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This is a literature review relevant 1o the automated design of flight paths for low-flying
military aircraft in terrain following and terrain avoidance roles. Improvements in computer
technology continue to widen the range of approaches which may be apphed 1o this
important problem In particular, there s interest in the applicauon of techmques which use
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1. INTRODUCTION

The . intomated generation of flight paths for military aircraft is of interest for several
reasons. Automated systems offer the potential to reduce the pilot’s workload on the tasks
currently performed. They also offer the possibility of introducing otherwise unfeasible
features to the mission, such as in-flight replanning in response to the receipt of
intelligen. ¢, rather than aborting a mission. Aspects of the trajectory design problem also
apply to nor- piloted and remotely piloted vehicles.

This work surveys the relevant literature in the area. Previous literature surveys in the
general area have been carried out by Hill {1], who surveyed work on integrated control,
which included 2 component related to trajectory generation, and by Waller [2], who
examined the literature on aircraft trajectory generation for both military and civilian
aircraft. The work presented here focusses on trajectory generation with a view 1o
minimising risk to the military aircraft carrying out a mission. Here, risk may incorporate
such components as proximuty of path to threats and length of path.

As a result of recent developmenis in the area, a considerable amount of the work
reviewed hen_: uses technmques from antificial intelligence (Al) to aid ir. the design of flight
paths. These algorithms are explamned 1w this work, since it is considered likely that
readers will oe less familiar with the ideas underlying these techniques than they would be
with the more established approaches.

It 1s provably important to state why optimal trajectories are being con.ide-ed It is not for
the obvious reason thit optimal trajectories are better than others in sorae sense, since, 1n
practice, the quantities which can be optimised, or most readily op.imised, ave not
necessat:ly related to operational requirements. The main reason opiimal trajectori -s are
considered 1s that in trajectory design, as in many other engineering design problems,
formulating the design as an optimisation leads to a systematic £ 2mework for dealing with
trade-offs in the design. In some instances, this framework may also provide insights
about such issues as bounds on achievable performance and the sensitivity of the optimal
result to variations in the problera setup. For many problems, there is also a desirable
robustness result associated with optimal solutions.

2. TERRAIN FOLLOWING

The terrain following (TF) problem is concerned with choosing a flight path in a vertical
plane only, over a prespecified straight ground track. The major objective is to choose a
path which 1s as close as possible to the ground whilst being safely flyable. The techniques
used to design such paths fall into three categories:

(a) optimisation using combinatorial search techniques,

(b) geometric approaches to path design,
and (c) design based on optimal control theory.




2.1 Combinatorial Search

The main technique used here is dynamic programming (DP), described. for example by
Larson and Casti [3). DP is an optimisation technique for finding a minimum: cost path
through a discretised grid. Effectively, it checks all of the possible paths to find the
optimal one, but uses the Principle of Optimality. described in [3], to avoid redundant
checking. The approach has the desirable feature of finding the global optimum, as
opposed to local optima which some optimisation algorithms can obtain.

Another benefit of using DP is that, since 1t is a numerical optimisation which uses
numerical values of cost functions, these are allowed to be of fairly genera! form. This
flexibility allows the ready incorporation of features which may be difficult to implement
using other approaches. Ar exampie of such a featre is a "soft” threat, that is a threat
which may be penetrated, but with a penalty, in contrast 10 a "hard” threat which cannot be
traversed.

A major problem with the approach is that the search space and thus the amount of
computer memory and processing requirements can become very large if the problem has
many dimensions or if the discretisation is very fine. A fine discretisation may be needed
to approximate closely a continuous solution.

Aspects of applying this technique to the aircraft TF problem have been examined by
Rigopolous and co-workers in [4] aad [5]. In those works, the path design problem was
posed as finding the piecewise linear vertical profile which minimised a linear or quadratic
measure of altitude above a clearance path, subject to bounds on allowable discrensed
slope, curvature and kink. A two step process, involving the design of a coarse path,
followed by a fine grain path, restricted t0 a cornidor about the coarse path. in order to
reduce the computational requirements, was implemented and was found to give good
quality solutions.

2.2 Geometric Methods

The main technique used her- is the design of a path consisting of cubic splines These are
piecewise cubic curves which have continuous slopes and curvatures at their joints which
are called knots. Cubic splines are useful as curves for aircraft trajectonies because they
can be designed with second derivatives (which, if the velocity is constant, and the path is
close to horizontal, approximately cormrespond with normal accelerations in the TF
problem) that are small and bounded. Work using this type of approach does not seem to
be applied to "soft” obstacles.

Funk [6] has developed an approach for generating optimal cubic spline paths for the
aircraft TF problem. These paths were optimal in the sense of minimising some measure
of height above a ground clearance curve whilst not exceeding bounds on slope, second




and third derivatives (third derivative corresponds with jerk and has practical impontance
in the examination of G-induced loss of consciousness). In that work, the problem was
formulated to allow the measure of height being minimised to be either a linear or a
quadratic sum of heights at spline knots abeve a ground clearance curve.

