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Four-Dimensional Route Planner

Reference to Related Applications
The present application is related to US patent application: “Multi-

Dimensional Route Optimizer”, SN: 09/223,846, filed December 31, 1998 assigned
to the same assignee as the present application, and hereby incorporated by reference

at least for its teaching of lateral route optimization using a recursive algorithm.

Copyright Notice/Permission

A portion of the disclosure of this patent document contains material that 1s
subject to copyright protection. The copyright owner has no objection to the
facsimile reproduction by anyone of the patent document or the patent disclosure as
it appears in the Patent and Trademark Office patent file or records, but otherwise
reserves all copyright rights whatsoever. The following notice applies to the
software and data as described below and in the drawing hereto: Copyright © 2001,
Honeywell Inc., All Rights Reserved.

Field of the Invention

The present invention relates to route planners, and in particular a four-

dimensional route planner.

Background of the Invention

For safety and efficiency reasons, aircraft routing is commonly along
predetermined air routes or great circle routes. Predetermined air routes are often
aligned with ground-based navigational aids. In some cases, air routes circumvent
geographical regions. Great circle routes, on the other hand, promise shorter flight
distances.

Weather affects both the efficiency and the safety of a particular flight.
Aircraft efficiency improves with favorable winds. In suitable tailwinds, ground
speed increases and fuel consumption drops. Reduced fuel consumption often
means that additional revenue-generating payload can be carried. Increased ground

speed means that flight times are reduced resulting in operational cost savings.
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Similarly, hazardous weather can impose a wide variety of costs on aircratt
operations. Such costs can range from an uncomfortable ride for passengers at the
low end, to structural damage, and even loss of aircraft and lives, at the other
extreme. Aircraft operators typically go to great length to avoid hazardous weather.

S In addition, certain geographical and political regions are covered by
restricted airspace. Such regions and severe weather are referred to as hazard areas.
Flight in certain regions are preferably minimized because costly over flight fees
may be imposed.

Achieving a desired arrival time is important because it allows the operator

10  to more accurately schedule flights and enjoy greater operational etficiency.
Aircraft operating on pre-determined air routes or great circle routes may be forced
to make costly adjustments to airspeed in order to meet scheduling requirements.

Tyj;)ical flight path routers plot a flight path in the lateral direction avoiding
hazards and taking advantage of the winds, with the vertical portion of the path left

15  to standard cruise profiles. Further flight path routers take into account the altitude
of wind currents. Such routing usually fails to consider the vertical dimension of
hazard areas and the time varying nature of the hazard areas, thus leading to less

desirable routes. There exists a need for a system that addresses these shortcomings.

20 Summary of the Invention

A route planner uses a dynamic programming(DP) recursive algorithm to
determine a lateral and vertical path. A cost function consisting of fuel, time, hazard
costs, and overflight fees is minimized. Hazard areas are described by polygons
having top and bottom altitudes. In one embodiment, the hazard areas are given a

25  course and velocity, and thus move with time.

The route planner determines a course by moving from node to node in a
orid of nodes established about an origin and destination. A local step cost is added
to the accumulated cost to the next node. The transition step to the node which
results in the lowest accumulated cost to the node is retained which results in finding

30 the lowest cost route from the origin to the destination. When hazard areas are
encountered, movement to new nodes is explored in multiple vertical paths in an
attempt to find low cost transitions which do not pass through the hazard . If the

step passes through a hazard the incremental hazard cost is added to the
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accumulated cost. In further embodiments, the route planner attempts to find a route
which meets a required time of arrival window. A route may be broken into

multiple starting and ending points, with desired arrival times specified for each

ending point.
Brief Description of the Drawings
Figure 1 is a block diagram of a route optimizer.
Figure 2 is a computer screen shot of a user interface for the route optimizer of

Figure 1.

Figure 3A is a plot showing a three dimensional representation of hazardous
weather by a polygon having a top and bottom height.

Figure 3B is a plot showing the top and bottom heights of the polygon of Figure

3A.
Figure 4 is a plot showing weather having a course and direction.
Figure 5 is a computer screen shot of NCAR graded data showing hazard

regions defined with polygon boundaries.

