along tack
error, Fig 13 b. Ground speed, Fig 13 c. Altitudeoe
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E. MQM-107D simulation on the 7000 feet M SL pattern

The MQM-107D target was launched and manually fldeavard the 7000 feet MSL black pattern depicted in
Fig. 1 and 2. For this simulation the target wasvfi all the way to the start of the 7000 feet pattg point “B”;
therefore, there was no need to use the RTPP tonatitally generate an acquisition segment to aaticaily fly
the target to the main pattern. Automatic mode @msmanded at point “B”. Figure 11 shows that thenérflew at
a safe altitude AGL and well above the lowestadtit of 200 feet allowed by the RTPP algorithm. Fégl? clearly
shows that there was no high altitude terrain nedénb target. Figure 13 shows good lateral cordfahe target.
The cross track error plot, Figure 13a shows thme ti(t=40 seconds), when the drone acquired tghtfipattern
segment. Figure 14 shows good longitudinal cordfdhe target. The along track error was very choseero feet,
the ground speed was very close to the commandenhdrspeed of 600 feet per second and the altétrde shows
that the drone was at the commanded altitude o 7€@&t MSL.
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a) b) <)
Figurel14. RTPP Screen shots. Figure 14 a. A* path, Fig. 14 bA* path, waypoints and flight patter
Fig.14 c.waypoints and flight pattern
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Figurel5. Fig 15 a. Terrain beneath 7000 feet MSL flight patf Fig 15 b. Target AGL
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Figure2. Target lateral control on 7000 feet MSL flight pattern. Fig. 17 a. cross track error, Fig. 17
b. roll attitude angle, Fig 17 c. normal accelecti
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Figure18. Target longitudinal control on 7000 feet M SL flight pattern. Fig 18 a. along tack error,
Fig 18 b. ground speed, Fig. 18 c. altitude error
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F. Simulation Summary

The 6-DOF simulation tests with the MQM-107D targebwed that the RTPP generated flight patterrtsattea
flyable, safe and are ready to be tested with BM&M-107D target or with the QF-4. The simulatds@showed
that the flight patterns can be made easier tooviolby making the expected ground speed larger than
commanded rabbit speed.

VII. FutureWork

As described in the preceding sections the RTPBnisA* algorithm that uses an evaluation function to
determine théestpath between two points on a plane. The evaludtinction will be modified in the near future to
accommodate new guidance requirements that withfoee great benefit to DOD threat management systdims
following subsections outline some of these pogatigorithm improvements:

A. Target Obscuration Requirements

Develop a guidance system that can automaticalgigge, in real time, a path for the target thaisvisible to
the combat system that is being evaluated. Thisr@duce the cost of manually generating targetgasing terrain
elevation information and sensor (i.e. radar) Visyoprofiles. This guidance requirement could dmomplished by
RTPP by simply using the DTED data, already beirag@ssed by RTPP, and available sensor informaitisimg
these data the RTPP cost function could autombtipahalize map squares visible to the sensor antti@enerate
a path that does not go over those map locations.

B. Target Synchronization

Develop a target path that not only avoids highaiarand no-fly-zone areas but also has the apjateplength
to facilitate controlling the time of arrival of target to its destination point. The RTPP algorithwiti work in
conjunction with current DFCS flight path guidaradgorithms to control the speed and altitude oftérget during
its trajectory to its destination point. This couler done with several targets at the same timeefimer
synchronizing their time of arrivals to pre-defingaints on the range.

C. Graphical User Interface
The keyboard commands presently used to contmIRMPP functions will be replaced with more modern
system user interfaces (e.g. touch screens and GUI)

VIIl. Conclusion

The design approach for solving the problems mastioabove was by automating the flight trajectory
generation process, and by employing obstacle amoil and path finding techniques. The use of trstaoke-
avoidance and path-finding techniques reducessamflirisk while providing a safe route when flyiag low
elevations over mountainous terrain. Using obstaet@dance and path-finding methods with automatiérthe
resulting flight trajectories, solves several pesh$. First, changes to the flight-trajectory-geaynéecome safer
when done in real-time. Second, specialized knogéeaf flight trajectory development is no longequied. Last,
mission personnel will have the flexibility of geaéng flight trajectories during the mission, eaf-time, whereas
before, the flight trajectories were always crediefbre the flight mission.
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