Andmark and Wirkander [7] have used hinear programming to design cubic sphne paths
which munimise a linear sum of heights of knots above a clearance curve. Their approach
is similar to that of Funk [6] with a linear cost function. but they give more detail on the
form of the equations to be solved.

In {8], Berreen and co-workers used a quadratic programming approach to design cubic
splines for an aircraft TF application. That work was also based on that of Funk {6]. The
work also contained some discussion of solutions obtained using DP and gave some
indications on the relative advantages of the two methods.

2.3 Optimat Control Based Methods

Links between the design of -ontrol systems and the design of atrcraft trajectories are
strong An impe:tant approach to the design of aircraft trajectories involves formulating
the trajectory design problem as a control system design problem. This is appropriate
because an aircraft is a dynamic system and control system design is concerned with
dynamic systems. This approach is useful because it allows the trajectory designer to draw
upon the large body of knowledge which has been amassed on control system design over
the last few decades.

Halpern {9, 10j applied the theory of quadratically optmal tracking systems to the aircraft
terrain following problem. In this work, the termair profile was used as a command input
for the contrclled aircraft to follow. Smoothing of the trajectory was achieved by
penalising elevator activity. An important feature of this application is that future values
of the command signal, that is to say, terrain height values aheaa of the aircraft, are
available from a terrein database. It was demorstrated how this fur:re information could
be used to obtain improved performance, 1n the sense of achieving more accurate tracking
of the terramn profile, thereby allowing a lower altntude flight path. while using less
actuator activaty. A limitation of that work was the aircraft dynamics were assumed to be
linear, whereas, in fact, they arc nonlinear. Another limntation is that the quanuty
mimmised was such that positive and negative tracking errors were penalised identically.
This does not reflect the seriousness of flying too low rather than too high. Nonetheless,
much work on flight path control has been done using these simplifying assumptions and
performance measures, for example, Jung and Hess [11] have applied a generalised
predictive control algorithm to a terrain following rotorcraft.




3. TERRAIN FOLLOWING/ TERRAIN AVOIDANCE (TF/TA)

This involves the design of a three (or four, if intercept times are considered) dimensional
path. The imporzant difference between this problem and the TF problem is that with TA,
the ground track is to be determined. This complicates considerably the formulation of the
problem. A conceptually straightforward extension of the TF problem would be to
formulate the path design to encourage a path over low terrain. This would increase the
aimension of the problem in a mathematical sense. However, there is also the possibility
of choosing the path to make use of adjacent terrain to mask parts of the trajectory from
specific threats.

This problem is thus much more ditficult, both conceptually and computationally, than the
TF problem. There is interest in the application of techniques from Antificial Intelligence
(AD) to the problem at two distinct levels. The first of these uses knowledge based
techniques to emulate human behaviour for activities such as feature recognition and high
level plannming. The second level is the use of specific algorithms embodying Al principles
to dusign paths. These types of algorithms seem appropriate for this type of application
since they are used to obtain suboptimal, yet satisficing solutions to large optimisation
problem:s in a relatively small time. A satisficing solution to an optimisation problem is a
solution which satisfies the constraints in the problem, but is not optimal and is usually
found more easily than the optimal solution.

3.1 Spline Based Methods

Jackson and Crouch [12] have investigated the use of cubic splines to design four
dimensional runway approach paths to make use of the Microwave Landing System. As
well as investigating a purely static geometric approach, which involved interpolating
specified waypoints, they examined the use of "dynamic interpolating splines”. For this,
they assumed a simple dynamuc model for the aircraft and designed a path which passed
through the waypuints while minimising a quadratic functional of the accelerations Note
that this work was not applied to terrain avoidance, but the techniques used are of interest
and are relevant to aspects of that problem.

3.2 Combinatorial Search
3.2.1 Dynamic Programming

The Dynapath algorithm [13] was developed by the TAU Corporation and uses dynamic
proramming to generate an optimal flight path. The path is optimal in the sense that a
weigiited quadratic sum of lateral deviation from a reference path and and altitude above a
reference altitude 15 minimmsed. This minimisation is subject to bounds on clearances and
accelerations. Two versions of the Dynapath algorithm were developed. The first of these
directly generated three dimensional paths. The second sep: ately designed the lateral and




vertical parts of the path. This was done in order to reduce the computational burden.
There is always a possibility, with this type of approach, that the solution obwined may
not be the true optimum, which is found by solving the larger problem.

Dorr [14], at NASA Ames, has used Dynapath in a simulation as part of the development
of an automated Nap-of-the-Earth helicopter flight capability.

The Advanced Miss ;. Vianning System (AMPS) was foreshadowed in [15]) as using DP
in its route planner.

3.2.2 A* Algorithm

.An important alternative algorithm to dynamic programming is the A* (pronounced A
star) algorithm, which is a heuristic shortest path algorithm. This has the potengai to
handle the same kinds of problems that D1 does, but allows heunstic knowledge about the
applwation to be incorporared, allowing the optimal solution to be found with less than the
effectively exnaustive search carried out in DP.