Figure 6A is a three dimensional graphical representation of how to determine
the length of a horizontal step in a hazard area.

Figure 6B is a two dimensional graphical representation of how to determine the
length of a horizontal step in an hazard area.

Figure 7 is a representation of a flight path over country boundaries having
entrance and exit points.

Figure 3 is a projection of a step distance on a great circle plane.

Figure 9A is a graphical representation of a region of convergence for trajectory
iterations.

Figure 9B is a graphical representation of a region of convergence for trajectory
iterations.

Figure 10 A is a representation of a three dimensional grid of nodes used by the
route optimizer.

Figure 10B  is a graphical representation of lateral steps to be explored from a
given node.

Figure 10C  1is a graphical representation of vertical steps to be explored from a

given node.
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Figure 10D  is a graphical representation of combined lateral and vertical steps to
be explored from a given node.
Figure 11 is a graphical representation of the recursive process used to
determine a lateral path.
5>  Figure 12 is a graphical representation of different types of transitions through
weather.
Figure 13A  is a graphical representation of a transition from an altitude in
weather.
Figure 13B  is a graphical representation of a transition from an altitude not in
10 weather.
Figure 14 is a three dimensional representation of a geometry for route

planning showing a hazard, country overflight fees and wind fields.

Detailed Description of the Invention
135 In the following description, reference is made to the accompanying

drawings that form a part hereof, and in which is shown by way of illustration
specific embodiments in which the invention may be practiced. These embodiments
are described in sufficient detail to enable those skilled in the art to practice the
invention, and it is to be understood that other embodiments may be utilized and that

20 “structural, logical and electrical changes may be made without departing from the
scope of the present invention. The following description is, therefore, not to be
taken in a limited sense, and the scope of the present invention is defined by the
appended claims.

Software for the system is stored on computer readable medium. In one

25  embodiment the software is stored on secondary storage, such as a disk drive and
loaded into main memory and cache of the computer as needed. The software 1s
written in the form of modules that generally provide a single function or subsets of
related functions. However, in various embodiments, the software comprises a
single module or many modules, and there is no requirement that functions be

30  grouped together. Hardware and/or firmware is used to implement the invention in
further embodiments. The software may implement the functions, or stmply

facilitate the performance of the function by a human by providing menu driven
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interfaces, or other means of providing information to the system for database
storage.

Route optimization for a vehicle, such as an aircraft is provided by the route
optimizer of the present invention. The route optimization consists of a lateral path
and a vertical path . The lateral path is determined largely in accordance with US
patent application: “Multi-Dimensional Route Optimizer”, SN: 09/223,346, filed
December 31, 1998 assigned to the same assignee as the present application, and
which is hereby incorporated by reference for its teaching of lateral route
optimization using a recursive algorithm.

The vertical path is determined by use of an adaptive algorithm, which takes
into account three dimensional hazard areas. The three dimension hazard areas are
represented as polygons having a height and, which may also have velocity and
direction component.

A definitions section is first provided, followed by an overview of the route
optimizer from a high level. Next, representations of hazard areas are defined,
followed by further detail regarding how vertical and horizontal paths are calculated,

taking such hazard areas into account.

Definitions:

CL - coefficient of lift

Cq - coefficient of drag

ClI - cost 1ndex

CEF - cost function

D - drag

Dy - great circle distance flown
FEFR - fuel tlow rate

h - altitude

h(ko) - altitude from previous grid point
Bupper "

hower -

L - 1uft

M - Mach number

MTOW - maximum take off weight
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my - mass of fuel
SOS - speed of sound
\" : ground speed
Va - air speed
S Vw - wind speed

W - weight
W+ - weight of fuel
R - charge for overtlight
RTA - required time of arrival

10 S, - aerodynamic reference area
S - arclength distance traveled
T - Unit rate in overtlight fees
AS - step in arclength distance traveled
0 - longitude

15 () - latitude
TC - throttle
1] - direction of great circle for overilight fees