The Eeuristic « w v 1ge take: *he form of an estimate of the optimal cost from a node 1n
the search v * 1. .2 goal. The cost from the start to the node is calculated exactly. If the
estimate © ¢ -oumal cost from the node to the goal is less than the true cptimal cost
from the 1. .¢ « 2 the goal, the heuristic is said to be admissable and the search procedure
will yield the optimal solution. The closer an admissable estimate is to the rue¢ optimal
c~t, the better informed is the heuristic and the smaller is the number of nodes expanded
i. o process. Thus there is a trade-off between the complexity of calculating a well
informed heuristic and the necessity of expanding a large number of nodes if the heuristic
is poor. The algorithm may be modified to give a near optimal solution in a shorier time.
Methods for achieving this are discussed by Pearl [16] and he in-icates tha it is Often
worthwhile sacrificing a guarantee of optimality and settling for a satisficing solution..

An early application of the A* algorithm to the generation of an aircraft flight path was by
Lizza and Lizza [17] in which simple two dimensional paths which minimised a cost
function involving threat interraction and path length were obtained. The path generated
consisted of straight legs. The lengths of the legs and the angles between adjacent legs
were input by the user, but it is not stated how these were chosen. Nonetheless, despite
shortcomings in relaung this work to aircraft performance limitations, the work did
demonstrate the computational advantages of A* over some other algorithms in this kind
of application.

Pilot’s Associate {PA) was a programme sponsored jointly by the Defense Advanced
Research Projects Agency and the U.S. Air Force. The programme was intended 1o apply
the technologies of real-time, co-operating knowledge based systems for explonng the
potential of Al to improve mission effectiveness and survivability of advanced fighter




aircraft [18]. Lockheed and McDonnell were the main contractors involved in the later
stages of the project. The Lockheed effort is described in [19] and the McDonnell
perspective in [18). Some of the work done by the McDonnell side is described here.

In {20], Bate and Stanley, whose goal was to apply advanced computer technologies to the
problem of automated inflight aircraft mission planning, state that their work has been
heavily influenced by interraction with the PA program. Although A* would be expected
to be computationally advantageous compared with DP, it 1s still necessary to reduce
somehow the size of the search space for a practical real-time system based on current
technology. In [20], this was achieved by choosing a mission planning architecture which
decomposed the route planning hierarchically into two levels. The mission level route
planner used A* to design a coarse two dimensional flight path consisting of 2 km straight
line segments. This path gave an optimal trade-off between path length and danger. Here,
danger was obtained from a gridded danger map which contained threat information. The
tactical level route planner used the A* algorithm to design a section of refined path in a
corridor containing the coarse path. This refined path consisted of constant turn radius
segments, each representing one segment of flight. Connecting segments were allowed to
have different radii, obtained by incrementing or decrementing a horizontal load factor.
The cost function minimised by this path was also a trade-off between path length and
danger, but here the danger component was more elaborate and took into account line of
sight between the aircraft and threats.

The Knowledge Based Route Planning Study [21], also carried out by McDonnell
Douglas, was to develop a system which automatically plans a route for a tactical aircraft
on a low-alutude TF/TA mussion. One aim of the study was to investigate if symbolic map
segmentaton and progressively deepening search were of practical use. The approach
involved three phases. The first was to preprocess real data to reduce the search space to
be operated on by the route planner in the second phase. Phase three was an interractive
explanation facility. In the first phase, heuristic rules were used to identify features on the
map and some flight corridors were 1dentified. The route planning was then carned out by
repeatedly using the A* algorithm in a corridor using increasing levels of map detail. Such
progressively deepening search has the advantage that it is potentially faster than
conventional A*, but has the disadvantage that the guarantee of optimality has been lost

Work has also been carned out at ARL on the design of route planners using A* Goss and
Selvestrel developed a concept demonstrating visualisation tool [22] and used 1t in a study
[23, 24] of cost functions and computational bounds of admissable and inadmissable
heuristics. That system generated trajectories which consisted of two dimensional straight
line segments. These paths minimised a weighted sum of total path length and the sum of
path segments weighted by the terrain altitude below each of them, in order to produce a
trajectory which gave a trade-off between a short path length and a path which avoided
high terrain.




Their work was used as a basis for the development by Halpern {25] of concepts for a
more realistic planner which generated ground track segments including circular arcs. In
that work, the search space was reduced by using moves of differing length. In regions
where the path was less critical, that is where there were no waypoints, longer path
segments were used, so that fewer nodes were expanded. This work also incorporated soft
threats,

Pilots’ knowledge was incorporated into the mission planner described by Rouse [26).
Their evaluations of the desirability of various scenarios were stored in a pattern classifier
which then provided estimates of evaluations for previously unconsidered scenarios.
These estimates were subsequently used to contribute to the cost function in an optimal
trajectory generator using the A* algorithm.

In [27], Barboza used object oriented programming techmques were used to give a
dynamic environment model. This was done to provide more realistic interractions
between threats and the penetrator, for example, threats could be considered to be in a
state of readiness if a neighbouring threat had detected a pensirator. The A* algorithm was
used to find a lowest cost path.

From the work described in this Section, then, it may be seen that the use of A* for aircraft
trajectory generation is quite widespread.

3.3 Control Theoretic Methods

As mentioned previously, a criticism which may be levelled at the application of
combinatorial search based optimisation approaches to discretised search spaces as
discussed above is that the search spaces can be very large, panicularly if fine
discretisation is used. A fine discretisation may be required to give a smooth trajectory.
An altemative formulation which avoids the problem 1s to optimise a continuous function
over a continuous domain.

Asseo [28] used a method based on calculus of variations (see Bryson and Ho [29]) to
minimise a quadratic cost function penalising large cross-track deviations from an initial
ground track, altitude above sea level and proximity to known threats. The algorithm was
used to generate two dimensional ground tracks which were combined with parabolic
vertical profiles. It was stated that the approach was more computationally efficient than
DP, but the complete algorithm was quite complicated and involved solving a two point
boundary value problem within an iterative loop. It was also stated that a global optimum
was not guaranteed to be found and various measures were taken to ensure convergence of
the solution.

The use of Pontryagin’s Maximum Principle [29, 30} to generate three dimensional
helicopter wrajectories is described by Menon and co-workers in [31]. A disadvantage of




the method was that first and second derivatives of the surface describing the terrain were
required. This required some processing of the terrain data The method proceeded by
irtegrating a set of three nonlinear differential equations, inside an iterative framework
involving a one dimensional search. The cost function minimised was a linear
combination of flight time and a terrain masking function. A simple masking function
which encouraged low flight was used.

Vian and Moore [32] at Boeing have used Pontryagin’s Minimum Principle in conjunction
with reduced order aircraft models obtained using singular perrbation theory to design
lateral and vertical trajectories with fixed or free final time. The cost function minimised
included components associated with time, fuel and distance from threats.

This work was extended by Rao and co-workers [33] to incorporate waypoint rendezvous
in conjunction with multiple-threat avoidance.

All of these approaches require the numerical solution of a two-point boundary-value
problem. This is quite difficult as well as computationally intensive (see [30], Chapter 7)
and must be considered to be a disadvantage of such methods.

3.4 Collocation Methods

Collocation is a method for finding an approximate solution to integral and differental
equations. Using this method, the form of the solution is specified to be some combination
of a family of functions, for example a linear combination of a set of polynomials, and the
solution is determined from the condition that the equations be satisfied at certain given
points called the collocation knots or collocation nodes. This kind of approach, involving
approximating the solution and then solving the approximate problem numerically is
known as a direct approach.

In [34), Hargraves and Paris of Boeing presented a trajectory optimusation method which
represcnted state and control variables by piecewise polynomials. The control problem
was converted to a nonlinear programming probler, which was solved numerically, using
a quadratic programming package. The main advantage of this method was that it made it
easier to generalise the problem (from the original optimal control problem) to include
such features as path constraints, discontinuous states and control inequalities. This work
was applied to the design of a minimum-time climb intercept manoeuvre.

This type of approach and the relationship between the onginal optimal control problem
and the approximating nonlinear programming problem were examined by Enright and
Conway [35]. They also proposed an an alternative scheme which they demonstrated on
some examples involving spacecraft.

Jansch and Paus {36) extended the approach by introducing movable collocation nodes




placed optimally by the algorithm, in order to reduce their number. This was demonstrated
on some aircraft trajectory generation problems. It was shown that the solution quality
could be improved with little increase in computation. Examples of flight paths which
were required to avoid obstacles were presented.

The "dynamic interpolating splines” described by Jackson and Crouch [12] appear to be a
special case of the collocation approach. A collocation method would appear 10 be capable
of finding an approximate solution to the problems formulated using conwrol theoretic
approaches [28, 31, 32, 33].

3.5 Artificial Inte!ligence Based Algorithms
3.5.1 Artificial Neural Nets

Artificial neural networks (ANNs) are structures consisting of interconnected processing
elements (neurons). These processing elements may be implemented in software or in
hardware. The most widely used ANN is the feedforward network (FFN), which is usually
trained by backpropagation. During this training, the network is presented with a set of
training inputs and desired outputs. It attempts to make its outputs as close as possible
(often in a least squares sense) to the desired outputs by varying the values of weights
associated with each neuron. (The errors between the actual and desired outputs can be
thought of as propagating back through the network to influence the values of the
weights.) Once the FFN has been trained, its operation involves generating outputs in
response to the inputs with which it is presented. These will usually not be elements from
the training set, but hopefully, the network will have "learned desirable behaviour” so that
the outputs it generates will be appropriate.

Burgin and Schnetzler [37] examined the applicability of ANNs to flight control
augmentation and to a simple route planner, capable of solving a travelling-salesman-like
problem.

In [38], Rebling posed the problem of generating an optimal aircraft trajectory giving
minimum total threat exposure in two ways as problems in mathematical physics. The first
way was to find the distribution of current flow and the second was to find the propagation
of wavefronts, both through inhomogeneous media. ANN’s were used to compute the
solutions. In this work, the weights were determined from the problem setup and the
networks were used only for their parallel architecture, and not for any learning process.
In effect they implemented parallel finite element computations.