20

25

30

The route solver, represented generally at 110 in Figure 1, computes a four-
dimensional (three positions and time) route that minimizes a composite cost
function consisting of fuel, time, hazard costs, and overflight fees, and meets
required times of arrival (RTA’s). Route solver 110 is hosted in a digital computer
with a video monitor in one embodiment. A processor receives wind and
temperature information 115 such as from NWS Global GRIB Data, which provides
the solver with representations of winds aloft and temperature. Weather information
is received at 120, and is representative of convective currents, turbulence, icing, etc.
This information is also provided from an outside source, and may be input by a user
of the solver via an interface 125, used by pilots, and/or dispatchers.

The processing element are: Pilot or dispatcher Interface 120; World Map
Generation 130; Cost Function Determination 135; Weather Hazards Generation
120; Wind generation 115; Aircraft Cruise Performance - Fuel Flow Rate, Speed
and Altitude 140; Overflight fees 145; and Four Dimensional Route Solver 150.
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1.1 Pilot or Dispatchers Interface

The operator, pilot or dispatcher can interact with the route solver through
the user interface 125. One screen shot of the user interface is shown in Figure 2.
The operator can enter the origin, destination, required time of arrivals, stopping
points along the route, hazards, such as severe weather, volcanic ash, special use
airspace, and politically sensitive regions, hazard weightings, and required time of
arrival. Prior to selecting a time of arrival, the operator can ask for a computation of
the time of arrival window. The operator views the route planning situation on a
world map of countries with overlays of wind fields, and hazards. Hazards are
shown as polygons, and are labeled. Two hazards in Figure 2 are labeled 4* and 5*.
Their heights are shown in lower frame below the world view.

The operator can enter a city pair, hazards, hazard weightings, and required
time of arrival. After computing the horizontal route is displayed over the word map.
The vertical route with the hazards overlain is also displayed. A window containing
the performance results of fuel time average speed and cost can be selected. The

operator can affect the route by changing the hazard weightings.

1.2 Route Determination Method

The routes are computed using a dynamic programming (DP) method. In DP
a search is conducted over a grid to find the path that minimizes a cost function.
The cost function includes fuel, time, hazard costs, and overflight costs. The total

cost is the sum of incremental costs which are

ACost = ACostge) + ACOstime + ChA COSthazarg + A COS toverflight

Following is a description of each term in the cost function.

Hazard Costs- Hazards are severe weather, volcanic ash, special use
airspace, and politically sensitive regions. All of the hazard costs are determined in a
similar manner. The hazard representation is three dimensional as shown in Figure
3A which shows a perspective view of the hazard representation. Figure 3B shows

the height of the hazard representation, as having a top height and a bottom height.
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Some hazard areas may have bottom heights of ground level and top heights beyond
the range of the aircraft. Hazard polygons move at a fixed course and speed starting
from some reference time as shown in Figure 4.

The weather costs represent the danger of flying through severe weather
regions. The weather hazards are categorized into convection, turbulence, and icing.
The weather regions are represented as polygons which enclose the severe weather
region as shown in Figure 5. The polygon is shown as a double line surrounding
white squares which are indicative of actual radar returns of hazardous weather. In
one embodiment, the polygon has multiple vertices, which are either selected by an
operator of the system, or automatically generated from weather information.

The hazard data base consists of the vertices of the polygon, speed, course,
the tops and bottoms of the region, and the associated danger costs, which can be
user entered in Figure 2.

The hazard costs depend on the danger cost of the particular cell and the
distance traveled during the step. The method of determining the length of the
horizontal step in the hazard is shown in Figures 6A and 6B.

To compute the distance it is assumed that the region is a convex polygon
with points specified in a counterclockwise order. The steps are as follows.

For each polygon segment determine d

V=Pi& Pi+1

d=vep

For each polygon segment, define dpext, eurrent corresponding to Pnext,Pcurrent.

If dpext, deurrent < 0 => then segment is outside, so quit

6186, if dnext < 0, dcurrent > O => then C].ip Pnext

else, if dpext > 0, deyment < 0 => then clip Peurrent

Where the clip function for ppext 18

~ dpext ®Peurrent T dcurrent ® Prext

Pe =

dpext +Acurrent

Prnext clipped = Pe
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Once the route segment is processed against each polygon, the intersection (As;) of

the polygon and the original route segment 1s

ASy = \/ (Pnext clipped ~ Pcurrent clipped) ® (Pnext clipped — Pcurrent clipped)

The hazard cost is scaled with the ratio of the distance in the hazard (As; ) to the step

distance (As)

AS
COSthazard = Asl COSthazard ((l), 0,h, t)

Fuel and Time Costs - Fuel and time costs are determined from aircratt optimal
cruise performance conditions. There are two different types of cruise performance.
If there are no hazard areas, the cruise altitude and speed are free to be chosen to
optimize the cruise cost function. If there are hazard areas, the cruise altitude may be
specified, e.g., the top or bottom altitude of the hazard areas. Thus, there are two
possible cruise solution types: 1) unconstrained cruise - the altitude is free to be
chosen, and 2) constrained altitude cruise - the altitude is specified.

In cruise, the cost integral (C) in minimized.

dmf |
ds

Sf 1
C= F CI—)ds
g ( =

C1 is the ratio of cost of time (in monetary units) to the cost of fuel (in monetary

units). More emphasis can be put on time by increasing the cost index(Cl). For a

small arclength step AS, the fuel, time and cost increments are

AFuel = i AS
ds

At:iAS

\Y
ACostg = AFuel + CIAt

Traditionally, the fuel/time cost are combined into a single cost function (CF).
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CF = FEFR + CI
\%
Then
ACost = CFAs
S The fuel/time cruise performance solutions are pre-computed by the aircratt

manufacturer and then supplied to the user in tables as a function of the parameters:
weight, cost index , wind speed and altitude. The two types of cruise models are:

Unconstrained Altitude Cruise - Altitude Not Specified

ACost = CF(W,CLV,,)As

h._.. =h(W,CLV,)
10 V = CE(W,CLV,)
dw; _ s w,cLv.)
ds ds

Constrained Altitude Cruise - Altitude Specitied

ACost = CF(W,CLV,,,h)As
hcruise — h .
V = CR(W,CL V., ,h)

dw; _ 9% (w,CL V. ,h)
ds ds

15 When the aircraft is in a free cruise the unconstrained altitude solution is
used. When the aircraft is forced to fly at an altitude above or below the free cruise
altitude the constrained altitude solution is used. The above models are typical of
those used in flight management systems.

Overflight Fees - In general overflight fees depend on weight, distance

20 traveled and rate (cost per distance). The overflight fees are computed differently for

each country. Some fee types are a fixed rate, a function of weight, and a function of

weight, distance, and rate. Following are some formulas used:

Formula #1 ( Eurocontrol Countries and others)
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W
R=TD =
=\ 50
where
R = charge
T = Unit rate
5 D, = great circle distance flown
W= maximum take off weight (MTOW) in metric tons
Formula #2 ( ASECNA Countries)
10 R = unit rate x coefficient (determined from Table 1)
Table 1 - Coefficient Table
Distance in
kilometers
Weight 0-750 750-2000 2000-3500 Over 3500
Metric Tons
14-20 1 5 12 20
20-30 1.2 6 14.4 24
50-90 1.4 7 16.8 28
90-140 1.6 8 19.2 32
140-200 1.8 9 21.6 36
200-270 2.0 10 24 40
270-350 2.15 10.75 25.8 43
350-440 2.3 11.5 27.6 46
440-540 2.45 12.235 29.4 49
540-650 2.6 13 31.2 52
15

The distance may be the actual distance flown, or the great circle distance between

the entrance point and the in country destination airport, or exit point, or the great
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circle distance between the in country origin airport and country exit point. The
difference between the distance traveled and the great circle distance is shown 1n
Figure 7. The country boundary is the political boundary, the ATC Flight

Information Region (FIR), or a combination of both.