3.5.2 Simulated Annealing

Simulated annealing is a numerical technique for finding satisficing solutions to
optimisation problems. The behaviour of the simulated annealing alogorithm in
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minimising a cost function is analogous to the slow cooling of a crystalline structure. We
start with a feasible (satisficing) solution and stochastically perturb it in such a way that
the new perturbed solution is also feasible. If the cost function evaluated at the new
perturbed solution is smaller than at the unperturbed solution, the perturbed solution is
accepted as a new successor solution and the process is repeated by perturbing the new
solution. In order to allow the algorithm to avoid getting trapped in local minima, a
perturbed solution which gives a larger cost may also be accepted as a successor. The
probability of accepting as a successor a larger cost solution is reduced as the algorithm
proceeds.

Jackson and McDowell [39] proposed a modification to the standard algorithm described
above and applied it to examples which included an aircraft routing problem related to the
travelling-salesman prroblem. The modification involved the use of a "dynamic”
perturbation function, that 1s one which varied during the opumzation process. The idea
was that initially, large perturbations are required to avoid being trapped in local minima
far from the global minimum, and that near the end of the process, small perturbations are
more appropriate as only fine tuning of the scluticn is required. The demonstration of the
concept on the travelling-salesman problem indicated that a lower cost solution could be
obtained compared with that using the standard algorithm for the same number of
iterations.

3.5.3 Genetic Search Algorithms

Genetic search algonthms, described by Goldberg [40] and Grefenstette [41], are anot™-r
type of algorithm which is used for obtaining satisficing solutions 1o optimisation
problems. They operate by performing a "guided random search” using ideas from
evolution theory. The algonthms involve a population of solutions evolving towards the
final result. The probability of a solution propagating depends on its fitness (cost). At each
step of such an algonthm, a new generation of solutions is obtained by stochastically
performing operations such as crossover, which combines elements of two solutions into a
single solution, and mutation, which involves perturbing solutions, on a popt tion of
solutions distributed according to its fitness.

Nygard [42] applied a multiparadigm approach involving neural nets, geneuc search and
combinatonal optimisaunon methods to the solution of routing and scheduling problems.
Some of this was applied to the routing and mussion planning of an autonomous vehicle
such as a cruise missile.

4. CONCLUSION

Techmques for the automated design of flight trajectonies for low-flying military aircraft
have been reviewed. Conclusions regarding the sumtability of various optimisation
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algorithms considered for the terrain avoidance/terrain following problem are given here.

Of the two methods, DP and 4*, based on combinatorial search, it appears that DP offers
no advantages over the A* algorithm. Both methods are able to find 2 global optimum n a
discretised search space, but A* offers a more rapidly obtained solution as well as the
possibility of tradiug off optimality against computation speed. Both algorithms offer
great flexibility in the problem setup since they are based on computing and comparing
numencal values of user supplied cost functions. The main disadvantage of these methods
is that, if fine discretisation is used, the search space can become very large for problems
involving long flight paths. Improvements in computer technology continue to increase
the range of practical application of the methods, although it remains necessary to reduce
the search space. Various schemes, including those in [20], [21] and {25] have been
proposed for this purpose.

Methods [31-33] based on variational calculus do not require such large computer
memory resources, but require the numerical solution of a two-point boundary-value
problem. This is quite difficult as well as computationally intensive and problems
involving convergence of solutions have been reported. There is also less flexibility in
setting up the problem than with the combinatorial based methods.

Collocation based methods [34-36) allow a more flexible problem setup than variational
calculus based methods. Their reliance on numerical optimisation rounines, usually
quadratic programmung, does not give as much flexibility as the combinatorial based
methods.

The results reported to date [37, 38] using methods based on aruficial neural nets to
compute trajectories do not appear very encouraging.

It 15 difficult to evaluate the worth of simulated annealing algorithms for this application
from the work [39] located. They do, however appear to be less powerful than genetic
algorithms [40, 41], which seem to offer the prospect of impressive performance [42).
With both schemes, however, there is no guarantee of finding an optimal solution and the
1deas behind their operation are largely empincal. The problem setup appears to be quite
flexible.

Most recent trajectory generation work at ARL {22-25] has been based on the A*
algorithm which offers a simply obtained and understood result which may he refined.
There is thus a significantly lower technical risk associated with this method than with the
others reviewed.

ACKNOWLEDGEMENT

The author would like to acknowledge discussions with Simon Goss, Mario Selvestrel and
Robin Hill.




REFERFNCES

10.

1.

Hill, R.D., ‘A Survey of Aircraft Integrated Control Technology’, ARL-SYS-TM-95,
DSTO Aero Res Lab, Melbourne, 1987,

Waller, M.C,, ‘Aircraft Trajectory Generation - a Literature Review’, ARL-SYS-TM-
122, DSTO Aero Res Lab, Melbourne, 1989.