To compute the great circle distance, the projection of the step distance (AS)
on the plane of the great circle defined by the country entrance and departure point 1S
used (see Figure 8). The normal to the plane containing the entrance point (R.) and
the departure point (Rq) 18

10
R.x Ry
IR.x Ry |

n=

The components of n in the earth-centered coordinate system are rotated to
the coordinate system at the current point with the x axis pointing out from the earth.

15
n® =T(6,0)n°

Next the projection of n on the local vertical at the current point R, (17 ), 18

determined by setting the vertical component of nat R to zero.

20

The projection of AS is then

Agp = A§ Xﬁl

25
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Trajectory iterations are required to compute overflight costs when the
distance factor is the great circle distance. On the first iteration, during the run the
arc length is used for the distance instead of the great circle distance. Also on the
first iteration the country entrance and departure points are computed at the end of
the run during the retrace. On subsequent iterations, the country entrance and
departure points from the previous pass are used in the computation of the great

circle distance.

To aid in convergence of the iteration process, after the first iteration, the
region of search for the route is limited to a region around the previous route as
shown in Figure 9A and Figure 9B.

The following equations are used to determine if the point is in the region.

The distance between the entrance point and the departure point in earth coordinates

1S

ARpx =Rgx = Rex
AR py =Rgy —Rey
Asz, =Rz —Regz

The relative distance in the local vertical frame 1s

AR ; =cos(pcosOAR ¢y +cosPsin OAR oy +SIn QAR ¢,
ARy =sin OAR ¢y +Cc0sOAR ¢y
AR, =—sin¢pcosOAR ox —coshsin OAR ¢y +Cos QAR ¢,

The angle between the local vertical frame and a frame with the y axis along

the great circle is

v =tan" AR, )
ARY

The search region 1s defined by
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Ymax = COSOAR ¢ +sin YAR ; +2k

Zmax = 200nm
k =100nm

The components of the current relative position, measured from the entrance

point, in the earth frame 1s:
ARPX = Rpx —Rex
ARpy =Rpy —Rey
Asz = sz —Rez

The components of the current relative position (AR;) in the local vertical

frame are:

ARy =c089COSBAR pex +cCOS 0sinOAR ey +SINOAR e,
ARy =SInOAR pey +COSOAR ey

AR pz = sin ¢cos OAR pex — COS ¢sin OAR pey 1COS OAR pez

10

The current relative position is the rotated frame is:

y =cosYAR ¢ +SmMYAR 1,
z =—SINYAR o +COSWAR ;

15 The z boundary point at y 1s:

7, = 420321y 4+ )% 4y, (y+K)]

Y max

7q = +4(222%) 21y + %) +y (7 +K)]

Ymax

The following equations are used to determine if the point (y,z) is inside the

20  search region.
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if (z <z and z = z, )then inside the region and

As
sf =1.05 Ap . if(sf 21)sf =1. ; sf =scale factor
S

else outside of region then
st =10

end

The distance used in the overflight fee computation is the scale factor times

the step distance
S d =st AS

Thus there is a large penalty for being outside the region.

1.2 Four Dimensional(4-D) Dynamic Programming Route Solver

10 The following is a description of the four-dimensional (latitude, longitude,
altitude, and time) route solver. First the three-dimensional dynamic programming
route solver is described, then, the Multiple Point Required Time of Arrival (RTA)
function is described.

In a dynamic programming (DP) method a 3-D grid search 1s conducted to

15 minimize a cost function. The DP solution equations consist of a set of state
transition equation and a recursion equation for minimizing the costs. The general

form of the DP equations are:

State Transitions

20
Ok 1= Bk + AO
P41 = P +AO
Recursive Cost
25 Cl_}_l(Xk_l_l) — II]jIl [Cl (Xk) +AC1,1+1(X1{+19X1{3A¢9 Ae? Ah)]

Ad, A, Ah

Xk = (O, 0k, hy)
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A®, A9, Ah =controls

A fixed pattern search is used in the horizontal axis, however, an adaptive
search is used in the vertical axis to reduce the number of calculations.

The computation starts at the origin and ends at the destination this allows

5  the hazard location to be propagated forward in time using the course and speed.

Starting at the origin also allows the recalculation of the route during flight because
the state conditions including weight are known.

The three dimensional grid and transitions types between the grid points are
shown in Figure 10A, 10B, 10C and 10D. Origin and destination points are

10  contained within the three dimensional grid in Figure 10A. In Figure 10B, eleven
potential lateral steps are shown. In further embodiment, fewer or more potential
steps may be explored, even directions away from the destination. As indicated, the
distance of each step depends on the grid point being moved to. In Figure 10C, five
different vertical steps from a node are shown. Fewer or may be explored. Figure

15 10D is a graphical representation of a combination of horizontal or lateral and
vertical steps.

An illustration of the DP process is shown in Figures 11 and 12. In Figure
11 the first and second stages of the process in the horizontal axis are shown. In this
example, for each entry heading direction, there are nine heading exit directions. For

70 each horizontal transition, a number of vertical transitions are examined, as shown in
Figure 12. The vertical transitions are not pre-determined, as is the case for the
horizontal transitions, but depend on the location and number of hazard cells. That
is, the vertical search adapts itself to the situation before it. This adaptive search
approach reduces the number of calculations that must be performed.

25 The vertical transition altitudes are different for different configurations of
overlapping hazards. The altitude assignment depends on the location of the
unconstrained cruise altitude with respect to the multiple hazard cells. First the
location of the unconstrained cruise altitude is found, then depending on its location,
the other transition altitudes, are assigned to the tops and bottoms of hazard cells. In

30  the example shown in Figure 12, the unconstrained cruise altitude is between the
weather cells. In this case, the cruise altitude is assigned altitude h(1), the top of
cell(1) is assigned altitude h(2), and the bottom of cell(2) is assigned h(3).
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For the current step the incremental transition cost is computed. The
transition cost includes the cost of fuel, time, overflight fees, and the hazard cost if
the hazard is passed through on the step. To determine if the vertical transition
passes through weather, it is determined if a hole exists between the hazard cells

5  between the two points. An example of the hole calculation for two hazard
configurations is shown in Figure 13A and Figure 13B. Figure 13A shows a
transition from a node in weather to a node not in weather. Figﬁre 13B shows the
transition between two points not in weather, and wherein the path does not cross
weather.

10 The following logic determines if a hole exists and the hole size. First the
upper and lower altitude bounds for the space around the previous altitude are stored
at the grid point, and also the upper and lower bounds for the space around the

current point are computed. Then, the following is computed.
15 a) Previous Altitude in Weather ( See Figure 13A)

i = altitude being transition to (1=1,]jvievels)
If h(kg ) <hypper (1) and hkq ) > hjgyer (1), then a hole exists

holegjze = hyupper (1) - Blower (1)
20 b)) Previous Altitude Not in Weather ( See Figure 13B)

if (hyppero < Bupper (1))then
holep;sh = hyppero
else
holepigh = hypper (1)
endif

if (Niower0 < Niower (1))then

holejow =higwer0
else

holejow =hjower (1)
endif
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holegize = hpigh — Biow
c) Hole Existence

if (holesize > 1000ft. ) then a hole exists

If the hole exists, then the transition does not pass through the weather. The

transition costs then

10

(Afuel + CIAY) v . if transitioning tounconstrained cruiseand no hazard is encountered
Afuel + CIAt) e
Afuel + CIAt) hepecied
lAfuel + CIAt)

+AChpeara 31 transitioning tounconstrained cruiseand ahazard is encountered

AC =
if transitioning to constrained cruiseand no hazard is encountered

; +AC),.0rg 3if transitioning toconstrained cruiseand ahazard is encountered
spefified L

Finally the total accumulated cost is computed from the cost recursion

formula

15 C(ipsjpakp):C(iOajOakO)+AC

If the point has been reached before the previous cost is compared to the
current cost. If the total current cost is lower than the total cost stored at the node,
then, the new cost, the direction of entry, altitude, weight, time, hypper » and Djower are
stored at the grid location ip,jp.kp. The altitude grid point location (kp )