Larsen, R.E. and Casti, J.L., Principles of Dynamic Programming. Par: 1. Basic
Analytical and Computational Methods. Marcel Dekker, inc. New York and Basel,
1978.

Rigopolous, J.G., ‘Optimal Terrain Following Aircraft Trajectories by Dynamic
Programming’, Research Report MMEX!, Department of Mechanical Engineering,
Monash University, Melbourne, 1991.

Rigopolous, J.G., Blackman, D.R., Waller, M.C. and Berreen, T.F., ‘Optimal Terrain
Following Aircraft Trajectories by Dynamic Programming’, Proceedings of the
International Aerospace Congress, Melbourne, 1991, pp. 539-547.

Funk, J.E., ‘Optimal-Path Precision Temain-Follow.ag System’, Journal of Aircraft,
Vol. 14, No. 2, 1977, pp. 128-134.

Andemark, R. and Wirkander, S.L., ‘Study of Terrain Following Systems and the
Creation of Flight Paths for Temain Following Vehicles.. Foersvarets,
Forskingsanstait, Stockholm, Report No. FOA-C-20774-2.5, 1989.

Berreen, T.F,, Hill, R.D., Rigopolous, J.G. and Waller, M.C., ‘Considerations in
Generaung Optimal Terrain Following Aircraft Trajectories using Cubic Splines’,
Proceedings of the International Aerospace Congress, Melbourne, 1991, pp. 55-61.

Halpern, MLE., ‘Application of Optimal Tracking Methods to Aircraft Terrain
Following’, ARL-SYS-TM-133, DSTO Aero Res Lab, Melbourne, 1989.

Halpern, M.E,, ‘Optimal Tracking with Previewed Commands’, IEE Proceedings, Pt.
D, Vol. 138, No. 3, 1991, pp. 237-241,

Jung, Y.C. and Hess, R.A., ‘Precise Flight-Path Control Using a Predictive
Algorithm’, Journal of Guidance, Control and Dynamics, Vol. 14, No. 5, 1991, pp.
936-942.




13.

14,

15.

16.

17.

18.

19.

20.

21.

22.

13

. Jackson, J.W. and Crouch, P.E., ‘Dynamuc Interpolation and Application to Flight

Conurol’, Journal of Guidance, Control and Dynamics, Vol. 14, No. 4, 1991, pp. 814-
822.

Denton, R.V,, Jones, J.E. and Froeberg, P.L., ‘A New Technique for Terrain
Following/Terrain Avoidance Guidance Command Generation’, AGARD CP-387,
Guidance - Control - Navigation Automation for Night All-Weather Tactical
Operations, the Hague, Netherlands, 1985, pp. 17.1-17.11.

Dorr, D.W., ‘Rotary-Wing Aircraft Temain-Following/Terrain-Avoidance System
Development’, AIAA Guidance, Navigation and Control Conference, Williamsburg,
VA, Paper No. 86-2147, 1986, pp. 498-504.

Chamberlain, D.B. and Kirklen, C.R., ‘Advanced Mission Planning System (AMPS)
Employing Terrain and Intelligent Database Support’, Proceedings of the 1988
National Aerospace Electronics Conference, Dayton, OH, pp. 1145-1151.

Pearl, J., Heuristics: intelligent search strategies for computer problem solving,
Addison-Wesley, Reading, MA, 1984.

Lizza, C.S. and Lizza, G., ‘Path-Finder: An Heuristic Approach to Aircraft Routing’,
Proceedings of the 1985 National Aerospace Electronics Conference, Dayton, OH,
pp. 1436-1443.

Lizza, C.S., Banks, S.B. and Whelan, M.A., ‘PILOT’S ASSOCIATE: Evolution of a
Functional Prototype’, AGARD CP-499, Machine Intelligence for Aerospace
Electronic Systems, Lisbon, Portugal, 1991, pp. 16.1-16.12.

Holmes, D.1. and Retelle, J.P., ‘The Pilot’s Associate: Exploiting The Intelligent
Advantage’, AGARD CP-474, Knowledge Based System Applications for Guidance
and Control, Madrid, Spain, 1991, pp. 11.1-11.8.

Bate, S. and Stanley, K., ‘Heuristic Route Planning: An Application to Fighter
Aircraft’, Proceedings of the 1988 National Aerospace Electronics Conference,
Dayton, OH, pp. 1114-1120.

MacMillan, T.R., Gerber, C.E., Sackett, J.M. and Holden, P.D., ‘Knowledge Based
Route Planning’, Proceedings of the 1990 National Aerospace Electronics
Conference, Dayton, OH, pp. 1001-1007.

Selvestrel, M. and Goss, S., ‘A Visualisation Tool For State Space Approaches to
Aircraft Flight Paths’, ARL document in preparation.




23.

24.

25.

27.

28.

30.

3L

32.

33.

14

Sclvestrel, M. and Goss, S., ‘State Space Approaches to Aircraft Flight Paths’, ARL
document in preparation.

Selvesrel, M., Goss, S. and Smith, G., ‘Generating Aircraft Flight Paths Using State
Space Search’, Poster Summaries of the 5th Joint Conference on Artificial
Intelligence, Al-92, Artificial Intelligence: Applications in Australia, Hobart, 1992,
pp- 8-9.

Halpern, M.E. ‘Application of the A* algorithm to Aircraft Trajectory Generation’,
ARL-TR-20, DSTO Aero Res Lab, Melbourne, in publication.

Rouse, D.M., ‘Route Planning Using Pattern Classification and Search Techniques’,
Proceedings of the 1989 National Aerospace Elecironics Conference, Dayton, OH,
pp- 2015-2020.

Barboza, J.L., ‘Heuristic Route Optimization: A Mode! for Force Level Route
Planning’, AGARD CP-499, Machine Intelligence for Aerospace Electronic Systems,
Lisbon, Portugal, 1991, pp. 3.1-3.6.

Asseo, S.J., ‘Terrain Following/Terrain Avoidance Using the Method of Steepest
Descent’, Proceedings of the 1988 National Aerospace Electronics Conference,
Dayton, OH, pp. 1128-1136.

. Meditch, J.S., ‘An Inwoduction to the Pontryagin Maximum Principle’, Modern

Control Systems Theory, Edited by C.T. Leondes, McGraw-Hill, 1965, pp. 285-318.
Bryson, A.E. and Ho, Y.C., Applied Optimal Control, John Wiley and Sons, 1975.

Menon, PK.A,, Kim, E. and Cheng, V.H.L., ‘Optimal Trajectory Synthesis for
Terrain-Following Flight’, Journal of Guidance, Cuntrol and Dynamics, Vol. 14, No.
4, 1991, pp. 807-813.

Vian, J.L. and Mogcre, JL.R., ‘Trajectory Optimization with Risk Mimmization for
Military Aircraft’, Journal of Guidance, Control and Dynamics, Vol. 12, No. 3, 1989,
pp. 311-317.

Rao, N.S., Phillips, N.L., Fu, §.J. and Conrardy, N.M., ‘Horizontal Plane Trajectory
Optimization for Threat Avoidance and Waypoint Rendezvous’, Proceedings of the
1990 National Aerospace Electronics Conference, Dayton, OH, pp. 580-583.

Hargraves, C. R. and Paris, S.W., ‘Direct Trajectory Optimization Using Nonlinear
Programming and Collocation’, Journal of Guidance, Control and Dynamics, Vol.
10, No. 4, 1987, pp. 338-342.




35.

36.

37.

38.

39.

40.

41.

42.

15

Enright, P.J. and Conway, B.A., ‘Discrete Approximations to Optimal Trajectories
Using Direct Transcription and Nonlinear Programming’, Journal of Guidance,
Control and Dynamics, Vol. 15, No. 4, 1992, pp. 994-1002.

Jansch, C. and Paus, M., ‘Aircraft trajectory optimizauon with direct collccation
using movable gridpoints’, Proceedings of the 1990 American Conirol Conference,
San Diego, CA, pp. 262-267.

Burgin, G.H. and Schnetzler, S.S., ‘Antificial Neural Networks in Flight Control and
Flight Management Systems’, Proceedings of the 1990 National Aerospace
Eiectronics Conference, Dayton, OH, pp. 567-573.

Reibling, L.A., ‘Neural Network Solutions to Mathematical Models of Paraliel
Search for Optimal Trajectory Generation’, AGARD CP-499, Machine Inteiligence
for Aerospace Electronic Systems, Lisbon, Portugal, 1591, pp. 10.1-10.9.

Jackson, W.C. and McDowell, M.E.. ‘Simulated Annealing with Dynamc
Perturbations: A Methodology for Optimization’, 1990 IEEE Aerospace Applications
Conference Digest, Vail, CO, pp. 181-191.

Goldberg, D.E., Genetic Algorithms in Search, Optimization and Machine Learning,
Addison-Wesley, Reading, MA, 1989.

Grefenstette, J.J., ‘Genetic Algorithms and Their Applications’, The Encyclopedia of
Compuier Science and Technology, Vol. 21, A. Kent and J.G. Williams (editors),
1990, Marcel Dekker, pp. 139-152.

Nygard, K.E., ‘Unique Applications fcr Antificial Neural networks’, Phase 1 Final
Report, 1991, In-MaRC Inc, Bismarck, ND, NTIS Accession No. AD-A243
365/4/XAB.