20 cooresponding to the transition altitudes, 1s

. h(k, )
k.. =integer Y2 4.5
P ger ( AR

)

where
k.= vertical transition number ( k,=1,3 for illustration in Figure 12)

25 The quantities stored at each grid point are:
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C(ip, jp-kp) =Clig,Jo,ko) +AC

hor _entry(1y, Jp. k,)=entry_ direction
vert _entry girection (ip- Jp»Kp) =Kp — Ko
weight(1y, Jp Kp) = weight(ig, jo,Kg) — AW
time(ip ,jp ,kp) = time(ig, Jg.Kg) — At

h(ip, jp-kp) =hlky)

hpper (ip» 1p-Kp) = Hupper (ky)
hiower (ipsJp>Xp) = Biower (Ky)

Note that even though the altitude grid is quantized to a number of discrete
levels, the actual altitude (e.g., the unconstrained cruise altitude) 1s known more
accurately because it is stored at the discrete location and can be retrieved.

The multiple RTA (required time of arrival) function plans trajectories that
meet a time of arrival at multiple points along the trajectory. The Multiple RTA’s
approach is a sequential approach. First a trajectory that meets the time of arrival at
the first city is computed. Next the trajectory meeting the time of arrival to each
subsequent city or location is determined. The RTA at each point 1s achieved by
trajectory iterations between current point and the next point. On the first iteration a
cost index is selected. After the first trajectory is computed the time of arrival error
is computed and the cost index is changed with the time of arrival error and the

trajectory recomputed.
CIi+1 — CII + KATI

After achieving the desired time of arrival at the next point the process 1s
repeated for each subsequent point. The initial conditions for weight and time for the
start of the next sequence are the weight and time at the end of the previous process.
The sequential data is summed to determine the fuel usage and average speeds.

The RTA Window function determines the earliest and latest possible time of
arrival. The earliest time of arrival trajectory is determined by setting CI=Clyax. The
latest time of arrival is determined by setting CI to the maximum endurance value
(Clmin). The flight is computed with this setting and then an extension to the flight 1s

simulated until the remaining fuel reaches the reserve level. This extended cruise
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estimates the fuel and time that would be used in a holding pattern or another route

extension maneuver.

Conclusion

The route solver provides an aid to airlines dispatchers or pilots to help them
plan routes. In general when planning flights the pilot or dispatcher wants to
minimizing fuel, time and over-flight fees, avoid hazard regions such as severe
weather (convection, turbulence, and icing), special use airspace, volcanic ash and
environmentally and politically sensitive regions. The routing problem is illustrated
in Figure 14. For best fuel and time performance the best route may follow wind
profiles and may fly around, above or below hazard regions. |

Routes are found that satisfy one or more of the following diverse goals:

- Minimize the amount of fuel 1

- Meet a time or time window or minimize flight time

- Avoid severe weather regions

- Avoid other hazard regions such as special use airspace, volcanic ash,

environmentally sensitive regions

- Avoid politically sensitive regions

- Reroute in flight to a nearest or desirable airport in the cases of non-normal

events

The inclusion of hazard cost in the cost function guarantees a solution even
if the extent of the hazard is across the entire search area. By starting at the origin
and proceeding to the destination, hazard positions can be projected forward in time

to provide a better solution.
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What is claimed is:

1. A method of determining a route, comprising:
receiving an origin node;

receiving a destination node, the destination node remote from the origin

node;

defining a plurality of paths, each path originating at the origin node and

terminating at the destination node and traversing one or more intermediate

nodes;

defining more intermediate nodes at varying altitudes in response to
hazards which are defined with lateral and vertical dimensions;

defining more paths utilizing the intermediate nodes defined at varying

altitudes;

determining a cost associated with traversing each of the plurality of

paths; and

selecting a path that satisfies a predetermined cost function.

2. The method of claim 1 wherein defining a plurality of paths comprises

defining a plurality of intermediate nodes.