DISTRIBUTION

AUSTRALIA
Depantment of Defence
Defence Cenural
Chief Defence Scientist )
AS Science Corporate Management  )shared copy
FAS Science Policy )

Director Departmental Publications

Counsellor Defence Science, London (Doc Data sheet only)
Counsellor Defence Science, Washington (Doc Data sheet only)
Scientific Adviser Defence Central

OIC TRS Defence Central Library

Document Exchange Centre, DSTIC (8 copies)

Defence Intelligence Organisation

Librarian H Block, Victoria Barracks, Melb (Doc Data sheet only)

Acronautical Research Laboratory
Director
Library
Chief Air Operations Division
Head Avionics Research
Author: M E Halpem (6 copies)

Def Sci ¢ Technol 0 isation - Salist
Livrary

NV,
Navy Scientific Adviser (3 copies Doc Data sheet only)
RAN Tactical School, Library

Amy Office
Scientific Adviser - Army (Doc Data sheet only)
Director Army Aviation

Air Force Office
Air Force Scientific Adviser
Aircraft Research and Development Unit
Scientific Flight Group
Library
HQ Logistics Command (DGELS)
OIC ATF, ATS, RAAFSTT, WAGGA (2 copies)

D i1 & C _—
Library

Acro-Space Technologies Australia, Systems Division Librarian
ASTA Engineering, Document Control Office

Ansett Airlines of Australia, Library

Australian Airlines, Library

Qantas Airways Limited




Adelaide
Barr Smith Library

Flinders
Library
LaTrobe
Library
Melboume
Engineering Library

Monash
Hargrave Library

Newcastle
Library
Institute of Aviation

New England
Library

Sydney
Engineering Library

NSW
Physical Sciences Library
Library, Australian Defence Force Academy

Queensland
Library

Tasmania
Engineering Library

Western Australia
Library

RMIT
Library
Aerospace Engineering
University College of the Northern Territory
Library
SPARES (6 COPIES)

TOTAL (61 COPIES)




I i ek W B W e e b T T T T T e s e

AL 149 DEPARIMENT OF DEFENCE PAGE CLASSIFICATION
DOCUMENT CONTROL DATA | TCHASTED
. PRIVACY MARKING
1a. AR NUMBER 1b. ESTABLISHMENT NUMBER 2. DOCUMENT DATE 3 TASK NUMBER
AR-006-630 ARL-TR-5 MARCH 1993 DST 91079
4 TITLE 5. SECURITY CLASSIFICATION 6 NO PAGES
OPTIMAL TRAJECTORIES FOR (PLACE APPROPRIATE CLASSIFICATION
AIRCRAFT TERRAIN FOLLOWING IN BOXIS! IE. SECRET (S). CONT. (C) 17
AND TERRAIN AVOIDANCE - RESTRICTED {R), LIMITED (L
A LITERATURE REVIEW UPDATE
UNCLASSIFIED (L))
7 NO REFS.
I U | | U | | U l
DOCUMENT  TIMLE ABSTRACT 42
8. AUTHOR(S 9 DOWNGRADING /DELIMITING INSTRUCTIONS
ME. HALPERN Not applicable.
10 CORPORATE AUTHOR AND ADDRESS 11. OFFICE/POSITION RESPONSIBLE FOR.
AERONAUTICAL RESEARCH LABORATORY DSTO
AIR OPERATIONS DIVISION SPONSOR
506 LORIMER STREET SECURNTY -
FISHERMENS BEND VIC 3207 DOWNGRADING -

12 SECONDARY DISTRIBU" IO {OF THIS DOCUMENT)

Approved for pubkis relcase.

OVERSEAS ENQUIRIES OUTSIDE STATED LIMITATIONS SHOULD BE REFERRED THROUGH DSTIC, ADMINISTRATIVE SERVICES BRANCH,
DEPARTMENT OF DEFENCE. ANZAC PARK WEST OFFICES. ACT 2601

13a. THIS DOCUMENT MAY BE ANVOUNCED IN CATALOGUES AND AWARENESS SERVICES AVAILABLE TO

No hmitatons.
13b CITATION FOR OTHER PURPOSES {IE CASUAL
ANNOUNCEMENT) MAY BE UNRESTRICTED OR D ASFOR 13a

14 DESCRIPTORS 15 DISCAT SUBJECT

Terrain following Military aircraft CATEGORIES
Terrain avoidance Low altitude flight
Flight paths 170703

Trajectory opumization

16 ABSTRACT

This 1s a luerature review relevant to the automated design of flight paths for low-flying military aircraft in
terrain following and terrain avoudance roles. Improvements in compuler technology continue to widen ihe
range of approaches which may be applied to this importamt problem. In pariicular, there is
interest in the application of techniques which use elements of artificial intelligence.




PAGE CLASSIFICATION

UNCLASSIFIED

PRIVACY MARKING

TH!S PAGE IS TO BE USED TO RECORD INFORMATION WHICH IS REQUIRED BY THE ESTABLISHMENT ¥OR ITS OWN USE BUT WHICH WILL NOT
BE ADDED TO THE DISTIS DATA UNLESS SPECIFICALLY REQUESTED

16 ABSTRACT (CONT).

17. IMPRINT

AERONAUTICAL RESEARCH LABORATORY, MELBOURNE

18 DOCUMENT SERIES AND NUMBER

Technical Report 5

19 COSTCODE

74 TA6F

20 TYPE OF REPORT AND PERIOD COVERED

21 COMPUTER PROGRAMS USED

22 ESTABLISHMENT FILE REF (5)

23 ADDITIONAL INFORMATION [(AS REQUIRED)