3. The method of claim 1 wherein selecting the path that satisfies a

predetermined cost function comprises selecting the path having the least cost of

arriving at the destination node.

4. The method of claim 1 wherein selecting the path that satisfies a
predetermined cost function comprises selecting the path that satisfies a required

time of arrival at the destination node.

5. The method of claim 1 wherein selecting the path that satisfies a
predetermined cost function comprises selecting the path that satisfies a required

time of arrival at the destination node, wherein satisfaction of the required time

of arrival comprises iteratively adjusting the cost function.

21
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6. The method of claim 1 and further including tracking the total cost from

the origin to each of the nodes for which a cost 1s determined from a previous

node.

7. The method of claim 6 and further including repeating the determination
of costs to move to further nodes from a node previously reached only if the total

cost to reach the node is less than the previous total cost to reach the node.

8. A system for determining a route between an origin and a destination, the
system comprising:
means for determining multiple feasible segments beginning from the

origin to a node at the end of each feasible segment;

means for varying altitude as a function of three dimensional

representations of hazard areas;

means for iteratively determining further segments from the nodes to
create multiple segment paths between the origin and the destination; and

means for determining the segment path between the origin and

destination having the least cost.

9. The system of claim 8 wherein an hazard area is represented by a

polygon having vertices in a lateral plane and a height.

10.  The system of claim 9 wherein the hazard area is represented by multiple

polygons having different heights.

11.  The system of claim 9 wherein the hazard area is associated with a
velocity vector.
12. The system of claim 8 wherein the hazard areas are selected from the

eroup consisting of weather hazards, volcanic ash, special use airspace and

politically sensitive regions.

22
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) 13.  The system of claim 8 wherein the hazard area is moved in accordance

with a velocity vector during determination of the segment path.

14. A route planner comprising:

a module implementing a recursive algorithm to determine a horizontal

path;
a module implementing an adaptive algorithm to determine a vertical

path that is adjusted based on hazard areas represented by horizontal polygons

having top and bottom altitudes.

15, The method of claim 1 wherein an hazard area is represented by a

polygon having vertices in a lateral plane and a height.

16.  The method of claim 4 wherein the hazard area is represented by multiple

polygons having different heights.

17. The method of claim 4 wherein the hazard area is associated with a

velocity vector.

18. The method of claim 1 wherein the hazard areas are selected from the

group consisting of weather hazards, volcanic ash, special use airspace and

politically sensitive regions.

19. The method of claim 1 wherein the hazard area is moved 1n accordance

with a velocity vector during determination of the segment path.

20.  The method of claim 1 further comprising:

creating a grid comprising the origin node, the destination node, and a

plurality of en route nodes, each node having a plurality of altitudes.

23
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71 The method of claim 1 wherein receiving an origin node comprises
receiving an origin node expressed in global coordinates and receiving a
destination node comprises receiving a destination node expressed in global
coordinates, and further comprising:

transforming the global coordinates of the or1 gin node 1nto a coordinate

system wherein the origin lies on an equator, and
transforming the global coordinates of the destination node inio a

coordinate system wherein the destination lies on the equator.

72 The method of claim 1 wherein determining the cost to transition

comprises evaluating a cost function, the cost function comprising a factor for

fuel.

73 The method of claim 1 wherein determining the cost to transition
comprises evaluating a cost function, the cost function comprising a factor

selected from the group of time, overflight fees, and hazard costs.

74.  The method of claim 1 wherein selecting a subset of nodes from the
plurality of en route nodes comprises iteratively calculating the cost to transition

from each node to each of a plurality of subsequent nodes.

24
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consisting of weather hazards, volcanic ash, special use airspace and politically

sensitive regions.

25.  The system of claim 20 wherein the hazard area is moved in accordance with

5  avelocity vector during determination of the segment path.

26. A route planner comprising:
a module implementing a recursive algorithm to determine a horizontal path;
a module implementing an adaptive algorithm to determine a vertical path
10 that 1s adjusted based on hazzard areas represented by horizontal polygons having

top and bottom altitudes.
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